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Summary

Meiosis-specific cohesin required for the holding of sister chromatids plays a critical
role in multiple chromosomal events during meiotic prophase I. Rad61/Wpll negatively
regulates cohesin functions by promoting cohesin dissociation. In my thesis, I studied roles
of Rad61/Wpll in budding yeast meiosis and found that axes of meiotic chromosomes are
shortened in the rad61/wpll mutant by without altering the levels of cohesin, suggesting
that Rad61/Wpll negatively controls chromosome axis compaction. Rad61/Wpll is
required for efficient repair of meiotic double-strand breaks. And Rad61/Wpll1 is required
for efficient resolution of telomere clustering during meiosis I, indicating a positive action
of Rad61/Wpll on the cohesin function for telomere dynamics. Thus, Rad61/Wpll controls
various meiotic chromosomal events in positive and negative ways in a context-dependent

manncr.



Chapter 1

Introduction

Central to sexual reproduction is the production of haploid gametes (eggs and sperm
in humans) with half of the chromosome complement compared to the original parent
diploid cell. Sexual reproduction in eukaryotes utilizes specialized cell division to produce

haploid gametes called ‘Meiosis’.

For many decades researchers have been studying the chromosome morphogenesis
and dynamics during meiosis in attempt to understand the molecular events involving in
proper formation of haploid gametes. In this thesis, I am studying the roles of a ‘cohesin’
component particularly to address how the cohesin component regulates chromosome

events during meiosis.

1-1 Meiosis

Meiosis is a special type of cell division necessary for sexual reproduction in
eukaryotes. To understand this complex process, we first need to understand cell cycle and,
in particular, mitosis in somatic cells. Cells first need to generate an exact replica of the
entire genome through DNA replication during the S phase. Replication gives rise to pairs
of duplicated chromosomes (sister chromatids) that eventually segregate into the daughters
as the cell goes during M phase. However, the S phase is followed by G2, in which cells
need to get equipped for the subsequent M phase, creating a temporal lapse between the
duplication of the chromosomes and their ultimate segregation. In the eukaryotic cell,

mitosis is divided into four stages like prophase, metaphase, anaphase and telophase.

Meiosis is characterized by a single round of DNA replication followed by two
successive rounds of chromosome segregation. The net result is four daughter cells with a
half of chromosome numbers of a original parent cell (Figure I). During the first meiotic
division homologous chromosomes that differ in parental origin are segregated from each
other. The second meiotic division partitions replicated sister chromatids from one another,
much like a mitotic division. The segregation of homologous chromosomes during the first
meiotic division requires several modifications of chromosomes, which will be outlined in
detail in following sections. Briefly, this involves the formation of chiasmata between

homologous chromosomes that are the result of reciprocal crossover recombination events.



The crossing-over also generates novel combination of parental alleles that break up gene
linkages and genetic diversity in the offspring.
1-1-1 Meiotic prophase I

Meiotic prophase I is the most important phase responsible for formation of proper
gametes with a correct chromosome number at the end of the meiosis. During meiotic
prophase I, as the DNA replication is completed, sister chromatids are tightly bound with
each other by the protein complex named cohesin (Marston et al., 2014; Remeseiro et al.,
2013). Chromosomes undergo lots of structural changes for finding proper homologous
chromosomes, which is accompanied with well-controlled recombination events. The
cohesin complex provides structural basis for the formation of a meiosis-specific tripartite
chromosome structure called synaptonemal complex (SC) that keeps the homologues
chromosomes connected with each other (Klein et al., 1999). SC contains two chromosome
axes called the axial/lateral elements containing two sister chromatids, which are connected
through transverse filaments in a central region. Meiotic prophase I is further divided into
Leptotene, Zygotene, Pachytene, Diplotene, and Diakinesis based on chromosome
structures including SCs (Zickler and Kleckner, 1998). Also telomere clustering is observed
during meiotic prophase, which is important for chromosome pairing.

Leptotene is the initial stage of meiotic prophase I, where cohesin holds sister
chromatids together and chromatids start to condense into a chromosome axis. During late
Leptotene stage, search for the homologues chromosomes is underway while axial elements
of SC begin to assemble on to the chromosomes. Moreover, the initiation of meiotic
recombination, that is the formation of double-strand breaks (DSB) by Spoll on DNA,
occurs in this phase. In the Zygotene stage, homologous chromosomes with axial elements
initiate to engage in pairing with each other, thus SC formation. In this stage, DSBs are
converted into a next intermediate for the recombination referred as to Single-End Invasion
(SEI). At this stage chromosomes undergo rearrangements inside the nucleus by the
attachment of telomeres to centrosome (yeast spindle pole body (SPB)to form telomere
clusters called bouquet-like structures (Zickler and Kleckner, 1999).

In the early pachytene stage, the homologues synapsis is complete so that SC is
extended to an entire length of the chromosomes, which is described as elongated SC’s. At
early pachytene, the recombination proceeds from SEIs to another intermediates containing
double-Holiday Junctions (dHJs) by capturing with the other end of DSB (Kerr et al., 2012).

The resolution of dHJs to reciprocal crossover products occurs in the middle of pachytene



accompanied with the disassembly of SCs. This transition is controlled by mechanism
called pachytene or recombination checkpoint (Marston and Amon, 2004; Kerr et al., 2012).

In the diplotene stage, the SC dissembles and homologous chromosomes are loosely
connected to each other except at the chiasma, which holds the chromosomes together until
the onset of metaphase I (Zickler and Kleckner, 1998). In the diakinesis phase, the
chiasmata are mostly visible between the homologs chromosomes to ensure proper
segregation. Later diakinesis stage is followed by the metaphase I, at these stage
chromosomes are moved by the microtubule-directed motion at kinetochores. The activation
of separase at anaphase I lead to the dissociation of arm-cohesin, while sister chromatid
separation at kinetochores is protected by Shugoshin. As a result, at end of meiosis I
homologous chromosomes segregate to the different poles. Followed by meiosis II, sister
chromatids are separated by cleavage of the centromeric klesin by separase. At the end of
the meiosis, four proper haploid gametes are formed.

During meiosis proper segregation of homologues chromosomes in first meiotic
division and sister chromatid segregation in second meiotic division is mainly achieved by
sister chromatid cohesin (SCC). To understand these complex processes, we first need to

understand sister chromatid cohesin in mitosis and meiosis.

1-2 Sister chromatid cohesion (SCC)

Evolutionarily species organize their genomes in multiple numbers of chromosomes
and face the problem of segregation of sister chromatids when it comes to faithful
distribution of the previously replicated genomes in subsequent cell divisions. Cells have
developed an effective mechanism preventing this problem, that is ‘cohesion’. The process
physically links sister chromatids, termed sister chromatid cohesion (SCC), which is crucial
for the fidelity of chromosome segregation. Cohesion opposes the pole-ward forces of the
spindle microtubules attached to two sister kinetochores ensuring amphitelic arrangement of
the chromatids on the metaphase plate, a process termed as biorientation. Unequal tension
between any sister chromatids activates spindle assemble checkpoint (SAC) which prevents
the onset of anaphase which is accompanied with the dissolution of SCC. Following the
establishment of biorientation, the SAC is inactivated and cohesion is dissolved, allowing
the progression of the chromatids to separate during anaphase. Cohesion defects may lead to
improper segregation of chromosomes giving rise to aneuploidy, which is often associated

with genetic disorders like cancer.



1-3 Architecture of the cohesin complex in mitosis

SCC is mediated by a protein complex called cohesin. The structural insight on the
cohesin complex has been well characterized in budding yeast. Based on the biochemical
and electron microscopic studies, several groups proposed organization of cohesin complex
and also the models of cohesin binding to sister chromatids. In budding yeast, cohesin holds
sister chromatids together by forming a complex with three protein subunits, Smcl, Smc3,
and klesin Sccl/Mcdl during mitosis, and Smcl, Smc3 and klesin Rec8 during meiosis.
Smcl and Smc3 belong to structural maintenance of chromosome (SMC) family. These
proteins consist of a separated ATPase domain flanking a 40 nm anti-parallel coiled coil rod
domain with a hinge (Michaelis et al., 1997; Strunnikov et al., 1993) and form a
heterodimer by interacting via hinge domains and between ATPase heads (Melby et al.,
1998). (Haering et al., 2002; Hirano et al., 2002). The ATPase heads of both the proteins are
directly connected with Sccl/Mcdl subunit and the coordination of these three proteins
forms a ring-like structure with a diameter of around 40nm, which is likely to embrace two
sister chromatids (Haering et al., 2002) (Figure II). Another major subunit of cohesin
complex, Scc3/Irrl, is associated with Scc1/Mcdl. The Scc3 contains HEAT repeats, which
are required for the protein-protein interactions.

1-3-1 Cohesin-associated proteins

Along with four core proteins of the cohesin complex, additional proteins are
identified to be associated with Pds5, Wapl (Rad61) and Sororin. All these components play
regulatory roles in cohesin maintenance and cohesin removal during mitosis and meiosis.
These cohesin-associated proteins are less stably bound to the cohesin complex when
compared to core components.

Pds5 contains the HEAT repeat. In most eukaryotes Pds5 is essential for SCC
(Hartman et al., 2000; Dorsett et al., 2005). It has been shown that Pds5 interaction with
Smc3 and Ecol generates cohesive state of SCC and non-cohesive state is promoted by
dissociation of Pds5 when it interacts with Wapl (Sutani et al., 2009; Nishiyama et al.,
2010). Apart from SCC, Pds5 is involved in chromosome axial compaction, DSB repair and
homologues recombination in meiosis of budding yeast (Jin et al., 2009). It has been
previously demonstrated that Pds5 undergoes sumoylation, which is conjugation of Small
ubiquitin-like modifier protein (SUMO) and this posttranslational modification is cell-cycle

dependent and is required for the cohesin disassembly (Stead et al., 2003).
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In higher eukaryotes Pds5 exists in two isoforms Pds5A and Pds5B and both are
associated with the cohesin independently (Sumara et al., 2000; Losada et al., 2005). The
two Pds5 isoforms form a complex with either SA1 or SA2 (Scc3 isoforms) and the
combination results in four different forms of cohesin in vertebrate cells. In vertebrates,
PdsS5 is also associated with the other protein namely Sororin in addition to Wapl (Sumara et
al., 2000; Gandhi et al., 2006; Kueng et al.2006; Rankin et al., 2005). All these findings
suggest that Pds5 has a dual role i.e. in association and dissociation of cohesin.

Another important cohesin associated protein is Rad61/Wapl (Wings apart-like
protein) first discovered in Drosophila. Wapl has been shown to be an important regulator
of cohesin removal and heterochromatin organization (Verni et al., 2000; Warren et al,
2004). Based on genetic experiments in yeast, it is shown that Rad61 binds simultaneously
to Scc3 and Pds5 as a complex and this complex releases entrapped sister DNA in cohesin
complex by opening the interface between Sccl and Scc3 (Rowland et al., 2009). The
acetylation of cohesin core subunit Smc3 by Ecol at S phase counteracts the destabilizing
by Rad61 and triggers the cohesin establishment. X-ray crystallographic studies on Wapl
revealed that Wapl binds to an ATPase head of the Smc3 protein and regulates its ATPase
activity, which depends on acetylation state of Smc3 (Chatterjee et al., 2013). The deletion
of the RAD61/WPLI showed very less cohesin defects in budding yeast mitosis and showed
increased chromosome condensation of rDNA region in interphase and mitosis (Lopez et
al., 2013).

In vertebrates, the binding of Wapl to the cohesin core complex depends on Sccl
and SA1/SA2 (Kueng et al., 2006). In the higher eukaryotes Wapl is mainly involved in
removal of arm cohesin in the prophase pathway (see below) via the phosphorylation of
Sccl by PLKI1 kinase. It is shown that, in Wapl-deleted cells, removal of arm cohesin
during the prophase is completely blocked (Gandhi et al., 2006; Kueng et al., 2006). Recent
studies in mammalian cells also demonstrated that Wapl plays an essential role in the
chromatin organization and that Wapl-dependent cohesin removal protects the cohesin
cleavage from the separase, which enables the mitotic cells to enter into the succeeding cell
cycle in the presence of functional core cohesin complex since chromatin-bound Sccl is an
only substrate by Separase (Tedeschi et al., 2013). It has been reported that Wapl
antagonism of cohesin promotes the Polycomb-group-dependent silencing in the Drosophila
(Cunningham et al., 2012). It has been shown that, in Arabidopsis thaliana, Wapl exists in
two forms and the two has overlapping functions during cell cycle. Recent studies identified

that deletion of these two isoforms of Wapl during meiosis shows that the removal of arm
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cohesin in meiotic prophase was blocked, resulting in the formation of chromosome
bridges, besides the formation of broken chromosomes and chromosome segregation
defects. However, the mitotic Wapl mutant cells in this plant do not show any detectable
alterations in chromosome segregation (De K et al., 2014).

The other important cohesion-associated protein, Sororin, was identified only in
vertebrate cells and is essential for SCC and cell cycle progression. The protein undergoes
Anaphase promoting complex/cyclosome (APC/C)-mediated protein degradation during
early G1 phase (Rankin et al., 2005; Schmitz et al., 2007). Additionally, depletion of
Sororin in mammalian cell lines causes defects in DSB repair, due to the lack of SCC
(Schmitz et al., 2007). It has been proposed that Sororin plays an important role in cohesin
protection during mitosis (Diaz-Martinez et al., 2007). From the previous studies it has been
evident that Sororin mediates both SCC establishment and maintenance. A conserved C-
terminus motif is required for SCC (Wu et al., 2011). Previously, it has been demonstrated
that Sororin is phosphorylated by Cyclin-dependent kinase 1 (Cdkl) and Polo-like kinase 1
(PLK-1), and has a role in arm cohesin removal during mitotic prophase (Dreier et al., 2011;
Zhang et al., 2011).

1-3-2 Loading of cohesin onto chromosomes

The loading of cohesin occurs before the onset of DNA replication to create linkages
between the sister chromatids. And the timing of cohesin binding to chromatin differs from
yeast to vertebrates. In the budding yeast, cohesin binds to the chromosomes at G1 phase to
until anaphase onset (Michaelis et al., 1997; Tanaka et al., 1999). In vertebrates, cohesin
associates during telophase of the preceding cell cycle, and remains on chromosomes until
anaphase of the next division (Sumara et al., 2000; Losada et al., 2000).

The cohesin-binding sites have been mapped onto the chromosomes in many
species. In budding yeast, high levels of cohesin binding is seen at centromeres, where
cohesin plays an essential role in resisting forces of spindle microtubules. Cohesin loads
onto the chromosome arms in every 10 to 15 kb of region known as cohesion-associated
region (CAR) (Blat et al., 1999; Laloraya et al., 2000; Glynn et al., 2004; Lengronne et al.,
2004). These CAR sites identified in budding yeast is around 0.8 to 1.0 kb in length
(Laloraya et al., 2000). However, no specific DNA sequence has been identified in CAR
regions, although they are AT-rich intergenic regions between the transcription sites
(Lengronne et al., 2004; Glynn et al., 2004). It has been described that cohesin loads on

intergenic regions with the help of cohesin loader at temporary sites, and further moved to
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most persistent sites by driven by transcription (Lengronne et al., 2004). In budding yeast,
the cohesin loader has been identified as a conserved Scc2/Scc4 complex (Ciosk et al.,
2000). The proteins of the complex interact with soluble cohesin, but do not colocalise with
the cohesion complex on the chromosome such as CAR regions (Arumugam et al., 2003;
Lengronne et al., 2004). In the case of mutants, scc2/scc4, cohesin core complex cannot
associate with chromatin, but no alterations in assembly of cohesin subunits have been
found. However, scc2/scc4 mutants only affects SCC but not other cell cycle events such as
DNA replication, cytokinesis etc. Furthermore, Scc2/Scc4 complex is required for initial
loading of cohesin in G1 and is dispensable during S and G2 phases of cell cycle (Ciosk et
al., 2000; Lengronne et al., 2006). Taken together, these results suggest that Scc2/Scc4
cohesin-loading complex is required for direct association of cohesin to chromatin, but not
for the de novo assembly of cohesin core complex or for establishment and maintenance of
cohesion during cell cycle. For more understanding of how cohesin is moved from loading
sites to consistent locations on genome, Uhlmann and Gerton’s groups proposed that the
sliding of RNA Pol II-mediated transcription may induce the translocation of cohesin on
budding yeast chromatin (Glynn et al., 2004; Lengronne et al., 2004).

1-3-3 Cohesion establishment and maintenance

It has been identified that cohesin association with chromatin is not enough for
stable pairing of sister chromatids together. Previous studies reported that, in budding yeast
cells lacking Sccl, segregation defects in mitosis were observed during S phase even if Sccl
expression was enabled from G2 phase of cell cycle (Uhlmann et al., 1998). The chromatin-
associated cohesin needs to acquire the cohesive state to hold the sister chromatids together,
that is achieved by the “establishment” of SCC, which is coupled with DNA replication.
The important player for establishment of SCC is a conserved protein called Ecol/Ctf7
(hereafter, Ecol), which has the acetyl-transferase activity required for cohesive state of the
complex (Ivanov et al., 2002; Williams et al., 2011; Toth et al., 1999). The mutant ecol/ctf7
showed PSSC and errors in chromosome segregation. Moreover, cell-cycle studies revealed
the essential function of Ecol is restricted to S phase of cell cycle for establishment of SCC
(Reviewed in Ocampo et al., 2011).

The Ecol function is required for establishment of cohesion (Milutinovich et al.,
2007). The studies on DNA replication and cohesion establishment revealed that Ecol
interacts with several proteins at replication fork. Initial studies showed that Ecol associates

with three different replication fork complexes such as DNA polymerase processivity factor
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PCNA, Ctf18, RFC (Replication factor C) (Kenna et al., 2003). It has been demonstrated
that Ecol in budding yeast and also human orthologue Esco2 physically interacts with
PCNA (Moldovan et al., 2006). This physical interaction is also required for proper
establishment of SCC. Interestingly, genetic analysis showed that overexpression of
SUMOylation-deficient PCNA mutant leads to suppression in growth- as well as SCC-
defects in the ecol-I mutant. These findings suggest that Ecol-PCNA-dependent SCC
might be counteracted by PCNA SUMOylation (George et al., 2006).

Ecol contains a conserved acetyl transferase domain on the C-terminus with acetyl
CoA binding site that is similar to that of the GenS-related acetyl-transferase family (Ivanov
et al.,, 2002). In vitro analysis using bacterial expression system demonstrated that yeast
Ecol has some potential substrates for the acetylation, which includes multiple lysines in
Scc3/Irrl, PdsS, and Ecol itself, and also single lysine residue (K210) within Mcd1/Sccl
(Ivanov et al., 2002). However, the biological significance of these acetylation sites was
unclear as mutations in these sites failed to disrupt cohesion. Further analysis of acetylation
mimicking mutations in Smc3 lysine residues identified lysines 112 and 113 are potential
substrate sites for the Ecol acetylation (Ben-Shahar et al., 2008; Unal et al., 2008).
Substitutions of these residues to non-acetylated arginine are lethal due to severe defects in
SCC. Out of the two sites Lys113 acetylation sites plays more critical role in proper
cohesion establishment than Lys112 acetylation. Further cell-cycle dependent experiments
showed that Smc3 is not acetylated in G1 phase, but levels of acetylation dramatically
increases during S phase of cell cycle (Ben-Shahar et al., 2008; Zhang et al., 2008; Unal et
al., 2008). Uhlmann and Gerton groups have identified that Hos1 is lysine deacetylase for
acetylated Smc3 during G1 phase in budding yeast (Xiong et al., 2010; Borges et al., 2010).
Nasmyth and Uhlmann research groups also clarified the importance of Smc3 acetylation
and deacetylation cycle for proper establishment as well as maintenance of SCC, and
regeneration of cohesin to the next cycle. The non-acetylated form of Smc3 at G1 phase acts
as a substrate for the cohesin establishment in the next cell cycle (Borges et al., 2010;
Beckouet et al., 2010). Recent studies showed that Ecol is negatively regulated by Cdkl
protein kinase at S phase. Cdkl-dependnet phosphorylation promotes ubiquitin-mediated
degradation of Ecol after S phase and thus cohesion cannot establish after S phase of cell
cycle in budding yeast. On the other hand, the nonphosphorylated Ecol is able to establish
SCC even after S phase (Lyons et al., 2011). Later studies on Ecol phosphorylation
identified that along with Cdk1 there are two more other kinases; Cdc7-Dbf4 and GSK-3
homolog Mck1, that phosphorylates Ecol in a sequential manner (Lyons et al., 2013). These

14



results elaborated the regulatory mechanism of Ecol protein degradation by independent
kinases.

Several additional studies have identified, as a suppressor of the ecol-I temperature
sensitive (ts) mutant, mutations within the RAD61 gene. In relation to this, deletion of
RADG6I either in ECOI deletion strain or ecol-1 ts mutant restores cell viability (Ben-
Shahar et al., 2008). Defects caused by non-acetylation mutations of Smc3 K112R, K113R
were suppressed by WPLI/RADG61 deletions. Additional suppressors ecol-1 ts mutant were
mapped to the SCC3 and PDS5 genes, supporting the idea on Rad61 (Wapl) coordination
with Pds5 and Scc3 in anti-establishment of cohesion that retains a cohesin destabilized
form (Rowland et al., 2009).

Another interesting player of the cohesion establishment and maintenance is PdsS5.
The role of Pds5 in cohesion regulation is linked with the function of Ecol as PDS5
depletion mutant of budding yeast shows the same cohesion loss phenotype as ecol/ mutant
cells (Guacci et al.1997; Michaelis et al., 1997; Toth et al., 1999). However, pds5 mutant
shows precocious sister dissociation, but, unlike the other cohesion components, Pds5 is
mainly required for maintenance of cohesion after S phase establishment (Stead et al.,
2003). To support this idea, it has been showed that, in fission yeast, Pds5 physically
interacts with Esol (Ecol in budding yeast) and the depletion of the PDS5 suppresses the
defects associated with eso/ mutant. This indicates that the Pds5 hinders the cohesion
establishment until it’s counteracted by Esolp (Tanaka et al., 2001). Guacci and coworkers
identified the SUMOylation of Pds5 mediates the cohesion maintenance during cell cycle.
They isolated the SMT4 gene, which encodes a SUMO isopeptidase as a high copy
suppresser of the pds5 mutant. They showed that the over-expression of SMT74 reduces the
Pds5 SUMOylation and that the SMT4 depletion shows elevated levels of SUMOylated
Pds5 (Stead et al., 2003), suggesting the role of SUMOylated Pds5 in dissolution of
cohesion. Meiotic experiments in budding yeast showed that Pds5 is mainly required for
homologues pairing, synapsis and chromosome compaction. In pds5 depletion mutant, the
loading of meiosis-specific klesin Rec8 on chromosomes remains similar compared to wild
type (Zhang et al., 2005; Jin et al., 2009). This result indicates that Pds5 may not be
required for the cohesion loading but it has role in cohesion maintenance during meiosis.

Another cohesion regulator Wapl/Rad61 in humans is required for a role of cohesin
in chromatin; DSB repair, implicated in heterochromatin formation, and is also known to
promote cohesion dissociation from chromosomes during mitotic prophase (Kueng et al.,

2006; Gandhi et al., 2006). The role of Rad61/Wapl in cohesin removal process was also
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observed in fission yeast (Bernard et al., 2008). However, the loss of WAPL function in
humans leads to increase in chromosomal cohesin, while the rad61 deletion in budding
yeast shows decreased cohesin on chromosomes (Warren et al., 2004; Sutani et al., 2009;
Rowland et al., 2009; Gandhi et al., 2006). Recent studies in Arabidopsis thaliana showed
that mutations in WAPL gene suppress defects caused by inactivation of AtCTF7 (De K et
al., 2014). In both yeast and mammalian systems deletion of wapl/rad61 bypass the ecol-
induced defects (Gandhi et al., 2006, Kueng et al., 2006).
1-3-4 Cohesin removal during mitosis

Along with SCC establishment, timely dissolution of cohesion is equally essential
for the proper segregation of chromosomes. Hence cells have developed various
mechanisms to ensure the proper chromosome inheritance. In budding yeast mitosis,
cohesin removal does not take place during prophase and cohesin remains bound to the
DNA until the onset of anaphase (Ciosk et al., 2000). At the anaphase onset entire cohesin is
removed by the protease called Separase that cleaves the mitotic klesin Mcdl1/Sccl
(Uhlmann et al., 1999). Separase is activated by the degradation of its inhibitor, Securin
(Pds1) by APC/C complex at metaphase to anaphase transition (Sumara et al., 2000) (Figure
V).

As discussed above, in the vertebrates, cohesion is removed from chromosomes in
two-step process. Initially bulk of arm cohesin is removed from the chromosome arms by
the process called ‘prophase pathway’ and remaining cohesin molecules on centromere are
removed at metaphase-to-anaphase transition (Waizenegger et al., 2000; Losada et al., 2000;
Warren et al., 2000) (Figure V). In the mitotic cells, the cohesin subunits Sccl/Mcdl and
SA2 (SCC3) are phosphorylated by Plk1 (polo-like kinase) during mitotic prophase (Losada
et al., 2002; Sumara et al., 2002; Abian et al., 2004; Lenart et al., 2007). Inactivation of Plk1
in Xenopus eggs identified elevated levels of cohesin on chromosomes whereas the addition
of recombinant Plk1 restored cohesion dissociation (Losada et al., 1998; Losada et al., 2000;
Sumara et al., 2000). In both cases of Xenopus and mammals cohesin dissociation is
regulated by a cell-cycle stage of oocytes, but does not depend on the Cdk1 kinase (Sumara
et al., 2000). Later studies suggested that not only SA2 phosphorylation but also cohesin
regulators, Wapl and Pds5, play an important role in this prophase pathway. In Xenopus egg
extracts inactivation of Wapl and Pds5 showed the absence of arm cohesin removal and
chromosome segregation defects (Shintomi et al., 2009). In consistent with these results, in

mammalian cells, Wapl depletion also exhibited severe reduction in prophase pathway

16



(Kueng et al., 2006; Gandhi et al., 2006;Tedeschi et al., 2013). Amino-acid motif analysis of
SA2 (SCC3) and Pds5 confirms that the interaction surfaces of these proteins with HEAT
repeats regulate the cohesin dynamics (Neuwald et al., 2000; Nasmyth et al., 2005). And
also mammalian Wapl has three copies of FGF motifs that physically interact with HEAT
repeats (Shintomi et al., 2009). Most importantly, in Xenopus egg extracts, mutations in the
FGF motif of Wapl does not strongly interact with cohesin and confers defects in cohesin
removal (Shintomi et al., 2009). These results provide the idea that Wapl may use FGF
motifs to interact with SA2 and Pds5 HEAT repeats, and the phosphorylation of SA2 by
Plk1 induces the conformational changes in these interactions and then facilitates the
removal of cohesin without cleave of Sccl.

It has been reported that mitotic kinase Aurora B is also required for the prophase
dissociation of cohesin from the chromosomes (Waizenegger et al., 2000; Losada et al.,
2002; Sumara et al., 2002; Abian et al., 2004). However, the phosphorylation sites of Sccl
or SA2 by this kinase have not been identified yet. Sgol- and Condensin I-binding to
chromosomes is required for the cohesin removal and specifically both of Sogl and
Condensin-I complex are phosphorylated by Aurora B.

Recent studies on mouse showed that regulation of cohesin-DNA interaction by
Wapl is important for embryonic development and the expression of important tumor
suppressor gene c-MYC. Furthermore, Wapl-mediated release of cohesin from DNAs is
essential for proper chromosome segregation (Tedeschi et al., 2013).

Another regulator of cohesin removal in vertebrates is Sororin. Initially it has been
identified as a substrate for the anaphase-promoting complex (APC)-dependent
degradation in G1 phase of cell cycle in Xenopus embryos. Overexpression of Sororin
causes failure to resolve sister chromatids and segregation defects (Rankin S et al., 2005).
Later studies identified that Sororin is essential for proper cohesion during G2 phase and
for efficient repair of DNA double-strand breaks (DSBs) in G2 (Schmitz et al., 2007).
Peters and his coworkers shown that DNA replication and cohesin acetylation promotes the
binding of Sororin to cohesin by antagonizing the Wapl from binding partner Pds5. They
also observed that the phenotype obtained after codepletion of Sororin and Wapl was
identical to the phenotype of Wapl alone (Nishiyama et al., 2010). Recent studies on
prophase pathway revealed that Sororin is phosphorylated by two kinases such as Cdkl
and Plk1 and that these phosphorylations are required for the arm cohesin removal during
mitotic prophase. It is also shown that Sororin is essential for the recruitment of Plk1 to the

chromosomes for phosphorylation of SA2 during prophase pathway (Dreier et al., 2011;
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Zhang et al., 2011). Recently, it is shown that the splicing of Sororin pre-mRNA by Prp19
splicing complex is required for proper SCC in human cells (Watrin et al., 2014; Oka et al.,
2014; Lelij P et al., 2014). These findings suggest the role of splicing machinery in
contributing to the establishment of cohesion by Sororin accumulation. Very recently it is
shown that a C-terminus of Sororin, especially last 12 amino acid residues, is required for
anchor-binding of SA2 and regulates SCC (Zhang et al., 2015; Martinez LA et al., 2015).
1-4 Meiosis-specific cohesin complex and functions during meiosis

As discussed earlier, during meiosis, mitosis-specific klesin subunit of cohesin
complex Rad21/Sccl is replaced by a meiosis-specific klesin Rec8 in S. cerevisiae, S.
pombe. And in C. elegans along with Rec8 another two paralogs, called COH3 and COH4
together regulates SCC (Severson et al., 2009). Meiotic Smcl is replaced with Smclf} in
mammalian cells. And also in higher eukaryotes, STAG3 replaces SA1/SA2 subunits during
meiosis (Pezzi et al., 2000; Prieto et al., 2001; Revenkova et al., 2004). Recent findings in
mouse identified Rad21-like protein (Rad21L) during meiosis, which has sequence
similarity with Rec8 and Rad21 (Gutierrez-Caballero et al., 2011). Rad21L is localized on
chromosome axes during meiotic prophase, along with axial elements of synaptonemal
complex and is shown to possess a significant role in homologues recombination (Ishiguro
et al., 2011). It has been reported that, along with SCC, meiosis-specific cohesin have
various functions and especially regulates several prophase events of meiosis.

1-4-1 Homologous Recombination (HR)

After DNA replication each pair of homologous chromosomes undergo reciprocal
recombination generating crossovers (Roeder et al., 1997). Meiotic recombination is
initiated by the formation of DSBs catalyzed by a topoisomerase-related protein Spoll
(Klapholz et al., 1985; Keeney et al., 1997; Handel et al., 2010). Spol1 protein covalently
binds to the 5’-end of DNA at DSB site through the formation of a phosphodiester bond.
This protein-DNA adduct is recognized by the MRX/N (Mrell, Rad50, Xrs2/Nbsl)
together with Sae2/CtIP, which in turn removes Spol1l from the DSB end. These proteins
create 3’-overhang single-stranded (ss) DNA that is extended by various nucleases and
helicases (Krogh et al., 2004). The ssDNA with 3’-overhang is loaded with RecA-related
recombinase such as Rad51 and Dmcl, which form filament-like structures on the DNA
(Shinohara et al., 1992; Bishop et al., 1992). Along with Rad54 and Tid1/Rdh54 proteins,
Rad51-Dmcl pair initiate homology search for the homologous duplex DNA sequences.

After finding the homologous DNA, displacement loop (D-loop) is formed by invasion of
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the ssDNA into the duplex DNA (Krogh et al., 2004; Lao et al., 2010). Furthermore, D-
loops are converted into a stable intermediate called Single-End Invasion (SEI), which is
accompanied by the DNA synthesis from invaded DNA. Later with further processing, SEIs
are converted into double-Holliday Junctions (dHJs). dHJs are resolved specifically into
reciprocal crossovers (COs) (Matos et al., 2011). The presence of a CO at one position
decreases the possibility of another CO formation nearby, which is known as CO
interference (Borner et al., 2004). Homologous chromosomes undergo at least one CO along
the chromosomes (Roeder et al., 1997).

In budding yeast, genome-wide analysis of Spoll-binding sites by Chromatin
Immunoprecipitation (ChIP) analysis identified that dynamic localization of Spoll enzyme
on meiotic chromosomes. Spol1 distribution on chromosomes depends on meiotic-specific
klesin Rec8 (Kugou et al., 2009). Initially, Spoll is bound to Rec8-rich regions on
chromosomes such as centromeres during S phase. Once the replication progressed, Rec8 is
enriched more to chromosome arms. It has been identified that deletion of the RECS
severely reduced the Spoll-binding on centromeres as well as on chromosome arms with
large reduction of DSB formation (Klein et al., 1999; Kugou et al., 2009). However, it has
not been showed that the Rec8 is a part of Spol1 protein complex (Keeney et al., 1997). But
further studies identified that Spol1 is colocalized with Rec8 on meiotic chromosome axes
and Spoll-associated factors tether the chromatin loop to axis enriched for Rec8 during
DSB formation. Moreover, in budding yeast, Rec8-associated proteins Hopl and Red] are
also required for efficient DSB formation (Panizza et al., 2011). Recent genome-wide ChIP
analysis of Rec8 and Spol1 also revealed that DSB cold spots are observed around 0.8 kb of
Rec8-binding sites (Ito et al., 2014), suggesting a negative role of Rec8 in DSB formation.

As explained above, DSB repair mechanism mainly requires Rad51 and Dmcl
whose collaboration promotes interhomolog recombination. Several observations suggest
that Rec8 has a role in the DSB repair process and meiotic recombination. Initially, it has
been identified that Rad51/Dmc]1 coimmunoprecipitate Rec8 in rat spermatocytes (Eijpe et
al., 2003). In the budding yeast meiosis Rec8 interacts with Dmcl and Hopl and the
deletion of the RECS showed reduction recombination with inefficient repair of DSBs
(Katis et al., 2010; Klein et al., 1999; Brar et al., 2009). Similarly the absence of Rec8
ortholog AFDI in maize leads to the accumulation of Rad51 foci and altered recombination
(Pawlowski et al., 2003; Golubovskaya et al., 2006). It has been identified that in C. elegans
meiosis depletion of RECS induces chromosome fragmentation and spoll deletion

suppresses these defects, supporting an idea that Rec8 processes Spoll-induced DSBs
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(Pasierbek et al., 2001). In mouse meiosis, the RECS knockout showed DSB formation is
normal but crossover formation was largely impaired (Xu et al., 2005). In the budding yeast
meiosis, cohesin-associated protein Pds5 also plays a role in DSB repair mechanism in
meiosis (Jin et al., 2009). All these results indicate that the meiosis-specific cohesin plays an
important role in DSB formation and repair to form proper recombination products, which
is conserved among species.

1-4-2 Organization of Synaptonemal Complex

The molecular events behind SC formation and resolutions are well defined in
budding yeast. Meiotic sister chromatids assembled as an axis of SCs consist of cohesin and
Topll (Klein et al., 1992; Klein et al., 1999). At leptotene stage, an AE protein Redl is
associated with the Rec8 cohesin complex (Rockmill et al., 1988; Smith et al., 1997) on
chromosomes, which is followed by the recruitment of Hopl to form a chromosome axis
(Hollingsworth et al., 1990). At zygotene, homologues chromosomes are linked together by
the deposition of a CE component, Zip1 to form a SC (Sym et al., 1993; Dong et al., 2000).
In the middle of SC, Zipl protein forms coiled-coil homodimer and two homodimers
overlap at its N terminus and finally it forms tetrameric structures. Along with CE and LE,
axis-associated proteins called of ZMM proteins that include Zip2, Zip3, Msh4, Msh5,
Spo22, Mre3 and Spol6 facilitate the formation of SC as well as COs. (Shinohara et al.,
2008; Tsubouchi et al., 2006). After late pachytene stage when SC starts to disassemble
between the homologues, Aurora B/Ipll kinase plays an essential role in disassembly of SC
during meiosis (Jordan et al., 2009).

Meiosis-specific klesin Rec8 plays an essential role in SCC. Various groups
identified SCC-independent roles of Rec8 in chromosome axis formation during meiosis
(Buonomo et al., 2000; Jin et al., 2009). It has been identified by many groups that Rec8
plays a role in AE biogenesis and SC formation in various eukaryotic models. The rec8
deletion mutant showed failure of axis assembly and improper localization of various axis
proteins in budding yeast (Klein et al., 1999; Golubovskaya et al., 2006). In C. elegans Rec8
has two paralogs COH-3 and COH-4 and deletion of these genes leads to defective AE
formation (Severson et al., 2009). In mouse RECS knockdown does not show any disruption
in AE formation (Bannister et al., 2004; Xu et al., 2005). But further studies on Rad21L,
another variant of meiosis-specific klesin demonstrate that Rad21L is required for initiation

of synapsis and crossover recombination (Herran et al., 2011; Lee et al, 2011).
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Spermatocytes knockdown of both meiosis-specific klesins Rad21L and Rec8 in mouse
showed defects in AE assembly and induces an arrest at leptotene stage.

Along with meiosis-specific klesin Rec8, cohesion-associated subunit Pds5 also
plays a role in SC formation. Depletion of the PDS5 depletion mutant of budding yeast
leads to failure in homologous pairing with normal localization of Rec8 as well as other AE
proteins Hopl and Redl (Zhang et al., 2005; Jin et al., 2009). In this mutant chromosomes
appear as short rod-like structures, indicating that Pds5 is required for proper axial
compaction of chromosomes. Moreover, the PDS5 depletion prevents intersister SC
formation. The overexpression of mitosis-specific klesin Sccl/Mcdl using an inducible
promoter, in pds5 mutant cells does not restore intersister SC formation (Jin et al., 2009).
These results suggest the possible roles of Pds5 and Rec8 in SC formation between
homologous chromosomes.

1-4-3 Telomere clustering

Along SC formation, chromosomes relocate their position inside the nucleus during
meiosis. In budding yeast mitosis few telomeres cluster at nuclear periphery (Klein et al.,
1992). But during meiosis at the leptotene stage, telomeres attach to the nuclear envelope
and move toward the spindle pole body (SPB: Centrosome in higher order eukaryotes), and
form a cluster named as telomere bouquet. The bouquet-like structures are predominantly
seen in zygotene (Trelles-Sticken et al., 1999). Telomere clustering in meiotic nuclei is
conserved in all eukaryotes (Chikashige et al., 2006; Ding et al., 2004). The overlap
between the homologous pairing and telomere clustering has led to the idea that telomere
clustering promotes homologous pairing and/or prevents pairing of ectopic sites.

Over the last two decades, molecular mechanism to form telomere bouquet has been
studied by various groups. In the fission yeast telomere proteins Tazl and Rapl contribute
to the attachment of telomeres to the nuclear envelope (Cooper et al., 1998; Nimmo et al.,
1998; Kanoh et al., 2001; Chikashige and Hiraoka, 2001). Along with Tazl, two other
proteins required for bouquet formation, Bqtl and Bqt2, were also identified (Chikashige et
al., 2006). In the budding yeast telomere movement depends on a meiosis-specific telomere
binding protein Ndjl (Scherthan et al., 2007). It has been demonstrated that another
meiosis-specific protein Csm4 forms a complex with Ndj1 and in the csm4 deletion mutant,
telomeres tether to nuclear envelope but they do not form clusters (Kosaka et al., 2008).
These results suggest that proper telomere clustering requires multiple protein complexes on

nuclear envelope during meiosis. Importantly, during budding yeast meiosis SUN (Sadlp,
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UNC-84) domain protein Mps3 plays an essential role in telomere bouquet formation
(Conrad et al., 2007). Surprisingly, deletion of SUN domain in Mps3 protein showed
minimal defects in telomere clustering but alterations in chromosome movements and
reduced chromosome pairing were observed (Prasad Rao et al., 2011). These results suggest
that telomere bouquet formation may not be completely dependent on SUN domain of
Mps3, and it raises the possibility that Mps3-interacting proteins during meiosis play more
crucial role in telomere clustering. Telomere bouquet formation requires Ndjl, Csm4 and
Mps3 proteins (Conrad et al., 2008). SUN domain proteins are conserved in yeast to
mammals. In the fission yeast, SUN domain protein Sadl is required for the normal
telomere dynamics during meiosis (Miki et al., 2004). Mammalian SUN-domain protein
Sun2 has been localized at telomere-binding sites on nuclear envelope during meiosis
(Schmitt et al., 2007).

In the budding yeast Rec8 is required for the proper telomere bouquet formation.
The rec8 deletion mutant shows that defective telomere bouquet dynamics (Trelles-Sticken
et al., 2005; Conrad et al., 2007). Moreover, SPB-unattached telomere clustering is
observed in rec§ deletion mutants. And also telomere bouquet dissolution is almost
abolished in rec8 deletion mutant (Trelles-Sticken et al., 2000). The loss of Setl histone H3
methyltranferase also shows defects in bouquet formation (Trelles-Sticken et al., 2005). In
the mice, depletion of meiosis-specific SMC1 b shows an incomplete attachment of
telomeres to nuclear envelope (Adelfalk et al., 2009). On the other hand, the deletion of
RAD2IL in spermatocytes showed that telomeres are not properly bound to the nuclear
envelope in zygotene stage of meiosis (Herran et al., 2011). These findings are comparable
with SMC1p knockout mutant. All these findings suggest that meiosis-specific cohesin

components are crucial for the proper regulation of telomere dynamics during meiosis.

1-4-4 Cohesin dynamics during meiosis

Cohesin removal during meiosis is regulated by two-step process. Initially arm
cohesin is removed through the cleavage of Rec8 by a protease Separase at metaphase I-to
anaphase I-transition while centromeric cohesin is protected by the action of Sgo1/PP2A. At
meiosis II centromeric cohesin is also cleaved by the separase. It has been previously
reported that Sccl is phosphorylated by Polo-like kinase-dependent manner and this
phosphorylation promotes Sccl cleavage in yeast mitosis (Alexandru et al., 2001; Uhlmann

et al., 2004). Like mitosis, during meiosis Rec8 is phosphorylated by multiple kinases such
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as Polo-like kinase/CdcS5, casein kinase I d/¢ (CK1), Dbf4-dependent Cdc7 kinase (DDK)
(Clyne et al., 2003; Lee et al., 2003; Katis et al., 2010; Brar et al., 2006; Attner et al., 2013).
Importantly, DDK- and CK1-dependent phosphorylation of Rec8 is crucial for the separase
cleavage (Katis et al., 2010). However, initially it has been speculated that Cdc5-dependent
phosphorylation also requires Rec8 cleavage during meiosis but the replacement of Cdc5-
dependent phosphorylation sites with alanine shows little or no effect on the kinetics of
Rec8 cleavage at meiosis (Brar et al., 2006). In contrary, recent reports from Amon group
showed that Cdc5-dependent phosphorylation of Rec8 S136 and S179 sites are important
for the separase-dependent cleavage (Attner et al., 2013). Moreover, phosphorylation-
defective mutants rec8-174 and rec8-294 showed significant delay of anaphase I entry,
confirming the DDK-, CK1- and Cdc5-dependent phosphorylations of Rec8 play a roles in
the prophase events as well as cohesin removal during meiosis (Brar et al., 2009).

Like yeast, in most of the higher organisms cohesin removal during meiosis is
regulated by a two-step process. In Xenopus egg extracts, APC/C activation and separase-
mediated cleavage are not required for first meiotic division but they are required for
centromeric cohesin cleavage at second meiotic division (Peter et al., 2001). It has been
reported that temperature sensitive mutants of APC/C in C. elegans showed defects in
homologues segregation, suggesting that separase-mediated cleavage of cohesin is required
for first meiotic division (Furuta et al., 2000). Interestingly, in higher eukaryotes decrease in
the amount of cohesin bound to chromosome arms during prophase was also observed,
suggesting the presence of cleavage-independent removal of cohesin (Prieto et al., 2001,
2002, Revenkova et al., 2001).

1-4-5 Anaphase promoting complex/Cyclosome (APC/C)

In order to exit mitotic or meiotic cell cycle, the cell has to down-regulate two proteins
present at late mitotic or meiotic phases viz Cdkl1-cyclin B1 complex and Securin/Pds1 that
act as inhibitors of cell cycle exit (Thornton et al., 2003). Down regulation of these proteins
leads to the dephosphorylation of Cdk1 targets and activation of separase, thereby enabling
the cells to enter anaphase and also exit to mitosis. Pds1 and Cdkl-cylin B1 complex are
destructed by the means of ubiquitin-dependent proteolytic degradation by 20S Proteasome
(Glotzer et al., 1991; Cohen-Fix et al., 1996). Binding of Ubiquitin to target proteins for the
proteolysis by the Proteasome is achieved by a three-step process catalyzed by El
(Ubiquitin-activating enzyme), E2 (Ubiquitin-carrier protein), and E3 (Ubiquitin ligase).
Mainly substrate specificity is achieved at a level of E3 ubiquitin ligase and different types
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of E3 classes are identified. Anaphase-promoting complex or Cyclosome (APC/C), a RING-
type E3 ubiquitin protein ligase, is mainly responsible for ubiquitylation of Securin and
cyclin B1 (Sudakin et al., 1995; King et al., 1995; Irniger et al., 1995).

For complete functionality of APC/C it requires substrate-recruiting factors either
Cdc20 or Cdhl (Sigrist et al., 1997; Visintin et al., 1997; Sigrist et al., 1995). Both factors
interact with APC/C via its C-terminal isoleucine-arginine (IR) motif (Vodermaier et al.,
2003). It has been reported that Cdc20 and Cdhl recognize the substrate via an extended C-
terminal WD-40 repeat domain (Kraft et al., 2005). Moreover, substrate recruitment by
Cdc20 stimulates the ubiquitin ligase activity of APC/C (Kimata et al., 2008). APC/C is
highly regulated by the spindle assembly checkpoint and is activated only when the
chromosome arrange at metaphase plate (Zachariae et al., 1998). In budding yeast meiosis,
depletion of Cdc20 causes cells arrested prior to anaphase I onset and there is no
degradation of Securin leading to inactivation of Separase (Salah & Nasmyth 2000) (Figure
VII). Separase activation leads the cleavage of Rec8 during metaphase I-to-anaphase I
transition (Buonomo et al., 2000; Kitajima et al., 2003). The role of APC/C during meiosis
is conserved in many organisms such as C. elegans and mutations in APC/C subunits causes
metaphase I arrest (Golden et al., 2000; Davis et al., 2002; Furuta et al., 2000). It has been
studied in mouse oocytes that APC/C mediates degradation of Securin and activates
Separase for the cleavage of Rec8 (Terret et al., 2003; Kudo et al., 2006; Herbert et al.,
2003).

1-5 Aims of the project: Deciphering the role of Rad61/Wpll (Wapl) in
meiosis of the budding yeast and its function in prophase pathway.
Rad61/Wapl is a poorly conserved eukaryotic protein that shares common
characteristics like a similar C-terminal WAPL domain, and has an ability to associate with
cohesin core subunits as well as to form a subcomplex with Pds5 protein. Many structural
and functional differences exist between Rad61/Wapl orthologues in lower eukaryotes like
budding yeast and higher eukaryotes. In the higher eukaryotes such as mouse deletion of
wapl causes a delay in arm cohesin removal in mitotic cells and, thus, it is proposed that
Wapl plays an essential role in prophase pathway of cohesin removal in mitotic cells. In
budding yeast mitosis cohesin is removed from the chromosomes by a single step during
metaphase-to-anaphase transition mainly through Separase-dependent manner. And indeed,

the deletion of rad61/wapll in budding yeast mitosis show partial cohesin loss and hyper
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condensation of rDNA and increased chromosome condensation (Lopez-Serra et al., 2013;
Tong et al., 2014; Guacci et al., 2015).

The role of Rad61/Wpll protein in meiotic prophase I is largely unknown. In this
thesis, the role of Rad61/Wpll during meiosis of budding yeast has been characterized
extensively. As a regulator subunit of the cohesin complex, Rad61/Wpll plays a role in
various processes like homologous pairing, cohesin establishment, synaptonemal complex

formation, DSB regulation and meiotic recombination.
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Figure I
Meiosis

Meiosis is a special type of cell division necessary for sexual reproduction in
eukaryotes. After the entry into meiosis, each chromosome is duplicated and a pair of sister
chromatids are linked with each other by cohesion. Production of haploid gametes requires
segregation of homologous chromosomes during the first meiotic division and of sister
chromatids in the second division. Together with meiosis cohesion, chiasma plays an
essential role in proper segregation of homologous chromosomes.
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Cohesin structure
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Figure 11
Cohesin structure in budding yeast mitosis and meiosis

The cohesin complex forms a ring-like structure and encircles sister chromatids together for
chromosome segregation. Cohesin complex consists of Smcl, Smc3, and a kleisin
Scc1/Mcdl in mitotic cells. Meiotic cells use a unique cohesin complex containing a
meiosis-specific klesin component, Rec8, instead of Scc1/Mcdl. Ecol is the acetyltranferase
which acetylates Smc3 at S phase and establishes the cohesion between the sister
chromatids. Cohesin function is regulated by several other factors. Rad61/Wpll (Wapl in
other organisms) and Pds5 control the cohesin binding to chromosomes.
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Figure 111
Rapid prophase chromosome motions and synaptonemal complex

Synaptonemal complex (SC) is a proteinaceous structure that holds homologous
chromosomes together. In parallel to SC formation, chromosomes relocate their position
inside a nucleus. At the leptotene, telomeres attach to the nuclear envelope and telomeres
move towards the spindle pole body (SPB), forming clusters of telomeres, which we call
telomere bouquet. This bouquet structure is transient and predominantly seen in zygotene. In
pachytene stage, telomere bouquet is disrupted and all telomeres are spread around the
nuclear envelope. The dynamics of telomere as well as nuclear envelopes are promoted by
various proteins such as Mps3. Mps3 is the SUN domain protein and a major component of
the SPB in mitosis and shows dynamic relocalization on the nuclear envelope during
meiosis.
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Meiotic Recombination
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Figure IV

Meiotic Recombination

After DSBs formation, the MRX/N complex plays an essential role in the initial processing
of double-strand breaks (DSBs), and starts resection prior to repair by homologous
recombination. Followed by strand invasion and DNA synthesis, a specific recombination
intermediates with double-Holliday structure is formed, which is resolved specifically into
crossovers, which ensure proper homologous recombination between chromosomes.
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Cohesin removal during mitosis of vertebrates and budding yeast
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Figure V
Cohesin removal during mitosis of vertebrates and budding yeast

Cohesin removal plays an essential role in proper sister chromatid segregation. In the
vertebrate mitosis, cohesin is removed by two-step process. Initially, a bulk of arm cohesin
is dissociated in Plkl- and Wapl (Rad61)-dependent manner (above). This is so-called
“prophase pathway” of cohesin removal. At the onset of anaphase, Scc1/Mcdl is cleaved by
a protease called Separase. Phosphorylation of Sccl/Mecdl by Plk and AuroraB kinase
facilitates the cleavage by Separase. Sgol-PP2A protects the centromeric cohesion for the
dissociation and cleavage by dephosphorylating Scc1/Mcdl1. At anaphase onset Separase is
activated by the APC/C*“*® Complex through the degradation of its inhibitor Securin/Pdsl.
But in the budding yeast mitosis, prophase pathway of cohesin removal is absent and the
cohesin removal completely depends on the separase-mediated cleavage of Sccl at the

anaphase onset during mitosis (bottom).
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Cohesin removal during budding yeast meiosis I

In budding yeast meiosis, the cleavage of the kleisin at meiosis I requires the
phosphorylation of Rec8 by three kinases, the Cdc7-Dbf4 (DDK), Cdc5 (polo-like kinase)
and casein kinase d/¢ (CK1). At anaphase I onset, the phosphorylated Rec8 is cleaved by the
Separase, which facilitates the removal of cohesin molecules from chromosome arms. Here,
as in mitosis, Sgo1-PP2A protects the centromeric cohesin by dephosphorylating Rec8. In
mid-prophase I, the cohesin complex play an essential role in maintaining the synaptonemal
complex. However, synaptonemal complex is disassembled in late prophase prior to the
onset of anaphase I. In this late prophase, the formation of chiasma and chromosome
condensation are also seen.
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Chapter 2
Materials and Methods

2-1 Strains and plasmids

All strains used in this study were originated from the S. cerevisiae SK1 diploid
strain MSY832/833 (MATo/MATa, ho::LYS2/”, ura3/”, leu2::hisG/”, trpl::hisG/”, lys2 /")
and NKY 1303/1543(MATo/MAT a, ho::LYS2, ura3, leu2::hisG, lys2, his4B-LEU2, arg4-

Bgl). The genotypes of strains used in this study are mentioned in Table-1.

PCR-based site-directed mutagenesis using mutant primers was carried out and the
presence of the mutations was confirmed by DNA sequencing. Target mutant genes were
cloned into YIPlac211 and pRS406, respectively. After digestion with various restriction
enzymes, the DNA was integrated by transformation for the selection of colonies with Ura
positive. The URA3 gene was popped-out by counter-selected for the ura- phenotype on a 5-
FOA (5-Fluroorotic Acid) plate. DNA sequencing using genomic DNA for candidates

confirmed mutants. The primers used for strain construction are shown in Table-2.

2-2 Preparation of E. coli plasmid DNA-Mini prep

Preparation of E. coli plasmid was performed according to standard procedure in
Shinohara Lab. E. coli single colony was inoculated into 1.5 — 2.0 ml of LB liquid media
containing ampicillin (50mg/ml) and incubated at 37°C over night. Next day, overnight
culture was transferred into 1.5ml Eppendorf tubes, and then centrifuged 10,000 rpm for
Imin, and supernatants were removed completely. Cells were suspended in 100 ml of GTE
buffer (50 mM Glucose, 25 mM Tris-HCL [pH 8.0], 10 mM EDTA) and vortexed until
pellets were completely dissolved in the buffer. Followed by adding 200 ml of Alkaline-
SDS (0.2 N NaOH, 1% SDS) solution, samples were inverted for 4 to 5 times, and then kept
on ice for 5 min. 150 ml of 7.5 M Ammonium acetate was added and the samples were
inverted again, and kept on ice for at least 10 min, followed by centrifugation 15,000 rpm
for 10 min at 4°C. Supernatants were transferred to new Eppendorf tubes containing 400 ml
of 2-propanol. The samples were inverted for mixing and centrifuged 15,000 rpm for 10
min at room temperature. The pellets were washed with 70% (V/V) ethanol, and followed
by another washing with 100 % (V/V) ethanol. The samples were dried for 10 min using a
centrifugal concentrator. 50-100 ul of 10:1 TE (10 mM Tris- HCL [pH 8.0], ImM EDTA)
was added to dissolve DNA.
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2-3 Yeast transformation (LiAc Method)

Yeast cells were inoculated into 3ml of YPAD (1% Bacto Yeast Extract, 2% Bacto
Peptone, 2% Glucose, 1% Adenine) liquid medium and cultured overnight. Overnight
culture of yeast cells were diluted in 50-100 ml of YPAD (1/200 dilution) in a 500ml flask,
and grown at 230 rpm at 30 °C using a shaker (Innova® 44) for around 2.5 hr to 4 hr until
reaches OD of 0.4 to 0.6. Cells were centrifuged for 2 min at 3000 rpm using sterilized
screw cap tubes, then washed twice in sterile distilled water, and centrifuged at 3000 rpm
for 2 min. Cells were then suspended in 1 ml of LiAc/TE (0.1M LiAc, 1X TE) and
transferred to a new Eppendorf tube, and then centrifuged again at 5000 rpm for 1 min.
Cells were suspended in 200 ml of LiAc/TE. 15 ul carrier DNA (10mg/ml deoxyribonucleic
acid from salmon sperm, Wako Ltd) were added to the cells and mixed. 50 ul each of the
cell suspension was transferred to new Eppendorf tubes. Solution with a plasmid or a DNA
fragment (1-10ul) was added to each tube and mixed well. Followed by adding 350 ul of
PEG/LiAc/TE (40% (w/v) PEG4000, 0.1M LiAc, 1x TE), cells were mixed well by
inverting the tubes. The tubes were incubated with rotation at 30°C for 30 min. The cells
were incubated at 42°C for 15 min on a heat block. Cells were centrifuged at 5000 rpm for 1
min. Supernatants were removed using aspirator. Cells were suspended in 1 ml of YPAD,
incubated for 3-6 hours or overnight, and centrifuged at 1500 rpm for 2 min. The pellets
were suspended in 100 ul of PBS (Phosphaste Buffered Saline) or TE and spread on

selective medium plates.
2-4 Yeast Genomic DNA preparation

Yeast cells were cultured in 1-2 ml of YPAD liquid medium overnight. Cells were
harvested in Eppendorf tubes. Pellets were suspended in 500 ul of Zymolase buffer (10mM
NaPO,, 10mM EDTA, 0.1M B-Mercaptoethanol, 100mg/ml Zymolase 100T), vortexed for
mixing, and then incubated at 37° for 30 min. Cells were lysed by adding 5 ul of Protenase-
K (10 mg/ml) and 100 ul of Lysing buffer (0.25M EDTA, 0.5M Tris base, 2.5% (w/v)
SDS), mixed well, and incubated at 65°C for 1 hour. During this period, tubes were mixed
at least 2 times. 100 ul of 5 M potassium acetate solution was added to the cell suspension,
mixed well by shaking, and cell suspensions were incubated on ice for 15 min. Cells were
centrifuged at 15000 rpm for 10 min. Supernatants were transferred to new Eppendorf tubes
containing 500 ul of cold 100% (V/V) EtOH (ethanol). Samples were inverted gently 5

times and centrifuged at 12000 rpm for 30 sec. Supernatants were removed and pellets were
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washed with 1 ml of 70% (V/V) EtOH. And again supernatants were removed and washed
the pellets with 1 ml 100%(V/V) EtOH. Samples were dried for 10 min by centrifugal
concentrator. DNAs were suspended with 500 ml of 1X TE, which was followed by
RNaseA treatment with 10 ug/ml RNaseA at room temp for 30 min. 0.5 ml of 2-propanol
was added to samples and inverted gently for 5 times, and then centrifuged at 15000 rpm.
Supernatants were removed, and pellets were washed with 70% (V/V) EtOH and were
followed by washing with 100% (V/V) EtOH. Samples were dried up for 10 min, and
DNAs were suspended with 100-200 ul of 1X TE buffer.

2-5 Meiosis time course

Yeast cells were spread on the YPG (1% Bacto Yeast Extract, 2% Bacto Peptone,
2% Glycerol) plate from freezing stock (-80°C), incubated at 30°C for 12 hours, and then
streaked on YPAD plates and incubated for further 2 days at 30°C for producing single
colonies. A single diploid colony was inoculated in 3 ml of liquid YPAD medium and
incubated overnight in rotator at 30°C. 1 ml of the culture was added to 100 ml of SPS
(0.5% Bacto Yeast Extract, 1% Bacto Peptone, 0.17% Yeast nitrogen base, 1% Potassium
acetate, 1% Potassium hydrogen phalate, 0.5% Ammonium sulfate) and incubated for 16-17
hours at 30°C with 230 rpm, shaker (Innova® 44). Next day, the SPS culture was
centrifuged using a 50 ml screw cap tube and then pellets were washed twice with sterilized
distilled water. Yeast cells were suspended in 100 ml of SPM (0.3% Potassium acetate,
0.02% Raffinose) and incubated at 30°C at 230 rpm to initiate meiosis, and samples were

collected at each time point.
2-6 Western blotting

5 to 15 ml of SPM culture was collected and cell precipitates were initially washed
with water and then washed twice with 20% (w/v) trichloroacetic acid (TCA). Cells were
suspended in 1 ml of TCA, and then were disrupted using a bead shaker (60Sec on-60Sec
off repeated 5 times) (Yasui Kikai Co. Ltd., Osaka, Japan). Precipitated proteins were
recovered by centrifugation and then suspended in 150ul of sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer. After adjusting the pH to
8.8 with 1M Tris- HCL [pH 9.5], samples were boiled at 95°C for 5 min. Following SDS-
PAGE, proteins were transferred from gel to Nylon membrane (Immobilon, MILLIPORE)
with semi-dry transfer unit (ATTO TRANSWESTERN). Antibodies against Cdc5 (1:1000)
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(SantaCruz), Clb1 (1:1000) (SantaCruz), Hop1 (1:3000), Zip1 (1:1000), Rec8 (1:1000), and
Tubulin (1:10000) (Serotec, UK) were used (Shinohara et al., 2008; Zhu et al., 2010).
Secondary antibodies conjugated Alkaline Phosphatase (Promega) were used at (1:7500)
dilution. And finally proteins on the blots were detected by BCIP/NBT reaction with a kit
(Nacalai Tesque).

2-7 Tetrad Dissections

In order to check the spore viability and strain construction, haploids parental strains
were patched together on YPAD plates for 4 hours at least for mating and then spread on
sporulation plates (0.3% Potassium acetate, 0.02% Raffinose). After incubation at 30C
overnight, tetrads were dissected manually using Zeiss Axioskop 40 microscope. The plates
were incubated for two days and viable spores were counted for viability. For each strain,
minimum 100 tetrads were dissected. For strain construction, genotypes of each colony

were determined by replica plating to appropriate plates.
2-8 Meiotic Nuclear Spreads: Lipsol Method

5 ml of SPM culture containing yeast cells was collected in a 15 ml conical screw
cap tube, centrifuged, and pellets were resuspended in 1 ml of ZK buffer (25mM Tris- HCL
[pH 7.5], 0.8M KCI). And 20 ul of 1 M DTT (Dithiothreitol) was added and samples were
incubated for 2 min at room temperature with gentle mixing. The samples were centrifuged
again, and pellets were recorded and resuspended in fresh 1 ml of ZK buffer. Sml of
Zymolase buffer (5 ug/ml Zymolase 100T, 2% glucose, S0mM Tris [pH7.5]) was added,
and samples were incubated for 30 min in 30°C incubator with rotating. To check
spheroplasting, water was added to an aliquot of samples on a slide glass, and cells were
watched under light microscope to ensure that cells shows bursting. After checking that
more than 80% of cells became a spheroplast (bursted), samples were centrifuged and
washed with 1 ml MES/Sorbitol (0.1M MES [pH6.5], 1M sorbitol) using Pasteur pipette.
The samples were centrifuged again, and pellets were resuspended in 1 ml of MES/Sorbitol
and kept at 4°C for usage of spreading later. For chromosome spreads, using micropipette,
20 ul of above-prepared cell suspension was spotted on a clean glass slide (S2441 micro
slide glass, Matsunami glass IND., LTD). To cell suspension, 40 ul of PFA/sucrose (4%
PFA (Paraformaldehyde [SIGMA-ALDRICH], 3.4% sucrose, freshly-prepared) was added
and swirled briefly. Then, 80 ul of 1% Lipsol was added and swirled again, cells were

35



incubated for 20 sec and watched under light microscope until about 80-90% of cells were
lysed. After confirming full lysis, 80 ul of the PFA/sucrose was added to fix the cells. A
glass pasture pipette was passed lengthwise along the top of the drop to spread liquid all
over entire surface of the slide. The slides were dried to a very thick honey from 4 hours to

overnight and were stored in a plastic black microscope box at -20°C.
2-9 Immunostaining of chromosomes spreads

Slides with chromosome spreads prepared as described above were dipped in 0.2%
photoflo (Photo-Flo 200 solution Kodak) for 2 min using Coplin jar. The slides were air-
dried for 5-10 min, and were blocked for 15 min using 0.5 ml TBS/BSA (1x TBS [20mM
Tris pH7.5, 0.15M NaCl], 1% BSA [albumin from bovine serum, SIGMA]). Then, the
blocking buffer was drained onto a paper towel, and 90 ul of TBS/BSA solution with
primary antibody was added to slides, and slide glasses with the antibody solution was
covered with a cover slip and incubated overnight at 4°C or 2 hours at room temperature in
a moist chamber. The cover slip was removed by submersion at 45° angle in the washing
buffer (1x TBS). The slides were washed for 10 min 3 times in 1xTBS using Coplin jar. 90
ul of TBS/BSA solution with secondary antibody solution (1/2000) dilution of
fluorochrome-conjugated IgG was added to slides and the slides were incubated for 2 hours
at room temperature in a dark moist chamber. The cover slip was removed and slides were
washed as described above, and then washed with water for 2 min. Once slides were
completely dry, ~15 ul (three drops) of mounting medium (Vecta Shield with 0.2 pg/ml
DAPI) was added to slides and covered with coverslip, which was followed by sealing with
nail polish and storing in a dark box. Stained samples were observed using an epi-

fluorescence microscope.
2-10 Whole cell staining

Whole cell staining was performed using pre coated poly L-lysine (1mg/ml) slides

Preparation of Poly L lysine coated slides:

200 ul of 1 mg/ml poly L-lysine solution was added onto a glass slide for coating
and the slides were incubated for 15min with cover glass in room temperature. Then cover
slips were removed by MilliQ water and the slides were washed the slides 2 times with

MilliQ water. Then the slides were dried in a room temperature for 15 to 30min.
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Preparation of cells for staining:

900 ul of meiosis culture was collected in a 1.5 ml eppendorf and 100 ul of 37% of
formaldehyde was added to fix the cells and then cells were rotated at room temperature for
45 min. Tubes were centrifuged at 10000rpm for 2min and the supernatant was removed,
and pellets were washed with the ZK buffer. Then 20 ul of Zymolase buffer (5 mg/ml
Zymolase 100T, 2% glucose, S0mM Tris [pH7.5]) was added and then incubated for 1 hr at
30°C. Cells were collected and washed with 1X PBS. Then 100 ul of cells were kept on
slides pre-coated with poly L-lysine and incubated 15min in room temperature with cover
slip. Then cover slips were removed in 1X PBS. Then cells were treated 6 min with ice-cold
100% methanol, 30 sec with cold 100% of acetone, and 2 min with cold PBS. Then slides
were blocked by 5% BSA with 1X PBS for 15 min without cover slips. Further immune-

staining was performed as described above.
2-11 Cytological analysis and antibodies

Stained samples were observed using an epi-fluorescence microscope (BL5I;
Olympus) with a 100X objective (NA1.4). Images were captured by CCD camera (Cool
Snap; Roper) and then processed using iVision software. For focus counting, about
minimum 100 nuclei were analyzed. Primary antibodies against Rad51 (Guinea Pig 1:500),
Dmcl (Rabbit 1:500), Zipl (Rabbit 1:1000), Zipl (Rat 1:500) Hopl (Guinea Pig 1:500),
Red1 (Chicken 1:400), Rec8 (Rabbit 1:1000) and GFP (Mouse 1:600) were used (Shinohara
et al., 2008; Zhu et al., 2010). Fluorescent-labeled secondary antibodies (Alexa-fluor-594
and -488, Molecular Probes) directed against primary antibodies from the different species

were used at a 1:2000 dilution.
2-12 Live cell imaging

For live cell imaging the bottom-glass dishes were pre-coated with Concovalin A
(10mg/ml) as described above. Then dishes were dried in a room temperature and used for
the imaging. Meiotic samples (100 to 150 ul) were added to the dishes and observed under
Delta Vision, Applied precision.

For the time-lapse imaging, images were taken by a computer-assisted fluorescence
microscope system (Delta vision, Applied Precision). The objective lens was 100X oil-
immersion lens with NA 1.35. At least 100 cells were captured at each meiotic time point.

Image deconvolution was carried out by an Image Workstation (Soft Works, Applied

37



Precision). Time-laps image acquisition was carried out for every 1 sec at a single focal

plane.

2-13 Cohesion/pairing assay and length measurement

Whole cell staining was performed using respected GFP strains as described above.
And the cells were stained with GFP antibody (1:500 dilution). Stained samples were
observed using an epi-fluorescence microscope. The Number of GFP spots in nucleus
detected by DAPI staining in single cells were manually counted. Homologue pairing and
sister chromatid cohesion of chromosomes were analyzed in whole yeast cells with
homologous and heterozygous Lacl-GFP spots with CEN-V. At least 200 cells were counted
at each meiotic time point.

For the distance measurement on SCs, chromosome spreads with elongated SCs
were randomly chosen to measure a distance between CEN-IV and TEL-IV two GFP spots.
Chromosome spreads were prepared as described above and stained for both anti-Rec8 and
anti-GFP. The distance between two spots was measured Velocity'™ program (Applied
Precision). At least 50 cells were measured distances of two GFP spots in wild type and

mutant cells.

2-14 Southern Blotting

Isolated DNA samples from SPM were digested with proper restriction enzyme, for
the detection of DSBs. DNA was digested in 100 ul of solution with Ps¢/ (20,000 U/ml) for
DSBs, overnight at 37 °C. Next day, samples were subject to precipitation for DNA using
Sodium acetate with 100% (V/V) EtOH, and pellets were suspended with 30 ul of 1X TE
buffer and kept for 4-5 hours to dissolve the DNAs. After DNAs were completely dissolved,
DNAs were analyzed by electrophoresis using a 0.7% or 0.6% of agarose gel (size
35cmx15cm) in 1X TAE buffer (Tris base, acetic acid, EDTA) with a voltage of 75 V
overnight for the detection of DSBs, and Voltage of 50-65 V for 24h to 36h. Once
electrophoresis has finished, agarose gel was cut, treated by 0.25 M HCI with shaking for 20
min, followed by Alkali solution (0.6 M NaCl, 0.2 M NaOH) treatment for 15 min twice,
and then gel was neutralized with 25 mM Na-phosphate buffer [pH 6.5] with shaking for 40
min. The DNAs in the gel was transferred onto membrane (Hybond-N; GE Healthcare), by
capillary transfer as described in lab manual for at least 12 hours. For crosslinking the DNA,
membranes were irradiated using the UV crosslinker (Stratalinker® UV Crosslinker) and

UV irradiated with 120 mJ/cm? (Autocrosslink Mode: 1200 microjoules (x 100)).
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The membrane was inserted in a hybridization bottle containing 25 ml of
hybridization buffer (7% SDS, 1M Na- Phosphate buffer, 0.5M EDTA), and incubated more
than 30 min at 65°C. Meanwhile, 50 ng of a probe DNA was dissolved in 10.5 ul of 1X TE
buffer, 2.5 ul of primer DNA (Amersham Megaprime DNA labeling kit; GE healthcare)
was added and sample was boiled at 95°C for 5 min, followed by adding 2.5 ul of reaction
mix, 2 ul of dCTP, 2 ul of dTTP, 2 ul of dGTP and 2.5 ul of a->*P-dATP (37MBq), then 1
ul of Klenow fragment was added to the mix and incubated for 15 min at 37°C. The probe
DNA solutions were then transferred to a G-50 spun column, and centrifuged in a new
Eppendorf tube for 1 min at 4°C. After boiling at 95°C for 5 min and chilled on ice, probes
DNAs were added to the bottle containing 25 ml of fresh hybridization buffer. The
membrane was incubated at 65°C for more than 12 hours. Next day, the membranes were
washed 3 times using washing buffer (0.1 % SDS, 1M Na- Phosphate buffer, 0.5M EDTA)
at 65°C. Membranes were dried up and contacted with IP plate (BAS Imaging plate, 20x40,
Fuix) for 5-8 hours. Followed by scanning the membrane using IP reader (BAS2000 II
Fujix). Probes used for Southern blotting was “Probe 291" for DSBs detection (Storlazzi et
al., 1995). Image Gauge software (Fujifilm Co. Ltd., Tokyo, Japan) was used to quantify the
DSBs bands.

2-15 FACS Analysis

1.5 ml of cell culture from SPM was harvested and centrifuged for 3 min at 3000
rpm, and then, pellets were resuspended with 1 ml of 70% (V/V) EtOH and kept in -20°C.
Cells were centrifuged and washed with 1 ml of buffer-A (0.2M Tris-HCL, 0.05SM EDTA)
and washing was repeated twice. Cells were resuspended with 0.5 ml buffer-A and
sonicated at 10% amplitude using a sonicator (Branson Digital sonifier). 0.2 mg/ml RNase-
A solution was added, and incubated at 37°C for 4 hour with mixing for several times. Cells
were centrifuged and resuspended with 0.5ml of buffer-A containing 16 ug/ml of PI
(Propidium Iodide) solution. And were incubated at room temperature for 30 min. FACS

(Fluorescence activated cell sorter) analysis was performed using BD FACSCaliburTM.
2-16 Chromatin association assay

Initially 1x10° cells (should be about 15ml of 1.6 ODego culture) were spin down
and resuspended with 1 ml prespheroplast buffer (100 mM Tris, pH 9.4, 10 mM DTT),

incubated at room temp for about 5 min. The suspension was transferred into a preweighed
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eppendorf and Spin down. The cell pellets were suspend with 1.5 ml spheroplast buffer
(50mM KH,PO,, pH7.4, 0.6M Sorbitol, 10mM DTT). 10 pl of the suspension was taken
and diluted into 990 pl H,O to measure the OD (about 0.30). 8 ul of 10 mg/ml Zymolase
100T was added to the suspension, incubated at 30°C 5 min. 10ul of aliquots were taken to
dilute into 990 pl to measure OD (If the cell wall is digested, OD should be 1/10 of the
value before digestion, ~0.03). Spheroplasts were spin down immediately and cooled on
ice. Weight of the eppendorf with spheroplast pellets was measured, and the pellet weight
was calculated (should be about 120mg). And lysed the spheroplasts by ~5 fold volumes
(eg. 120mg- 600ul) of the ice cold hypotonic buffer (100mM MES-NaOH pH 6.4, ImM
EDTA, 0.5mM MgCl,) and incubated on ice for Smin. Collected 1/10 aliquot of the
resulting lysate and saved it as Whole Cell Lysate (WCS) fraction. Centrifuged the rest of
the lysate at 22,000g for 15min. And collected supernatant as the chromatin-unbound
fraction. The pellet was resuspended in 100 pl EBX (50mM HEPES.NaOH, pH7.5,
100mMKCI, 2.5mM MgCl,, 0.05%Triton X-100, plus protease inhibitors as above) and
centrifuged at 16,000g for 15min. This was the nuclei fraction. 90ul nuclei fraction was
taken and spin down at 16,000g, for10min. >20ul detergent supernatant was saved, and the
rest was aspirated again. Thee pellet was dissolved in 75 ul EBX. This is the chromosome
suspension. 4 ul of 1ug/ul DNasel and 2 pl of IM MgCl, were added to the suspension
and incubated at room temperature for 10min. And centrifuged 60ul of chromosome
suspension at 16000g for 10min, and saved 20ul chromatin supernatant and aspirated the

rest. And finally resuspend the pellet in 50ul EBX and this is the nuclear matrix fraction.
2-17 Chromatin Immuno precipitation (ChIP) and q-PCR

The ChIP assay was performed as described previously (Matsuzaki et al, 2012). In
brief in vivo cross-linking of DNAs and proteins was carried out by the treatment of cell
cultures with 1% formaldehyde (v / v) for 30 min. Glycine was added to a final
concentration of 125 mM and the incubation continued for 5 min. Cells were harvested and
washed twice with ice cold TBS, and breakage was performed in 400 ul FA-lysis buffer (50
mM HEPES-KOH at pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium
deoxycholate, 1 mM PMSF). The cells were disrupted by beads beating using a Multi-Beads
Shocker (Yasui Kikai, Osaka, Japan). Supernatants were sonicated 20 times for 30 s at a
high level in a Bio-Ruptor (Cosmo Bio, Tokyo, Japan). Sonicated extracts were agitated
with magnetic beads bound with anti-Rec8 (Serotec, UK) antibody at 4 °C for 3 h.

Precipitates were successively washed for 5 min each with 0.5 ml of FA-lysis buffer, 0.5 ml
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of high-salt FA-lysis buffer 500 mM NaCl, 0.5 ml of washing buffer (10 mM Tris-HCI at
pH 8.0, 0.25M LiCl, 0.5% NP-40, 0.5% sodium deoxycholate, | mM EDTA), and 0.5 ml of
TE (20 mM Tris-HC1 at pH 8.0, 1 mM EDTA). Finally, the samples were processed for
DNA extraction using phenol chloroform method (Orlando and Paro 1993). The amounts of
the precipitated DNAs were quantified by real-time PCR (Chromo 4; Bio-Rad, Hercules,
CA, USA). Primers were chosen to amplify around 300-400 base pairs and primer sequence
and coordinates are listed in primers table. Input DNAs were diluted 600 times for all the
primer sets. Quantitative PCRs were performed with Eva Green Super mix (Bio-Rad, US)
for chromosome arm regions (CARCI1, CARC2, CARC3) and centromere regions (CEN3
and CEN4) primers sets described previously (Bardhan et al, 2010). Each chromatin
immuno precipitation was performed with samples from three independent

immunoprecipitation.

2-18 Fluorescence intensity measurement

Mean fluorescence of the whole nucleus was quantified with Image J. Quantification was
performed using unprocessed raw images and identical exposure time setting in DeltaVision
system (Applied Precision, USA). The area of a nuclear spread was defined as an oval, and

the mean fluorescence intensity was measured within this area.

Fluorescence intensity line profiles were calculated using maximum intensity projections
from unprocessed raw images acquired using DeltaVision with the SoftWoRx Line profile
tool. Reference lines were drawn so that they intersected with single chromosomes, and

intensity per pixel was quantified.
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Chapter-3
Results

3-1-1 Rad61 is necessary for meiotic cell progression

Cohesin function is regulated by a non-essential subunit such as Rad61/Wpll
(Kueng et al., 2006). Rad61 is known to be a negative regulator for SCC by destabilizing
cohesin’s function (Kueng et al., 2006; Rowland et al., 2009; Sutani et al., 2009). The role
of Rad61 during meiosis is largely unknown. To know meiotic roles of Rad61, a deletion
mutant of the RAD6I/WPLI gene was constructed in SK1 background, which shows
synchronous meiosis. Progression of meiosis was monitored by DAPI staining. The
rad61/wpll (hereafter, rad61) mutant shows about 1.5hr delay in the entry into meiosis I
compared to the wild type (Fig. 1A). The rad61 shows significantly reduced spore viability
of 84.3% compared to 98.5% of the wild type (Fig. 1B, 1C). Furthermore, I analyzed the
expression level of meiosis-specific proteins by western blotting, which includes Zipl,
Rec8, and Hop1 (Fig. 1D). In the wild type the expression of Zipl, Hopl, and Rec8 started
at 2 h and then phosphorylated forms of these proteins are observed at late meiosis, as
indicated by the appearance of slowly migrating bands on western blotting. The rad61
mutant exhibits expression of Zipl, Rec8 and Hopl starting at 2 h, but showed delayed
disappearance of Zipl and Rec8 proteins and also delayed cleavage of Rec8 (Fig. 1D).
These results confirm that the rad6/ mutant showed delay in the exit of prophase-I,

suggesting a role of Rad61 in meiotic prophase I.
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Figure 1. Rad61 is necessary for meiotic cell progression

(A) Meiotic cell division I was analyzed by DAPI staining of wild type (MSY832/833) and
rad6l (KYS 63/64). At least 150 cells were counted by DAPI staining at each time
point. Plotted values are the mean values with standard deviation (S.D.) from three
independent time courses.

(B) Distributions of viable spores in wild type (MSY832/833) and rad61 (KYS 63/64), 100
tetrads were dissected.

(C) Percentages of spore viability in wild type (MSY832/833) and rad61 (KYS 63/64), 100
tetrads were dissected.

(D) Expression of various meiotic proteins was verified by western blotting. At each time
point, cells were fixed with TCA and cell lysates were subject to the analysis.
Representative images of wild type (MSY832/833) and rad6l (KYS 63/64) western
blots are shown. Phosphorylated species of Zip1, Hopl, and Rec8 are shown by bars on
the left.
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3-1-2 Rad61 is required for efficient homologues pairing and sister

chromatid cohesion
In order to know the role of Rad61 in SCC in meiotic prophase I, a heterozygous

strain for CenV-GFP was used (Michaelis et al., 1997). While SCC provides a single GFP
spot in a nucleus, defective SCC induces two spots (Fig. 2A). To eliminate the effect of MI,
an ndt80 mutation was introduced to induce a pachytene arrest (Xu et al., 1995). At 8 h in
the wild type, about 90% cells showed a single focus of GFP, indicating SCC at CenV. On
the other hand, the rad61 mutant increases a fraction of cells with two spots to 27.7% (Fig.
2B). This indicates a partial defect in SCC in the rad6] mutant in mid-pachytene.

Using the same CenV-GFP construct, the frequency of the pairing of a chromosomal
locus was analyzed in a cell homozygous for CenV-GFP in the ndt80 background (Fig. 2C).
At 8 h, 92.4% of wild-type cells showed a single GFP spot, indicating the pairing of CenV
on homologous chromosomes. 70, 16, 7.9%, and 6% of rad61 mutant cells contained a
single, two, three, and four GFP spots in a cell, respectively (Fig. 2D). These confirm a
weak defect in SCC in the mutant and show a partial defect in the pairing. These results

suggest that Rad61 is required for proper SCC and also for efficient chromosome pairing.
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Figure 2. Radé61 is required for efficient homologues pairing and sister chromatid

cohesion

(A) Cohesion activity was monitored using a strain heterozygous for CENV-GFP.
Representative image of DAPI (blue)/CENV-GFP (green) of heterozygous rad61 ndt80
(KYS448/450) mutant at 8 h. The bar indicates 2pm.

(B) Frequency of cell with a single or two GFP spots in a nucleus at 8 h of meiosis. About
300 cells were counted for 1 or 2 spots of GFP in a cell: ndf80 (KYS404/391) (n=318),
rad61 ndt80 (KYS448/450) (n=299).

(C) Homologous pairing was measured by analyzing the number of GFP spots in an ndt80
cell homozygous for CENV-GFP. Representative image of DAPI (blue)/CENV-GFP
(green) of homozygous rad61 ndt80 (K'Y S448/449) mutant. The bar indicates 2um.

(D) Frequencies of cells with different numbers of GFP spots at 8 h of meiosis; 1 spot,
complete pairing; 2 spots, no pairing with normal cohesion or complete pairing with
cohesion defect for one sister pair; 3 spots, no pairing with cohesion defect for one
sister pair; 4 spots, no paring with full cohesion defect for two pairs of sisters. The
ndt80 (KYS 404/405) (n=437); rad61 ndt80 (KYS448/449) (n=531).
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3-1-3 Rad61 is necessary for timely DSB formation and repair

As explained previously, a meiosis-specific o-kleisin Rec8 promotes the efficient
formation and repair of meiotic DSBs (Klein et al., 1999; Kugou et al., 2009; Kim et al.,
2010). I checked the role of Rad61 in the appearance and disappearance of meiotic DSBs at
the HIS4-LEU?2 recombination hotspot (Cao et al., 1990) (Fig. 3A, B). Genomic DNAs from
cells harvested at different times were analyzed for DSBs using Southern blotting analysis as
described in Materials and Methods. Genomic DNAs was digested with Pst/ for DSB
detection (Fig. 3A). On the blots, a full-length fragment, that does not contain meiotic DSBs,
is indicated by ‘P’ or parental fragments. The two major DSBs in the HIS4-LEU2 locus
result in the production of two shorter DNA fragments as shown as DSB I and DSB II than

the parental fragment.

At this locus in wild-type cells, DSBs started to appear at 2 h, peaked at 4 h, and
thereafter gradually disappeared (Fig. 3C). The rad6! mutant showed delayed DSB
formation. In the mutant, DSBs appeared at 3 h, one hour later than in the wild type, but
peaked at 5 h and then went away slower than in the wild type. This indicates that Rad61 is

necessary for timely formation and efficient repair of DSBs.

To pursue above result more detail, I performed immunostaining analysis of Rad51
and Dmcl. Rad51 and Dmcl bind to ssDNA regions of DSBs (Bishop et al., 1992;
Shinohara et al., 1992), which can be detected as a focus on meiotic chromosome spreads by
immunostaining, which becomes a marker for DSB repair during meiosis (Bishop et al.,
1994; Miyazaki et al., 2004) (Fig. 3D). In the wild type foci containing either Rad51 or
Dmcl began to appear from 3 h with a peak at 4 h and disappeared gradually by 8 h during
further incubation in SPM. In the rad6] mutant, Rad51/Dmc1 foci started to form at 3 h but
the peak of Rad51/Dmcl focus formation in the rad6/ was 5 h, about one-hour delay
relative to the wild type. At 8 h, 28-30% of the mutant cells still contained the foci (Fig. 3E).
These support the idea that Rad61 controls DSB formation and repair in an efficient way. I
also counted Rad51 foci number on each chromosome spreads. The average number of
Rad51 foci in the mutant was 37.8 + 11.8 (n=48) at 5 h, while that in the wild type was 41.9
+ 11.1 (n=56) at 4 h (Fig. 3F). Thus, the steady number of Rad51 focus in the rad61 mutant
was slightly (but not significantly) decreased compared to that in the wild type (Mann-
Whitney U-test, P=0.036).
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Figure 3
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Figure 3. Rad61 is necessary for proper DSB formation and repair

(A) Schematic representation of the HIS4-LEU?2 locus. Sizes of fragments for DSB and
parental fragments are shown with lines below.

(B) DSB formation and repair at the HIS4-LEU?2 locus in wild type (NKY1303/1543) and
rad61 (KYS361/365) were verified by Southern blotting. Genomic DNAs were digested
with Psfl and analyzed by Southern blotting. A representative image of the blots is
shown.

(C) Kinetics of DSB. Quantification of DSB 1 fragment to a parental fragment was
quantified and plotted. The values are the mean values with standard deviation (S.D.)
from three independent time courses.

(D) Immunostaining analysis of Rad51 and Dmc1 for wild type (NKY 1303/1543) and rad61
(KYS361/365) mutant strains was carried out. Representative photos of Rad51 (green)
or Dmc1 (red) with DAPI (blue) at 4 h are shown in each strain. The bar indicates 2um.

(E)Kinetics of Rad51 (left) or Dmcl (right)-focus positive cells in wild type (blue;
NKY1303/1543) and rad6l (red; KYS361/365) mutant. A focus-positive cell was
defined as a cell with more than 5 foci. More than 100 nuclei were counted at each time
point in wild type and rad61. Plotted values are the mean values with standard deviation
(S.D.) from three independent time courses.

(F) Distribution of a number of foci of Rad51 per a nucleus was shown. The number of the
focus at each time point was counted in wild type (NKY1303/1543) and radé6l
(KYS361/365) mutant. The average number of foci per positive nucleus is shown on
top.
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3-1-4 Radé61 plays a role in proper elongation of synaptonemal complex
In most of eukaryotes, homologous pairing culminates as chromosome synapsis,

which is clearly manifested by the formation of the SCs. SC formation is tightly coupled
with interhomolog recombination (Borner et al., 2004). As shown above, the rad61 mutant
was partly deficient in pairing of homologous chromosomes and meiotic recombination.
The role of Rad61 in SC formation was examined. The formation of SCs was monitored by
immunostaining analysis of Zip1, a component of the central regions of the SC (Sym et al.,
1993) (Fig. 4A). Zip1 staining in the wild type was classified into three classes; dotty, short,
and full linear staining, which correspond roughly with leptotene, zygotene, and pachytene
stages of meiosis prophase I, respectively. In wild-type cells, dotty staining of Zipl was
peaked at 2 h, partial linear Zipl was predominantly observed at 4 h, and full linear staining
was seen at 5 h. In the rad61 mutant, the appearance of Zipl linear staining was slightly
delayed relative to the wild type. Cells with dotty staining of Zipl accumulated and peaked
at 4 h in the mutant. The mutant accumulated an aggregate of Zip1, which is referred to as
poly-complex (Sym and Roeder 1993), which is an indicative for defective SC formation,
more than the wild type. These indicate a partial defect in the assembly of SC central
components in the rad6] mutant (Fig. 4B).
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Figure 4. Rad61 plays a role in proper elongation of synaptonemal complex.

(A) Immunostaining analysis of a SC protein, Zipl (red), was carried out for wild type
(MSY832/833) and rad6l (KYS63/64) mutant strains. Representative images at
different stages are shown for each strain of wild type and rad61. The bar indicates
2um.

(B) Zip1 staining in wild type (MSY832/833) and rad61 (KYS63/64) strains was classified
as follows: dot (Class I, blue), partial linear (Class II, green), full SC (Class III, red) in
bar graph. And also line graphs show % of cells with aggregates of Zipl called poly
complex. More than 100 nuclei were counted at each time point in wild type and rad61.
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3-1-5 The rad61 mutant is defective in chromosome axis formation

Immunostaining analysis of Zipl lines revealed shorter Zipl lines in the rad6l
mutant compared to those in the wild type (Fig. 5A). This promoted me to examine the
loading of components of axial elements of the SC. In the wild type, Redl, an axis
component of the SC (Smith et al., 1997), showed discontinuous lines; some regions of the
axes exhibited much stronger Redl signals than the other regions. The rad6/ mutant
showed thicker and shorter lines of Redl compared to those in the wild type (Fig. 5A).
Redl staining in the rad6/ mutant is very uniform compared to the wild type with
heterologous staining. Appearance of Redl lines in rad6/ mutant is comparable with the
wild type but disassembly of Redl from chromosomes delayed in the rad6/ mutant
compared to the wild type (Fig. 5B). This is probably due to a defect in the progression of
meiotic recombination.

Possible shortening of the SC as well as the loading of cohesin on to the
chromosomes in rad6/ mutant was directly confirmed by the staining for Rec8. Rec8
staining also showed discontinuous lines on SCs in the wild type as shown previously
(Klein et al., 1999). The rad6! mutant proficient in the loading of Rec8 on meiotic
chromosomes. Kinetic analysis indicated delayed disassembly of Rec8 from meiotic
chromosomes (Fig. 5C). Importantly, Rec8 lines in the rad61 were thicker and shorter than
those in the wild type (Fig. 5A). These suggest that Rad61 controls chromosome axial

compaction during meiosis.
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Figure 5. The rad61 mutant is defective in chromosome axis formation

(A) Immunostaining analysis of chromosome proteins, Rec8 (red) and Redl (green), was
carried out for wild type (MSY832/833) and rad6l (KYS63/64) mutant strains.
Representative images with or without DAPI staining (blue) are shown for each strain.
The bar indicates 2pm.

(B) Kinetics of spreads positive for Rec8 was verified in wild type (MSY832/833) and
rad61 (KYS63/64) mutant. More than 100 nuclei were counted at each time point in
wild type and rad6l. Plotted values are the mean values with S.D from three
independent time courses.

(C) Kinetics of spreads positive for Redl was verified in wild type (MSY832/833) and
rad61 (KYS63/64) mutant. More than 100 nuclei were counted at each time point in
wild type and rad6l. Plotted values are the mean values with S.D from three
independent time courses.
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3-1-6 Chromosome axis is shortened in the rad61 mutant

Above findings suggested that the rad6/ mutation induced the shortening of
chromosome axes. To confirm this chromosome shortening, a physical distance between
centromere and telomere on the right arm of chromosome IV was measured, both of which
are marked with Lacl-GFP (1.05 Mbp; heterozygous for the Lacl-GFPs (Yu et al., 2005).
Double staining for GFP and Rec8 revealed two spots of GFP (Fig. 6A). In cells at 0 h,
which corresponded with mitotic G1 cells, the average distance between the loci on
chromosome spreads in the wild type was 1.6 + 0.46 um. The rad6] mutant slightly, but did
not significantly decrease the length to 1.51 + 0.46 um (Student #-test, P= 0.378).
Compacted chromosomes in the rad6/ mutant during mitosis had been reported for rDNA
region previously (Guacci et al., 1994; Lopez-Serra et al., 2013). At 4 h, when most of cells
in zygotene/pachytene, wild-type cells reduced the length to 1.17 £ 0.35 um (versus O h in
wild type: P=2.7X10°), indicating shortening of the chromosome axis during meiotic
prophase-I of the wild type. The average length between the loci in the rad61 mutant at 4 h
was 0.75 = 0.25 um (versus 0 h in the mutant; P=2.0X10”)(Fig. 6B). This is significantly
different from that in wild type meiosis. Therefore, the rad6/ mutation induced hyper-
compaction of chromosomes, suggesting that the Rad61, possibly cohesin complex, controls

axial compaction during meiosis.
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Figure 6

1,050kb

Chromosome IV @ 0
CEN4-GFP TEL4-GFP

c]

Wild type radé614
Rec8/GFP GFP  DAPI Rec8/GFP GFP

) ... ..
"’ ... .!

Figure 6. The rad61/wpll mutant shows hyper-compaction of meiotic chromosomes.

(A)Representative diagram of CEN-IV TEL-IV GFP is shown, and distance between the two
GFP spots is 1050Kb.

(B) Immunostaining analysis of two GFP spots (above) on chromosome IV with Rec8 was
carried out for each strain. Representative image of GFP spots (green), Rec8 (red) and
DNA (blue) in wild type (MSY315/832) and rad6l (KYS343/64) mutant on
chromosome spreads at each time is shown. The bar indicates 2um.

(C) Distances between CEN-IV TEL-IV at each time point (0, 4 h) were measured and
plotted as circles. For chromosome spreads, minimum 45 spreads were analyzed for the
distance. Wild type (KYS315/832) and rad61 (KYS343/64) (0, 4 h) were showed in the
graph.
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3-1-7 Rad61 regulates telomere clustering during meiosis.

Previous studies showed that the Rec8 cohesin complex also controls dynamics of
telomeres in meiotic cells (Conrad et al., 2007; Trelles-Sticken et al., 2005). During meiosis,
telomeres bound to the nuclear envelop (NE) form a big cluster, which is referred to as
telomere bouquets (Trelles-Sticken et al., 1999). Telomere dynamics can be monitored
using a GFP-fusion protein of Rapl, a telomere binding protein (Hayashi et al., 1998). In
mitotic cells, a few Rapl foci were observed on a single focal plane of nuclei. During
meiotic prophase I, Rapl foci increased its number and formed a cluster on one area of
nucleus. Importantly, this Rapl clustering was transient in wild-type cells (Trelles-Sticken
et al., 1999) (Fig. 7A). A fraction of cells containing Rap1 cluster was seen at 2 and 3 h in
wild-type cells with a frequency of 25+ 4.0% and 28.3 + 1.5 %, respectively (Fig. 7B). On
the other hand, the rad61 mutant gradually accumulated Rap1 clustering to 47+ 6.7 % by 5
h. At late times such as 6 h, this clustering of telomeres was resolved in the mutant (Fig.
7B). The rec8 mutant shows persistent Rapl clustering during the prophase 1 (Trelles-
Sticken et al., 2005). These indicate that Rad61 controls telomere dynamics in a positive

manncr.

55



Figure 7
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Figure 7. Rad61 regulates telomere clustering during meiotic prophase

(A) Telomere dynamics was monitored in a meiotic cell with Rap1-GFP. A representative
image of Rapl-GFP (white) at each time of two strains wild type (KYS61/62) and
rad61 (KYS123/124) is shown. The bar indicates 2um.

(B) Telomere clustering was examined in meiotic cultures of cells with Rap1-GFP. Cells
with a big Rapl cluster were counted at each time point (n=100) in wild type
(KYS61/62) and rad61 (KYS123/124). Plotted values are the mean values with S.D
from three independent time courses.
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3-1-8 Radé61 is necessary for proper Mps3 localization during meiosis
Dynamics of telomeres on the NE during meiosis is promoted by Mps3 in budding
yeast. Mps3 is a SUN domain protein localized in the inner nuclear membrane (Starr and
Fischer 2005). I analyzed the localization of Mps3 on the NE using Mps3-GFP protein (Fig.
8A). As shown previously (Conrad et al., 2008; Conrad et al., 2007), in vegetative cells;
e.g., at 0 h, Mps3-GFP showed a single spot which corresponds with the spindle pole body
(SPB). Once cells enter meiosis, Mps3 shows different distributions on the NE. In early
meiosis [ (2 h), Mps3 starts to form multiple foci on NE. Then, a bigger foci or patches
appeared at 3 h and then a cluster of Mps3-GFP foci were transiently seen at 3 h with a
frequency of 18.7+ 2.3 %. Then, this clustering of Mps3 resolved during further incubation.
A number of foci/patches containing Mps3 on NE were increased to late prophase I. In late
prophase I such as 5-6 h, most of NE was covered with Mps3 molecules. When cells exit
the prophase I, Mps3 signals on NE largely disappeared leaving two foci on duplicated
SPBs at meiosis I division. The rad6] mutant showed altered kinetics of Mps3 dynamics.
Particularly, the cells increased Mps3-clustering to 56.0 + 2.0 % at 4 h and resolved this
clustering at late times (Fig. 8B). On the other hand, as shown previously (Conrad et al.,
2007), the rec8 mutant accumulated Mps3 clustering without any resolution. These show

that Rad61 positively controls Mps3 dynamics, thus telomere clusting during meiosis.
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Figure 8. Rad61 is necessary for proper Mps3 localization during meiosis

(A) Mps3-GFP dynamics was monitored in a meiotic cell. A representative image of Mps3-
GFP (white) at each time of three strains Wild type, rad61 and rec8 were shown. The
bar indicates 2pum.

(B) Percent of cells with a cluster of Mps3 foci/patches were measured and plotted over
time in meiosis. Plotted values are the mean values with S.D from three independent
time courses. Wild type (KYS97/98) blue; rad6l (KYS42/43), magenta; rec8
(KYS271/272), green. The rec§ mutant shows persistent clustering of Mps3.
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3-1-9 Normal binding of Rec8 on to the chromosomes in the absence of
Radé61

I next analyzed whether Rad61 inactivation adversely impacts cohesin enrichment to
specific loci of Cohesin-Associated Regions (CAR). 1 performed chromatin
immunoprecipitation (ChIP) of Rec8 in meiotic samples of wild type and rad61 cells. First 1
checked the Rec8 association with chromatin at 5 different loci comprising several CAR
sites along chromosome arms and pericentromeric regions of chromosome III and IV.
Initially I analyzed the chromosome III arm CARs. The results show that all three CAR
(CARCI1, CARC2 and CARC3) regions show no significant defense in the rad6/ mutant
compared to those in wild type (Fig. 9). And also out of two pericentromeric regions of
chromosome III and IV, the binding to CEN Il and CENIV shows no significant difference
between rad6! mutant and wild type. The ChIP analysis of both chromosome arm and
pericentromeric loci reveal that the levels of chromatin bound cohesin of rad61 mutant that

are more or less similar to wild type.
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Figure 9
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Figure 9: Differential binding of Rec8 on to the chromosomes in the absence of Radé61

ChIP analysis for Rec8 enrichment along chromosome III arm CARCI, CARC2, CARC3
and pericentromeric regions of CEN3 and CEN4. The ChIP was carried out as described in
M&M. The averages of two independent experiments were obtained in wild type

(KYS97/98) and rad61 (KYS42/43) mutant cells.
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3-1-10 Loading of Rec8 onto chromosomes does not change in absence of
Radé61

In budding yeast meiosis the absence of PDS5 does not show significant difference
of Rec8 localization compared to wild type (Zhang et al., 2005; Jin et al., 2009). Here I also
asked whether Rec8 localization depends on another cohesin regulator Rad61 during
meiosis. First I checked an amount of Rec8 protein in a fraction of chromatin pellets (Fig.
10A). Quantification of Rec8 showed that the amount of Rec8 was indistinguishable
between the wild type and the rad61 mutant cells (Fig. 10B).

Further 1 quantified fluorescence intensity on line profiles using maximum
projections from unprocessed raw images of Rec8 as well as Zipl lines on a pachytene
chromosome. Reference lines were drawn so that they intersected with single chromosomes
and intensity per pixel was quantified (Fig. 10 C). This allowed comparison of the signal
intensity per pixel on SCs. An average peak intensity of Rec8 in the rad61 mutant is 1.58
times brighter than in the wild-type cells. Zipl shows narrower signal distribution than Rec8
in the both strains. The rad61 cells showed 1.20 times brighter Zip1 peak than the wild-type
cells. Given that the Rec8 signal intensity was compensated by the compaction ratio 1.56 in
Fig. 6C, the ratio should be 1.01 (1.58/1.56), indicating a normal amount of Rec8 in the
absence of Rad61. Indeed, when I measured the total intensities of Rec8 or Zip1 signal per a
single nucleus, average intensities of Rec8 and Zipl were not different between the wild
type and rad611 cells (Fig. 10 D). These experiments strongly support the notion that the

rad61 mutation does not affect the Rec8 amounts on meiotic chromosomes.
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Figure 10: Amounts of Rec8 on to the chromosomes does not change in absence of Rad61

(A) Chromatin fractionation was carried out for Rec8, histone H2B and tubulin Whole cell
extract (WCE) fractions of wild type and rad61 cells at 4 h, cytoplasm, and chromatin
were analyzed for the presence of Rec8 (top), tubulin (middle) and histone H2B
(bottom).

(B) Relative intensities of Rec8 signals were calculated and shown as a graph. A mean and
S.D. from three independent analyses is shown.

(C) Line intensity analysis of Rec8 and Zip! staining. Intensity of signal across lines on SCs
was quantified as described in Materials and Methods. At each point, more than 30 lines
on pachytene chromosome spreads were randomly chosen and single intensity for Rec8
(top) and Zipl (bottom) was measured. An average intensity is shown at each relative
point of the line. The wild type (blue circles; MSY832/833) and rad6! mutant (red
circles; KSY63/64).

(D) Total intensity of Rec8 (left) and Zipl (right) signals per one nucleus (spreads) was
measured in two strains. Means and S.D.s are shown. The wild type (blue bars; n=24)
and rad61/wpll mutant (red bars; n=29) cell.
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Chapter-4

4.1 Discussion

In addition to its SCC, cohesin complex plays multiple roles during meiosis. Rad61
(Wapl), non-essential subunit of the cohesin, is known to be negative regulator of the
complex (Kueng et al., 2006; Rowland et al., 2009). In this study, I showed Rad61/Wpll
controls chromosome compaction as well as meiotic chromosome dynamics, and in
particular the events occurring at zygotene/pachytene transition.

In the rad6] mutant, the length of SC is shorter than that in the wild type. This
seems to be caused by the axes shortening. This was supported by the observation of
uniform lines of Rec8§ staining in the mutant compared to discontinuous staining in the wild
type. Indeed, the measurement of distance between two chromosomal loci confirmed the
compaction of the chromosome axis in the mutant. This suggests the role of Red61, and
therefore a role of Rec8 and the cohesin complex, in the morphogenesis of chromosome
axes. The shortening of axes might be accompanied with the formation of long loops.
Alternatively, the shortening by much tighter compaction might occur without altering loop
sizes. The number of chromosome-associated Rec8 proteins does not differ between wild
type and rad61/wpll cells. This is consistent with the latter possibility. It is likely that
Rad61/Wpll is able to regulate three-dimensional architecture of chromosome axes
containing the cohesin, without affecting its loading. However, the measurements of the
axis-associated chromatin loop size are still needed.

Axis shortening of meiotic chromosomes without the reduction of Rec8 binding is
also reported for the budding yeast pds5 depletion mutant (Jin et al., 2009), suggesting that
Rad61/Wpll controls meiotic axis compaction with Pds5. However, the rad61/wpll mutant
cells form SC between homologous chromosomes, while the pds5 depletion mutant cells
induce SC formation between sister chromatids (Jin et al., 2009), indicating different roles
of Rad61/Wpll and Pds5 proteins in the cohesin-mediated chromosome synapsis in meiosis.
SC shortening, and consequently axis compaction, was also observed in mice lacking
Smc1p, a meiosis-specific Smcl isoform (Revenkova et al., 2004). Additionally, the pds5
deletion mutant in the fission yeast showed more compact Rec8 staining of meiotic
chromosomes, with decreased Rec8-binding to chromosomes (Ding et al., 2006). Based on
these studies, the change in cohesin architecture along chromatin might regulate the
extension and/or compaction of chromosome axes. This supports the idea that the cohesin

complex is a critical determinant of the meiotic chromosomal axis compaction.
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As described previously, meiotic chromosomes in the wild type cells contain Rec8-
rich and Rec8-poor regions (Ito et al., 2014; Sun et al., 2015; Kugou et al., 2009).
Rad61/Wpll may promote the formation of Rec8-poor regions on the chromosomes through
the negative regulation of the local dynamics of Rec8. This is supported by a Rad61/Wpll
role in the promotion of the cohesin molecule dissociation (Kugou et al., 2006; Sutani et al.,
2009), i.e. Rad61/Wpll might facilitate the context-dependent dissociation of Rec8 from
cohesin. Furthermore, some chromosomal regions may have a greater ability to suppress
Rad61/Wpll activity than other regions. It is shown that the acetylation of Smc3 by Ecol
promotes the stable association of cohesin to chromosomes, by counteracting the activities
of Rad61/Wpll and Pds5 (Unal et al., 2008; Rowland et al., 2009; Sutani et al., 2009;
Heidinger et al., 2009). It was shown previously that Ecol is recruited to DSBs in order to
facilitate a stable association of the cohesin with DSB sites during mitosis (Heidinger et al.,
2009; Unal et al., 2008). Meiotic DSBs may also trigger the acetylation of Smc3, which
may contribute to different stability of the complex in the distinct chromosomal regions.
Without Rad61/Wpll1, these region-specific differences might be inhibited, resulting in the
uniform loading of Rec8 cohesin to chromosomes and axis shortening.

I found the rad6l mutant shows several defects in meiotic recombination. First,
Rad61 promotes timely formation of meiotic DSBs. This is supported by delayed loading of
Rad51 on meiotic chromosomes as well as delayed formation of the DSBs at HIS4-LEU2
recombination hotspot. Given that Rec8 is necessary for efficient DSB formation (Klein et
al., 1999), this suggests that Rad61 is also a positive regulator for DSB formation. Second,
Rad61 is needed for efficient repair of DSBs. The cohesin is known to promote repair of
DSBs between sister chromatids in mitotic cells (Sjogren et al., 2001). Thus, again, Rad61
seems to stimulate the activity of the complex to repair DSBs. These support a positive role
of Rad61 in meiotic recombination as a component of the cohesin complex.

Previous studies showed that Rec8 regulates chromosome dynamics during meiotic
prophase I (Trelles-Sticken et al., 2005). However, it is not clear whether Rec8 is involved
in this role through the cohesin complex or through a telomere complex with Rec8. The
results described in this study show that not only Rec8, but also its regulator Rad61/Wpll,
are necessary for the efficient telomere dynamics during meiosis, supporting the conclusion
that Rec8 as a part of the cohesin complex controls the dynamics of meiotic telomeres. The
movements of telomeres in meiotic cells are mediated by a telomere/NE ensemble, which

includes a SUN protein Mps3 (Hiraoka et al., 2009). This suggests that Rec8-cohesin

64



promotes the resolution of telomeres by affecting the function of Mps3 on NE ensembles

through the change of either global chromosome structure or telomeric chromatin structure.

Rad61 regulates the extent of linear chromosome
compaction during meiotic prophase without altering Rec8 loading

Normal cohesin interactions
Cohesin complex O

Sister chromatids

7

Wild type

Reduced Cohesin

S.p. pds5 loading

More stable intra-chromatin loops with shorter axis

by cohesin clusters ?

Normal Cohesin
loading
but shorter axis

rad61A

Pds5 chromosome compaction
Ding et al., 2006; Jin et al., 2009

Model I:

In the wild type generally cohesin forms cohesin-cohesin interaction by holding
sister chromatid together but in the cohesin regulator, rad61 deletion may form stable intra
chromatin loops by cohesin clusters leads to chromosome condensation. It has been
previously reported that pds5 mutant showed axis shortening and it’s assumed as formation
of longer loops in fission yeast mitosis and meiosis.
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Table 1. Strain list

Strain Name Genotype
MSYS832  MAT o, ho::LYS2, ura3, leu2::hisG, trpl::hisG, lys2
MSYS833  MAT a, ho::LYS2, ura3, leu2::hisG, trpl::hisG, lys2

NKY1303  MAT a, ho::LYS2, ura3, leu2::hisG, lys2, his4B-LEU2, arg4-Bgl
MAT a, ho::LYS2, ura3, leu2::hisG, lys2, his4X-LEU2::BamHI-URA3, arg4-
NKY1543 NSP

KYS63 MSY832 with rad61:: KanMX6

KYS64 MSY833 with rad61:: KanMX6

KYS97 MSY832 with MPS3-GFP::KanMX6

KYS98 MSY833 with MPS3-GFP::KanMX6

KYS42 MSY 832 with MPS3-GFP::KanMX6,rad61::KanMX6
KYS43 MSY833 with MPS3-GFP::KanMX6,rad61::KanMX6
KYS61 MSY832 with RAPI-GFP::LEU2

KYS62 MSY833 with RAPI-GFP::LEU2

KYS123 MSY832 with RAPI-GFP::LUE2,rad61:: KanMX6
KYS124 MSY833 with RAPI-GFP::LUE2,rad61:: KanMX6
KYS404 MSY832 with Cen V-GFP::Clonat,ndt80::LEU2

KYS405 MSY833 with Cen V-GFP::Clonat,ndt80::LEU2

KYS448 MSY832 with Cen V-GFP::Clonat,rad61::KanMX6,ndt80::LEU2
KYS449 MSY833 with Cen V-GFP::Clonat,rad61::KanMX6,ndt80::LEU2
KYS315 MSY832 with CenlV TellV-GFP::Clonat

KYS316 MSY 833 with CenlV TellV-GFP::Clonat

KYS343 MSY832 with CenlV TellV-GFP::Clonat,rad61::KanMX6
KYS344 MSY833 with CenlV TellV-GFP::Clonat,rad61::KabMX6
KYS361 NKY 1543 with rad61::KanMX6

KYS365 NKY 1303 with rad61::KanMX6

KYS271 MSY832 with MPS3-GFP::KanMX6,rec8::KanMX6
KYS272 MSY833 with MPS3-GFP::KanMX6,rec8::KanMX6
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Table 2. Primer list
Deletion for radé61

Forward Primer

AAAACTGCGCAGAGAAACTATCGCAAAACGAAACCATCTTCTTACCCTAAAGC
ATCCTGTTTCTGAAAAAcgtacgctgcaggtcgac

Reverse Primer

TCTGGACAATTTTTCAATAGTTGCCAGCAGGGTGAAGATGAAGCCAGGCTATGT
TCAATGTATGCTTTCTatcgatgaattcgagctcg

ChIP primers

CARCI1 Chr3_100966F TAAAGCATTGACGCCAGAGC
Chr3_101366R  CGATGGAACCCCTATTGATC
CARC2 Chr3_92386F TGTCGCCGAAGAAGTTAAGA
Chr3_92792R ATGGTCAGGTCATTGAGTGT
CARC3 Chr3_291494F TGCAAGGATTGGTGATGAGA
Chr3_291885R  TAAATGGATTGGATGTCGCG
CEN3 Chr3_114273F TCCGCTTATAGTACAGTACC
Chr3_114571R  ATGAGCAAAACTTCCACCAG
CEN4 Cen4_449635F ACATATATTACACGAGCCAG
Cen4_449943R  CTCGAACTGATCTATAATGC

67



References

Adelfalk, C., Janschek, J., Revenkova, E., Blei, C., Liebe, B., Gob, E., Alsheimer, M.,
Benavente, R., De Boer, E., Novak, L., et al. (2009). Cohesin SMCI1 protects telomeres
in meiocytes. J. Cell Biol. 187, 185-199.

Alexandru, G., Uhlmann, F., Mechtler, K., Poupart, M.-A. and Nasmyth, K. (2001).
Phosphorylation of the Cohesin Subunit Sccl by Polo/Cdc5 Kinase Regulates Sister
Chromatid Separation in Yeast. Cell 105, 459-472.

Amit Bardhan, Hoa Chuong, Dean S.Dawson (2010). Meiotic cohesin promotes pairing of
Nonhomologous centromeres in early meiotic prophase. Mol Biol Cell. 21(11):1799-1809

Arumugam, P., Gruber, S., Tanaka, K., Haering, C. H., Mechtler, K. and Nasmyth, K.
(2003). ATP Hydrolysis Is Required for Cohesin’s Association with Chromosomes. Curr.
Biol. 13, 1941-1953.

Attner, M. A., Miller, M. P., Ee, L., ElKkin, S. K. and Amon, A. (2013). Polo kinase Cdc5 is a
central regulator of meiosis I.

Bannister, L. A., Reinholdt, L. G., Munroe, R. J. and Schimenti, J. C. (2004). Positional
cloning and characterization of mouse mei8, a disrupted allelle of the meiotic cohesin
Rec8. Genesis 40, 184-194.

Beckouét, F., Hu, B., Roig, M. B., Sutani, T., Komata, M., Uluocak, P., Katis, V. L.,
Shirahige, K. and Nasmyth, K. (2010). An Smc3 Acetylation Cycle Is Essential for
Establishment of Sister Chromatid Cohesion. Mol. Cell 39, 689-699.

Bernard, P., Schmidt, C. K., Vaur, S., Dheur, S., Drogat, J., Genier, S., Ekwall, K.,
Uhlmann, F. and Javerzat, J.-P. (2008). Cell-cycle regulation of cohesin stability along
fission yeast chromosomes. EMBO J. 27, 111-121.

Bishop, D. K. (1994). RecA homologs Dmc1 and Rad51 interact to form multiple nuclear
complexes prior to meiotic chromosome synapsis. Cel/ 79, 1081-1092.

Bishop, D. K., Park, D., Xu, L. and Kleckner, N. (1992). DMC1: a meiosis-specific yeast
homolog of E. coli recA required for recombination, synaptonemal complex formation,
and cell cycle progression. Cell 69, 439—456.

Blat, Y. and Kleckner, N. (1999). Cohesins bind to preferential sites along yeast chromosome
111, with differential regulation along arms versus the centric region. Cel/ 98, 249-259.

Borges, V., Lehane, C., Lopez-Serra, L., Flynn, H., Skehel, M., Rolef Ben-Shahar, T. and
Uhlmann, F. (2010). Hos1 deacetylates Smc3 to close the cohesin acetylation cycle. Mol.
Cell 39, 677-88.

Borges, V., Smith, D. J., Whitehouse, I. and Uhlmann, F. (2013). An Ecol-independent

sister chromatid cohesion establishment pathway in S. cerevisiae. Chromosoma 122, 121—
134.

68



Borner, G. V., Kleckner, N. and Hunter, N. (2004). Crossover/noncrossover differentiation,
synaptonemal complex formation, and regulatory surveillance at the leptotene/zygotene
transition of meiosis. Cell 117, 29-45.

Brar, G. A., Kiburz, B. M., Zhang, Y., Kim, J.-E., White, F. and Amon, A. (2006). Rec8
phosphorylation and recombination promote the step-wise loss of cohesins in meiosis.
Nature 441, 532-536.

Brar, G. A., Hochwagen, A., Ee, L. S. and Amon, A. (2009). The multiple roles of cohesin in
meiotic chromosome morphogenesis and pairing. Mol. Biol. Cell 20, 1030—-1047.

Buonomo, S. B., Clyne, R. K., Fuchs, J., Loidl, J., Uhlmann, F. and Nasmyth, K. (2000).
Disjunction of homologous chromosomes in meiosis I depends on proteolytic cleavage of
the meiotic cohesin Rec8 by separin. Cel// 103, 387-398.

Cao, L., Alani, E. and Kleckner, N. (1990). A pathway for generation and processing of
double-strand breaks during meiotic recombination in S. cerevisiae. Cel/ 61, 1089-1101.

Chatterjee, A., Zakian, S., Hu, X.-W. and Singleton, M. R. (2013). Structural insights into
the regulation of cohesion establishment by Wpll. EMBO J. 32, 677-87.

Chikashige, Y. and Hiraoka, Y. (2001). Telomere binding of the Rap1 protein is required for
meiosis in fission yeast. Curr. Biol. 11, 1618—1623.

Ciosk, R., Shirayama, M., Shevchenko, A., Tanaka, T., Toth, A., Shevchenko, A. and
Nasmyth, K. (2000). Cohesin’s Binding to Chromosomes Depends on a Separate
Complex Consisting of Scc2 and Scc4 Proteins. Mol. Cell 5, 243-254.

Clift, D., Bizzari, F. and Marston, A. L. (2009). Shugoshin prevents eohesin cleavage by
PP2ACdc55-dependent inhibition of separase. Genes Dev. 23, 766—790.

Clyne, R. K., Katis, V. L., Jessop, L., Benjamin, K. R., Herskowitz, I., Lichten, M. and
Nasmyth, K. (2003). Polo-like kinase Cdc5 promotes chiasmata formation and
cosegregation of sister centromeres at meiosis 1. Nat. Cell Biol. 5, 480-5.

Cohen-Fix, O., Peters, J.-M., Kirschner, M. W. and Koshland, D. (1996). Anaphase
initiation in Saccharomyces cerevisiae is cobtrolled by the APC-dependent degradation of
the anaphase inhibtitor Psd1p. Genes Dev 10, 3081-3093.

Conrad, M. N., Lee, C.-Y., Wilkerson, J. L. and Dresser, M. E. (2007). MPS3 mediates
meiotic bouquet formation in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. U. S. A.
104, 8863-8.

Conrad, M. N., Lee, C. Y., Chao, G., Shinohara, M., Kosaka, H., Shinohara, a., Conchello,
J. a. and Dresser, M. E. (2008). Rapid Telomere Movement in Meiotic Prophase Is
Promoted By NDJ1, MPS3, and CSM4 and Is Modulated by Recombination. Cell 133,
1175-1187.

Cooper, J. P., Watanabe, Y. and Nurse, P. (1998). Fission yeast Tazl protein is required for
meiotic telomere clustering and recombination. Nature 392, 828—831.

69



Cunningham, M. D., Gause, M., Cheng, Y., Noyes, A., Dorsett, D., Kennison, J. A. and
Kassis, J. A. (2012). Wapl antagonizes cohesin binding and promotes Polycomb-group
silencing in Drosophila. Development 139, 4172—-4179.

Davis, E. S., Wille, L., Chestnut, B. a., Sadler, P. L., Shakes, D. C. and Golden, A. (2002).
Multiple subunits of the Caenorhabditis elegans anaphase-promoting complex are required
for chromosome segregation during meiosis I. Genetics 160, 805-813.

De, K., Sterle, L., Krueger, L., Yang, X. and Makaroff, C. A. (2014). Arabidopsis thaliana
WAPL Is Essential for the Prophase Removal of Cohesin during Meiosis. PLoS Genet.
10,.

Diaz-Martinez, L. a and Clarke, D. J. (2015). Sororin is tethered to Cohesin SA2. Cell Cycle
14, 1133-1133.

Diaz-Martinez, L. A., Giménez-Abian, J. F. and Clarke, D. J. (2007). Cohesion is
dispensable for centromere cohesion in human cells. PLoS One 2,.

DiNardo, S. (1984). DNA topoisomerase II mutant of Saccharomyces cerevisiae:
topoisomerase II is required for segregation of daughter molecules at the termination of
DNA replication. Proc. ... 81, 2616-2620.

Ding, D.-Q., Sakurai, N., Katou, Y., Itoh, T., Shirahige, K., Haraguchi, T. and Hiraoka, Y.
(2006). Meiotic cohesins modulate chromosome compaction during meiotic prophase in
fission yeast. J. Cell Biol. 174, 499-508.

Dong, H. and Roeder, G. S. (2000). Organization of the yeast Zip1 protein within the central
region of the synaptonemal complex. J. Cell Biol. 148, 417-426.

Dorsett, D., Eissenberg, J. C., Misulovin, Z., Martens, A., Redding, B. and McKim, K.
(2005). Effects of sister chromatid cohesion proteins on cut gene expression during wing
development in Drosophila. Development 132, 4743—4753.

Dreier, M. R., Bekier, M. E. and Taylor, W. R. (2011). Regulation of sororin by Cdkl-
mediated phosphorylation. J. Cell Sci. 124, 2976-2987.

Dubey, R. N. and Gartenberg, M. R. (2007). A tDNA establishes cohesion of a neighboring
silent chromatin domain. Genes Dev. 21, 2150-2160.

Edwards, S., Li, C. M., Levy, D. L., Brown, J., Snow, P. M. and Campbell, J. L. (2003).
Saccharomyces cerevisiae DNA polymerase epsilon and polymerase sigma interact

physically and functionally, suggesting a role for polymerase epsilon in sister chromatid
cohesion. Mol. Cell. Biol. 23, 2733-2748.

Eichinger, C. S., Kurze, A., Oliveira, R. A. and Nasmyth, K. (2013). Disengaging the

Smc3/kleisin interface releases cohesin from Drosophila chromosomes during interphase
and mitosis. EMBO J. 32, 656-65.

70



Eijpe, M., Offenberg, H., Jessberger, R., Revenkova, E. and Heyting, C. (2003). Meiotic
cohesin REC8 marks the axial elements of rat synaptonemal complexes before cohesins
SMClbeta and SMC3. J. Cell Biol. 160, 657-70.

Farina, A., Shin, J. H., Kim, D. H., Bermudez, V. P., Kelman, Z., Seo, Y. S. and Hurwitz,
J. (2008). Studies with the human cohesin establishment factor, ChIR1: Association of
ChIR1 with Ctf18-RFC and Fenl. J. Biol. Chem. 283, 20925-20936.

Furuta, T., Tuck, S., Kirchner, J., Koch, B., Auty, R., Kitagawa, R., Rose, a M. and
Greenstein, D. (2000). EMB-30: an APC4 homologue required for metaphase-to-

anaphase transitions during meiosis and mitosis in Caenorhabditis elegans. Mol. Biol. Cell
11, 1401-1419.

Furuya, K., Takahashi, K. and Yanagida, M. (1998). Faithful anaphase is ensured by Mis4,
a sister chromatid cohesion molecule required in S phase and not destroyed in G1 phase.
Genes Dev. 12, 3408-3418.

Gandhi, R., Gillespie, P. J. and Hirano, T. (2006). Human Wapl Is a Cohesin-Binding
Protein that Promotes Sister-Chromatid Resolution in Mitotic Prophase. Curr. Biol. 16,
2406-2417.

Gillespie, P. J. and Hirano, T. (2004). Scc2 Couples Replication Licensing to Sister
Chromatid Cohesion in Xenopus Egg Extracts. 14, 1598—-1603.

Glynn, E. F., Megee, P. C., Yu, H. G., Mistrot, C., Unal, E., Koshland, D. E., DeRisi, J. L.
and Gerton, J. L. (2004). Genome-wide mapping of the cohesin complex in the yeast
Saccharomyces cerevisiae. PLoS Biol. 2,.

Glotzer M, Murray AW, Kirschner MW (1991) Cyclin is degraded by the ubiquitin
pathway. Nature.; 349(6305):132-8.

Golden, a., Sadler, P. L., Wallenfang, M. R., Schumacher, J. M., Hamill, D. R., Bates, G.,
Bowerman, B., Seydoux, G. and Shakes, D. C. (2000). Metaphase to anaphase (mat)
transition-defective mutants in Caenorhabditis elegans. J. Cell Biol. 151, 1469-1482.

Golubovskaya, 1. N., Hamant, O., Timofejeva, L., Wang, C.-J. R., Braun, D., Meeley, R.
and Cande, W. Z. (2006). Alleles of afdl dissect REC8 functions during meiotic
prophase 1. J. Cell Sci. 119, 3306—15.

Guacci, V., Koshland, D. and Strunnikov, A. (1997). A direct link between sister chromatid
cohesion and chromosome condensation revealed through the analysis of MCD1 in S.
cerevisiae. Cell 91, 47-57.

Gullerova, M. and Proudfoot, N. J. (2008). Cohesin complex promotes transcriptional
termination between convergent genes in S. pombe. Cell 132, 983-95.

Gutiérrez-Caballero, C., Herran, Y., Sanchez-Martin, M., Suja, J. A., Barbero, J. L.,

Llano, E. and Pendas, A. M. (2011). Identification and molecular characterization of the
mammalian a-kleisin RAD21L. Cell cycle (Georgetown, Tex) 10,.

71



Gutiérrez-Caballero, C., Cebollero, L. R. and Pendas, A. M. (2012). Shugoshins: From
protectors of cohesion to versatile adaptors at the centromere. Trends Genet. 28, 351-360.

Haering, C. H., Lo, J., Hochwagen, A. and Nasmyth, K. (2002). Molecular Architecture of
SMC Proteins and the Yeast Cohesin Complex. 9, 773-788.

Handel, M. A. and Schimenti, J. C. (2010). Genetics of mammalian meiosis: regulation,
dynamics and impact on fertility. Nat. Rev. Genet. 11, 124—136.

Hartman, T., Stead, K., Koshland, D. and Guacci, V. (2000). Pds5p is an essential
chromosomal protein required for both sister chromatid cohesion and condensation in
Saccharomyces cerevisiae. J. Cell Biol. 151, 613—-626.

Hayashi, A., Ogawa, H., Kohno, K., Gasser, S. M. and Hiraoka, Y. (1998). Meiotic
behaviours of chromosomes and microtubules in budding yeast: Relocalization of
centromeres and telomeres during meiotic prophase. Genes to Cells 3, 587-601.

Heidinger-Pauli, J. M., Unal, E., Guacci, V. and Koshland, D. (2008). The Kleisin Subunit
of Cohesin Dictates Damage-Induced Cohesion. Mol. Cell 31, 47-56.

Heidinger-Pauli, J. M., Unal, E. and Koshland, D. (2009). Distinct Targets of the Ecol
Acetyltransferase Modulate Cohesion in S Phase and in Response to DNA Damage. Mol.
Cell 34, 311-321.

Herbert, M., Levasseur, M., Homer, H., Yallop, K., Murdoch, A. and McDougall, A.
(2003). Homologue disjunction in mouse oocytes requires proteolysis of securin and
cyclin B1. Nat. Cell Biol. 5, 1023—-1025.

Herran, Y., Gutiérrez-Caballero, C., Sanchez-Martin, M., Hernandez, T., Viera, A.,
Barbero, J. L., De Alava, E., de Rooij, D. G., Suja, J. A., Llano, E., et al. (2011). The
cohesin subunit RAD21L functions in meiotic synapsis and exhibits sexual dimorphism in
fertility. EMBO J. 30, 3091-105.

Hirano, M. and Hirano, T. (2002). Hinge-mediated dimerization of SMC protein is essential
for its dynamic interaction with DNA. EMBO J. 21, 5733-5744.

Hollingsworth, N. M., Goetsch, L. and Byers, B. (1990). The HOPI Gene Encodes a Meiosis-
Specific Component of Yeast Chromosomes. Cell 61, 73—84.

Hu, B., Itoh, T., Mishra, A., Katoh, Y., Chan, K.-L., Upcher, W., Godlee, C., Roig, M. B.,
Shirahige, K. and Nasmyth, K. (2011). ATP hydrolysis is required for relocating cohesin
from sites occupied by its Scc2/4 loading complex. Curr. Biol. 21, 12-24.

Ito Ml, Kugou K, Fawcett JA, Mura S, Ikeda S, Innan H, Ohta K. Meiotic recombination
cold spots in chromosomal cohesion sites. Genes Cells. 2014 May;19(5):359-73

Irniger, S., Piatti, S., Michaelis, C. and Nasmyth, K. (1995). Genes involved in sister

chromatid separation are needed for B-type cyclin proteolysis in budding yeast. Cell 81,
269-278.

72



Ishiguro, K., Kim, J., Fujiyama-Nakamura, S., Kato, S. and Watanabe, Y. (2011). A new
meiosis-specific cohesin complex implicated in the cohesin code for homologous pairing.
EMBO Rep. 12, 267-275.

Ivanov, D., Schleiffer, A., Eisenhaber, F., Mechtler, K., Haering, C. H. and Nasmyth, K.
(2002). Ecol is a novel acetyltransferase that can acetylate proteins involved in cohesion.
Curr. Biol. 12, 323-328.

Jin, H., Guacci, V. and Yu, H.-G. (2009). Pds5 is required for homologue pairing and inhibits
synapsis of sister chromatids during yeast meiosis. J. Cell Biol. 186, 713-25.

Jordan, P., Copsey, A., Newnham, L., Kolar, E., Lichten, M. and Hoffmann, E. (2009).
Ipl1/Aurora B kinase coordinates synaptonemal complex disassembly with cell cycle

progression and crossover formation in budding yeast meiosis. Genes Dev. 23, 2237—
2251.

Kanoh, J. and Ishikawa, F. (2001). spRapl and spRifl, recruited to telomeres by Tazl, are
essential for telomere function in fission yeast. Curr. Biol. 11, 1624—1630.

Katis, V. L., Lipp, J. J., Imre, R., Bogdanova, A., Okaz, E., Habermann, B., Mechtler, K.,
Nasmyth, K. and Zachariae, W. (2010). Rec8 phosphorylation by casein kinase 1 and

Cdc7-Dbf4 kinase regulates cohesin cleavage by separase during meiosis. Dev. Cell 18,
397-4009.

Kawashima, S. A., Tsukahara, T., Langegger, M., Hauf, S., Kitajima, T. S. and
Watanabe, Y. (2007). Shugoshin enables tension-generating attachment of kinetochores
by loading Aurora to centromeres. Genes Dev. 21, 420-435.

Keeney, S., Giroux, C. N. and Kleckner, N. (1997). Meiosis-specific DNA double-strand
breaks are catalyzed by Spoll, a member of a widely conserved protein family. Cell 88,
375-384.

Kenna, M. A. and Skibbens, R. V (2003). Mechanical Link between Cohesion Establishment
and DNA Replication : Ctf7p / Ecolp , a Cohesion Establishment Factor , Associates with
Three Different Replication Factor C Complexes. 23, 2999-3007.

Khetani, R. S. and Bickel, S. E. (2007). Regulation of meiotic cohesion and chromosome core
morphogenesis during pachytene in Drosophila oocytes. J. Cell Sci. 120, 3123-3137.

Kim, S. H., Lin, D. P., Matsumoto, S., Kitazono, a and Matsumoto, T. (1998). Fission yeast
Slp1: an effector of the Mad2-dependent spindle checkpoint. Science 279, 1045-1047.

Kim, K. P., Weiner, B. M., Zhang, L., Jordan, A., Dekker, J. and Kleckner, N. (2010).
Sister cohesion and structural axis components mediate homolog bias of meiotic
recombination. Cell 143, 924-37.

Kimata, Y., Matsuyama, A., Nagao, K., Furuya, K., Obuse, C., Yoshida, M. and
Yanagida, M. (2008). Diminishing HDACs by drugs or mutations promotes normal or
abnormal sister chromatid separation by affecting APC/C and adherin. J. Cell Sci. 121,
1107-1118.

73



King, E. M. J., Rachidi, N., Morrice, N., Hardwick, K. G. and Stark, M. J. R. (2007).
Ipl1p-dependent phosphorylation of Mad3p is required for the spindle checkpoint response
to lack of tension at kinetochores. Genes Dev. 21, 1163-1168.

Kitajima, T. S., Miyazaki, Y., Yamamoto, M. and Watanabe, Y. (2003). Rec8 cleavage by
separase is required for meiotic nuclear divisions in fission yeast. EMBO J. 22, 5643—
5653.

Klapholz, S., Waddell, C. S. and Easton Esposito, R. (1985). The role of the SPO11 gene in
meiotic recombination in yeast. Genetics 110, 187-216.

Klein, F., Laroche, T., Cardenas, M. E., Hofmann, J. F., Schweizer, D. and Gasser, S. M.
(1992). in Nuclei and Meiotic Chromosomes of Yeast. Cell 117, 935-948.

Klein, F., Mahr, P., Galova, M., Buonomo, S. B. C., Michaelis, C., Nairz, K. and Nasmyth,
K. (1999). A central role for cohesins in sister chromatid cohesion, formation of axial
elements, and recombination during yeast meiosis. Cel// 98, 91-103.

Kosaka, H., Shinohara, M. and Shinohara, A. (2008). Csm4-dependent telomere movement
on nuclear envelope promotes meiotic recombination. PLoS Genet. 4,.

Kraft, C., Vodermaier, H. C., Maurer-Stroh, S., Eisenhaber, F. and Peters, J. M. (2005).
The WD40 propeller domain of Cdhl functions as a destruction box receptor for APC/C
substrates. Mol. Cell 18, 543-553.

Krogh, B. O. and Symington, L. S. (2004). Recombination proteins in yeast. Annu. Rev.
Genet. 38, 233-271.

Kudo, N. R., Wassmann, K., Anger, M., Schuh, M., Wirth, K. G., Xu, H., Helmhart, W.,
Kudo, H., Mckay, M., Maro, B., et al. (2006). Resolution of Chiasmata in Oocytes
Requires Separase-Mediated Proteolysis. Cell 126, 135-146.

Kueng, S., Hegemann, B., Peters, B. H., Lipp, J. J., Schleiffer, A., Mechtler, K. and Peters,
J. M. (2006). Wapl Controls the Dynamic Association of Cohesin with Chromatin. Cell
127, 955-967.

Kugou, K., Fukuda, T., Yamada, S., Ito, M., Sasanuma, H., Mori, S., Katou, Y., Itoh, T.,
Matsumoto, K., Shibata, T., et al. (2009). Rec8 guides canonical Spoll distribution
along yeast meiotic chromosomes. Mol. Biol. Cell 20, 3064—3076.

Laloraya, S., Guacci, V. and Koshland, D. (2000). Chromosomal addresses of the cohesin
component Mcdlp. J. Cell Biol. 151, 1047-1056.

Lao, J. P. and Hunter, N. (2010). Trying to avoid your sister. PLoS Biol. 8, 1-5.

Lee, J. and Hirano, T. (2011). RAD21L, a novel cohesin subunit implicated in linking
homologous chromosomes in mammalian meiosis. J. Cell Biol. 192, 263-76.

74



Lee, J., Iwai, T., Yokota, T. and Yamashita, M. (2003). Temporally and spatially selective
loss of Rec8 protein from meiotic chromosomes during mammalian meiosis. J. Cell Sci.
116, 2781-2790.

Lee, J., Kitajima, T. S., Tanno, Y., Yoshida, K., Morita, T., Miyano, T., Miyake, M. and
Watanabe, Y. (2008). Unified mode of centromeric protection by shugoshin in
mammalian oocytes and somatic cells. Nat. Cell Biol. 10, 42-52.

Lelij, P. Van Der, Stocsits, R. R., Ladurner, R., Petzold, G., Kreidl, E., Schmitz, J.,
Neumann, B., Ellenberg, J. and Peters, J. (2014). SNW 1 enables sister chromatid
cohesion by mediating the splicing of sororin and APC 2 pre-mRNAs. 33, 2643-2659.

Lénart, P., Petronczki, M., Steegmaier, M., Di Fiore, B., Lipp, J. J., Hoffmann, M., Rettig,
W. J., Kraut, N. and Peters, J. M. (2007). The Small-Molecule Inhibitor BI 2536
Reveals Novel Insights into Mitotic Roles of Polo-like Kinase 1. Curr. Biol. 17, 304-315.

Lengronne, A., Katou, Y., Mori, S., Yokobayashi, S., Kelly, G. P., Itoh, T., Watanabe, Y.,
Shirahige, K. and Uhlmann, F. (2004). Cohesin relocation from sites of chromosomal
loading to places of convergent transcription. Nature 430, 573-578.

Lengronne, A., Mclntyre, J., Katou, Y., Kanoh, Y., Hopfner, K.-P., Shirahige, K. and
Uhlmann, F. (2006). Establishment of sister chromatid cohesion at the S. cerevisiae
replication fork. Mol Cell 23, 787-799.

Lipp JJ, Hirota T, Poser I, Peters JM (2007) Aurora B controls the association of condensin
I but not condensin II with mitotic chromosomes. J Cell Sci.1; 120(Pt 7):1245-55.

Liu, F. and Chen, W. (2013). Engineering a recyclable elastin-like polypeptide capturing
scaffold for non-chromatographic protein purification. Biotechnol. Prog. 29, 968-971.

Liu, H., Jia, L. and Yu, H. (2013). Phospho-H2A and cohesin specify distinct tension-
regulated sgol pools at kinetochores and inner centromeres. Curr. Biol. 23, 1927-1933.

Lopez-Serra L', Lengronne A, Borges V,Kelly G, Uhlmann F. Budding yeast Wapl
controls sister chromatid cohesion maintenance and chromosome condensation Curr
Biol. 2013 Jan 7;23(1):64-9

Losada, A. (2008). The regulation of sister chromatid cohesion. Biochim. Biophys. Acta 1786,
41-48.

Losada, A., Hirano, M. and Hirano, T. (1998). Identification of Xenopus SMC protein
complexes required for sister chromatid cohesion. Genes Dev. 12, 1986—1997.

Losada, A., Yokochi, T., Kobayashi, R. and Hirano, T. (2000). Identification and
Characterization of SA / Scc3p Subunits in the Xenopus and Human Cohesin Complexes.
150, 405-416.

Losada, A., Hirano, M. and Hirano, T. (2002). Cohesin release is required for sister

chromatid resolution, but not for condensin-mediated compaction, at the onset of mitosis.
Genes Dev. 16, 3004-16.

75



Losada, A., Yokochi, T. and Hirano, T. (2005). Functional contribution of Pds5 to cohesin-
mediated cohesion in human cells and Xenopus egg extracts.

Lyons, N. a and Morgan, D. O. (2011). Cdkl-dependent destruction of Ecol prevents
cohesion establishment after S phase. Mol. Cell 42, 378—89.

Lyons, N. a, Fonslow, B. R., Diedrich, J. K., Yates, J. R. and Morgan, D. O. (2013).
Sequential primed kinases create a damage-responsive phosphodegron on Ecol. Nat.
Struct. Mol. Biol. 20, 194-201.

Maradeo, M. E. and Skibbens, R. V. (2009). The Elg1-RFC clamp-loading complex performs
a role in sister chromatid cohesion. PLoS One 4, 18-21.

Matsuzaki K, Terasawa M, Iwasaki D, Higashide M, Shinohara M. (2012). Cyclin-
dependent kinase-dependent phopshorylation of Lifl and Sae2 controls imprecise

nonhomologous end joining accompanied by double-strand break resecion. Genes Cells
(6): 473-93.

Matos, J., Blanco, M. G., Maslen, S., Skehel, J. M. and West, S. C. (2011). Regulatory
control of the resolution of DNA recombination intermediates during meiosis and mitosis.
Cell 147, 158-172.

Melby, T. E., Ciampaglio, C. N., Briscoe, G. and Erickson, H. P. (1998). The symmetrical
structure of structural maintenance of chromosomes (SMC) and MukB proteins: Long,
antiparallel coiled coils, folded at a flexible hinge. J. Cell Biol. 142, 1595-1604.

Meppelink, A., Kabeche, L., Vromans, M. J. M., Compton, D. A. and Lens, S. M. A.
(2015). Shugoshin-1 Balances Aurora B Kinase Activity via PP2A to Promote
Chromosome Bi-orientation. Cel/ Rep. 11, 508-515.

Michaelis, C., Ciosk, R. and Nasmyth, K. (1997). Cohesins : Chromosomal Proteins that
Prevent Premature Separation of Sister Chromatids. 91, 35-45.

Miki, F., Kurabayashi, a., Tange, Y., Okazaki, K., Shimanuki, M. and Niwa, O. (2004).
Two-hybrid search for proteins that interact with Sadl and Kms1, two membrane-bound

components of the spindle pole body in fission yeast. Mol. Genet. Genomics 270, 449—
461.

Milutinovich, M., Unal, E., Ward, C., Skibbens, R. V and Koshland, D. (2007). A multi-
step pathway for the establishment of sister chromatid cohesion. PLoS Genet. 3, e12.

Misulovin, Z., Schwartz, Y. B., Li, X. Y., Kahn, T. G., Gause, M., MacArthur, S., Fay, J.
C., Eisen, M. B., Pirrotta, V., Biggin, M. D., et al. (2008). Association of cohesin and

Nipped-B with transcriptionally active regions of the Drosophila melanogaster genome.
Chromosoma 117, 89—102.

Miyazaki, T., Bressan, D. a, Shinohara, M., Haber, J. E. and Shinohara, A. (2004). In vivo

assembly and disassembly of Rad51 and Rad52 complexes during double-strand break
repair. EMBO J. 23, 939-949.

76



Moldovan, G. L., Pfander, B. and Jentsch, S. (2006). PCNA Controls Establishment of Sister
Chromatid Cohesion during S Phase. Mol. Cell 23, 723-732.

Murray, A. W. and Szostak, J. W. (1985). CHROMOSOME SEGREGATION. 289-315.

Nasmyth, K. and Haering, C. H. (2005). The structure and function of SMC and kleisin
complexes. Annu. Rev. Biochem. 74, 595—648.

Nimmo, E. R., Pidoux, a L., Perry, P. E. and Allshire, R. C. (1998). Defective meiosis in
telomere-silencing mutants of Schizosaccharomyces pombe. Nature 392, 825-828.

Nishiyama, T., Ladurner, R., Schmitz, J., Kreidl, E., Schleiffer, A., Bhaskara, V., Bando,
M., Shirahige, K., Hyman, A. A., Mechtler, K., et al. (2010). Sororin mediates sister
chromatid cohesion by antagonizing Wapl. Cell 143, 737-749.

Nishiyama, T., Sykora, M. M., Huis in ’t Veld, P. J., Mechtler, K. and Peters, J.-M.
(2013). Aurora B and Cdkl mediate Wapl activation and release of acetylated cohesin
from chromosomes by phosphorylating Sororin. Proc. Natl. Acad. Sci. U. S. 4. 110,
13404-9.

Noble D, Kenna MA, Dix M, Skibbens RV, Unal E, Guacci V (2006) Intersection between
the regulators of sister chromatid cohesion establishment and maintenance in budding
yeast indicates a multi-step mechanism. Cell Cycle.1; 5(21):2528-36.

Ocampo-Hafalla, M. T. and Uhlmann, F. (2011). Cohesin loading and sliding. J. Cell Sci.
124, 685-691.

Oka, Y., Varmark, H., Vitting-Seerup, K., Beli, P., Waage, J., Hakobyan, A., Mistrik, M.,
Choudhary, C., Rohde, M., Bekker-Jensen, S., et al. (2014). UBLS is essential for pre-
mRNA splicing and sister chromatid cohesion in human cells. EMBO Rep. 15, n/a—n/a.

Page, S. L., and R. S. Hawley 2004 The genetics and molecular biology of the synaptonemal
complex. Annu Rev Cell Dev Biol 20: 525-558.

Panizza, S., Mendoza, M. A., Berlinger, M., Huang, L., Nicolas, A., Shirahige, K. and
Klein, F. (2011). Spoll-accessory proteins link double-strand break sites to the
chromosome axis in early meiotic recombination. Cel/ 146, 372—-383.

Parnas, O., Zipin-Roitman, A., Mazor, Y., Liefshitz, B., Ben-Aroya, S. and Kupiec, M.
(2009). The Elgl clamp loader plays a role in sister chromatid cohesion. PLoS One 4,.

Pasierbek, P., Pasierbek, P., Jantsch, M., Jantsch, M., Melcher, M., Melcher, M.,
Schleiffer, A., Schleiffer, A., Schweizer, D., Schweizer, D., et al. (2001). Caenorhabditis
elegans. Genes Dev. 1349-1360.

Pawlowski, W. P., Golubovskaya, I. N. and Cande, W. Z. (2003). Altered nuclear

distribution of recombination protein RADS51 in maize mutants suggests the involvement
of RADS1 in meiotic homology recognition. Plant Cell 15, 1807-1816.

77



Peter, M., Castro, a, Lorca, T., Le Peuch, C., Magnaghi-Jaulin, L., Dorée, M. and Labbé,
J. C. (2001). The APC is dispensable for first meiotic anaphase in Xenopus oocytes. Nat.
Cell Biol. 3, 83-87.

Pezzi, N., Prieto, 1., Kremer, L., Pérez Jurado, L. A., Valero, C., Del Mazo, J., Martinez-
A, C. and Barbero, J. L. (2000). STAG3, a novel gene encoding a protein involved in
meiotic chromosome pairing and location of STAG3-related genes flanking the Williams-
Beuren syndrome deletion. FASEB J. 14, 581-592.

Prieto, 1., Suja, J. A., Pezzi, N., Kremer, L., Martinez-a, C., Rufas, J. S. and Barbero, J. L.
(2001). Mammalian STAGS3 is a cohesin specific to sister chromatid arms in meiosis I. 3,
761-766.

Rankin, S., Ayad, N. G. and Kirschner, M. W. (2005). Sororin, a substrate of the anaphase-
promoting complex, is required for sister chromatid cohesion in vertebrates. Mol. Cell 18,
185-200.

Rao, H. B. D. P., Shinohara, M. and Shinohara, A. (2011). Mps3 SUN domain is important
for chromosome motion and juxtaposition of homologous chromosomes during meiosis.
Genes Cells 16, 1081-96.

Remeseiro, S., Cuadrado, A., Gomez-Lopez, G., Pisano, D. G. and Losada, A. (2012). A
unique role of cohesin-SA1 in gene regulation and development . EMBO J. 31, 2090—
2102.

Revenkova, E., Eijpe, M., Heyting, C., Hodges, C. A., Hunt, P. A., Liebe, B., Scherthan, H.
and Jessberger, R. (2004). Cohesin SMCI1 beta is required for meiotic chromosome
dynamics, sister chromatid cohesion and DNA recombination. Nat. Cell Biol. 6, 555-562.

Riedel, C. G., Katis, V. L., Katou, Y., Mori, S., Itoh, T., Helmhart, W., Galova, M.,
Petronczki, M., Gregan, J., Cetin, B., et al. (2006). Protein phosphatase 2A protects
centromeric sister chromatid cohesion during meiosis I. Nature 441, 53—61.

Rockmill, B. and Roeder, G. S. (1988). REDI1: a yeast gene required for the segregation of
chromosomes during the reductional division of meiosis. Proc. Natl. Acad. Sci. U. S. A.
85, 6057-6061.

Roeder, G. S. (1997). Meiotic chromosomes: it takes two to tango. Genes Dev. 11, 2600-2621.

Rolef Ben-Shahar, T., Heeger, S., Lehane, C., East, P., Flynn, H., Skehel, M. and
Uhlmann, F. (2008). Ecol-dependent cohesin acetylation during establishment of sister
chromatid cohesion. Science 321, 563—6.

Rollins, R. A., Korom, M., Aulner, N., Martens, A. and Dorsett, D. (2004). Drosophila
nipped-B protein supports sister chromatid cohesion and opposes the stromalin/Scc3

cohesion factor to facilitate long-range activation of the cut gene. Mol. Cell. Biol. 24,
3100-3111.

78



Rowland, B. D., Roig, M. B., Nishino, T., Kurze, A., Uluocak, P., Mishra, A., Beckouét, F.,
Underwood, P., Metson, J., Imre, R., et al. (2009). Building sister chromatid cohesion:
smc3 acetylation counteracts an antiestablishment activity. Mol. Cell 33, 763-74.

Salah, S. and Nasmyth, K. (2000). Original articles Destruction of the securin Pds1p occurs at
the onset of anaphase during both meiotic divisions in yeast. 27-34.

Scherthan, H., Wang, H., Adelfalk, C., White, E. J., Cowan, C., Cande, W. Z. and
Kaback, D. B. (2007). Chromosome mobility during meiotic prophase in Saccharomyces
cerevisiae. Proc. Natl. Acad. Sci. U. S. A. 104, 16934-9.

Schmidt, C. K., Brookes, N. and Uhlmann, F. (2009). Conserved features of cohesin binding
along fission yeast chromosomes. Genome Biol. 10, R52.

Schmitt, J., Benavente, R., Hodzic, D., Hoog, C., Stewart, C. L. and Alsheimer, M. (2007).
Transmembrane protein Sun2 is involved in tethering mammalian meiotic telomeres to the
nuclear envelope. Proc. Natl. Acad. Sci. U. S. A. 104, 7426-7431.

Schmitz, J., Watrin, E., Lénart, P., Mechtler, K. and Peters, J. M. (2007). Sororin Is
Required for Stable Binding of Cohesin to Chromatin and for Sister Chromatid Cohesion
in Interphase. Curr. Biol. 17, 630—636.

Severson, A. F., Ling, L., van Zuylen, V. and Meyer, B. J. (2009). The axial element protein
HTP-3 promotes cohesin loading and meiotic axis assembly in C. elegans to implement
the meiotic program of chromosome segregation. Genes Dev. 23, 1763-78.

Shinohara, A., Ogawa, H. and Ogawa, T. (1992). Rad51 protein involved in repair and
recombination in S. cerevisiae is a RecA-like protein. Cell 69, 457—470.

Shinohara, M., Gasior, S. L., Bishop, D. K. and Shinohara, a (2000). Tid1/Rdh54 promotes
colocalization of rad51 and dmc1 during meiotic recombination. Proc. Natl. Acad. Sci. U.
S. 4. 97, 10814-10819.

Shinohara, M., Oh, S. D., Hunter, N. and Shinohara, A. (2008). Crossover assurance and
crossover interference are distinctly regulated by the ZMM proteins during yeast meiosis.
Nat. Genet. 40, 299-309.

Shintomi K, Hirano T(2009) Releasing cohesin from chromosome arms in early mitosis:
opposing actions of Wapl-Pds5 and Sgol.Genes Dev 15, 23(18):2224-36.

Sigrist, S. J. and Lehner, C. F. (1997). Drosophila fizzy-related down-regulates mitotic
cyclins and is required for cell proliferation arrest and entry into endocycles. Cell 90, 671—
681.

Sigrist, S., Jacobs, H., Stratmann, R. and Lehner, C. F. (1995). Exit from mitosis is
regulated by Drosophila fizzy and the sequential destruction of cyclins A, B and B3.
EMBO J. 14, 4827-4838.

Sjogren, C. and Nasmyth, K. (2001). Sister chromatid cohesion is required for postreplicative

double-strand break repair in Saccharomyces cerevisiae. Curr. Biol. 11, 991-995.

79



Skibbens, R. V. (2004). Chl1p, a DNA Helicase-Like Protein in Budding Yeast, Functions in
Sister-Chromatid Cohesion. Genetics 166, 33-42.

Smith, A. V. and Roeder, G. S. (1997). The yeast Redl protein localizes to the cores of
meiotic chromosomes. J. Cell Biol. 136, 957-967.

Starr, D.A., Fischer, J.A. (2005). KASH 'n Karry: the KASH domain family of cargo-specific
cytoskeletal adaptor proteins. BioEssays 27(11): 1136--1146

Stead, K., Aguilar, C., Hartman, T., Drexel, M., Meluh, P. and Guacci, V. A. (2003). Pds5p
regulates the maintenance of sister chromatid cohesion and is sumoylated to promote the
dissolution of cohesion. J. Cell Biol. 163, 729-741.

Strom, L. and Sjogren, C. (2007). Chromosome segregation and double-strand break repair -
a complex connection. Curr. Opin. Cell Biol. 19, 344-349.

Strom, L., Lindroos, H. B., Shirahige, K. and Sjogren, C. (2004). Postreplicative
recruitment of cohesin to double-strand breaks is required for DNA repair. Mol. Cell 16,
1003-1015.

Strom, L., Karlsson, C., Lindroos, H. B., Wedahl, S., Katou, Y., Shirahige, K. and
Sjogren, C. (2007). Postreplicative Formation of Cohesion Is Required for Repair and
Induced by a Single DNA Break. 9478,.

Strunnikov, A. V., Larionov, V. L. and Koshland, D. (1993). SMC1: An essential yeast gene
encoding a putative head-rod-tail protein is required for nuclear division and defines a new
ubiquitous protein family. J. Cell Biol. 123, 1635-1648.

Sudakin, V., Ganoth, D., Dahan, a, Heller, H., Hershko, J., Luca, F. C., Ruderman, J. V
and Hershko, a (1995). The cyclosome, a large complex containing cyclin-selective

ubiquitin ligase activity, targets cyclins for destruction at the end of mitosis. Mol. Biol.
Cell 6, 185-197.

Sumara, I., Vorlaufer, E., Gieffers, C., Peters, B. H. and Peters, J.-M. (2000).
Characterization of Vertebrate Cohesin Complexes and Their Regulation in Prophase. J.
Cell Biol. 151, 749-762.

Sumara, 1., Vorlaufer, E., Stukenberg, P. T., Kelm, O., Redemann, N., Nigg, E. a. and
Peters, J. M. (2002). The Dissociation of Cohesin from Chromosomes in Prophase Is
Regulated by Polo-like Kinase. Mol. Cell 9, 515-525.

Sundin, O. (1980). Terminal Stages of SV40 DNA Replication Proceed via Multiply
Intertwined Catenated Dimers. 21, 103—-114.

Sutani, T., Kawaguchi, T., Kanno, R., Itoh, T. and Shirahige, K. (2009). Budding yeast

Wpll(Rad61)-Pds5 complex counteracts sister chromatid cohesion-establishing reaction.
Curr. Biol. 19, 492-7.

80



Suter, B., Tong, A., Chang, M., Yu, L., Brown, G. W., Boone, C. and Rine, J. (2004). The
origin recognition complex links replication, sister chromatid cohesion and transcriptional
silencing in Saccharomyces cerevisiae. Genetics 167, 579-591.

Sym, M., Engebrecht, J. a and Roeder, G. S. (1993). ZIP1 is a synaptonemal complex
protein required for meiotic chromosome synapsis. Cell 72, 365-378.

Takahashi, T. S., Yiu, P., Chou, M. F., Gygi, S. and Walter, J. C. (2004). Recruitment of
Xenopus Scc2 and cohesin to chromatin requires the pre-replication complex. Nat. Cell
Biol. 6,991-996.

Tanaka, T., Cosma, M. P., Wirth, K. and Nasmyth, K. (1999). Identification of cohesin
association sites at centromeres and along chromosome arms. Cell 98, 847-858.

Tanaka, K., Hao, Z., Kai, M. and Okayama, H. (2001). Establishment and maintenance of
sister chromatid cohesion in fission yeast by a unique mechanism. EMBO J. 20, 5779—
5790.

Tang, Z., Shu, H., Qi, W., Mahmood, N. A. and Mumby, M. C. (2006). PP2A Is Required
for Centromeric Localization of Sgol and Proper Chromosome Segregation. 575-585.

Tedeschi, A., Wutz, G., Huet, S., Jaritz, M., Wuensche, A., Schirghuber, E., Davidson, I.
F., Tang, W., Cisneros, D. a, Bhaskara, V., et al. (2013). Wapl is an essential regulator
of chromatin structure and chromosome segregation. Nature 501, 564-8.

Terret, M. E., Wassmann, K., Waizenegger, 1., Maro, B., Peters, J. M. and Verlhac, M. H.
(2003). The Meiosis I-to-Meiosis II Transition in Mouse Oocytes Requires Separase
Activity. Curr. Biol. 13, 1797-1802.

Thornton, B. R. and Toczyski, D. P. (2003). Securin and B-cyclin/CDK are the only essential
targets of the APC. Nat. Cell Biol. 5, 1090—-1094.

Toth, A., Ciosk, R., Uhlmann, F., Galova, M., Schleiffer, A., Nasmyth, K.(1999)Yeast
cohesin complex requires a conserved protein, Ecolp(Ctf7), to establish cohesion between
sister chromatids during DNA replication. Genes & Dev.13:320-333

Tonkin, E. T., Wang, T.-J., Lisgo, S., Bamshad, M. J. and Strachan, T. (2004). NIPBL,
encoding a homolog of fungal Scc2-type sister chromatid cohesion proteins and fly
Nipped-B, is mutated in Cornelia de Lange syndrome. Nat. Genet. 36, 636—641.

Trelles-Sticken, E., Loidl, J. and Scherthan, H. (1999). Bouquet formation in budding yeast:
initiation of recombination is not required for meiotic telomere clustering. J. Cell Sci. 112
(Pt 5, 651-658.

Trelles-Sticken, E., Dresser, M. E. and Scherthan, H. (2000). Meiotic Telomere Protein

Ndjlp Is Required for Meiosis-Specific Telomere Distribution, Bouquet Formation and
Efficient Homologue Pairing. J. Cell Biol. 151, 95-106.

81



Trelles-Sticken, E., Adelfalk, C., Loidl, J. and Scherthan, H. (2005). Meiotic telomere
clustering requires actin for its formation and cohesin for its resolution. J. Cell Biol. 170,
213-23.

Tsubouchi, T., Zhao, H. and Roeder, G. S. (2006). The Meiosis-Specific Zip4 Protein
Regulates Crossover Distribution by Promoting Synaptonemal Complex Formation
Together with Zip2. Dev. Cell 10, 809-819.

Tsukahara, T., Tanno, Y. and Watanabe, Y. (2010). Phosphorylation of the CPC by Cdkl
promotes chromosome bi-orientation. Nature 467, 719-723.

Uhlmann, F. and Uhlmann, F. (2004). The mechanism of sister chromatid cohesion. Exp. Cell
Res 296, 80-5.

Uhlmann, F., Lottspeich, F. and Nasmyth, K. (1999). Sister-chromatid separation at
anaphase onset is promoted by cleavage of the cohesin subunit Sccl. 37-42.

Unal, E., Heidinger-Pauli, J. M. and Koshland, D. (2007). DNA double-strand breaks trigger
genome-wide sister-chromatid cohesion through Ecol (Ctf7). Science 317, 245-8.

Unal, E., Heidinger-Pauli, J. M., Kim, W., Guacci, V., Onn, L., Gygi, S. P. and Koshland,
D. E. (2008). A molecular determinant for the establishment of sister chromatid cohesion.
Science 321, 566-9.

Verni, F., Gandhi, R., Goldberg, M. L. and Gatti, M. (2000). Genetic and molecular analysis
of wings apart-like (wapl), a gene controlling heterochromatin organization in Drosophila
melanogaster. Genetics 154, 1693—-1710.

Visintin, R., Prinz, S. and Amon, a (1997). CDC20 and CDH1: a family of substrate-specific
activators of APC-dependent proteolysis. Science 278, 460—463.

Vodermaier HC, Gieffers C, Maurer-Stroh S, Eisenhaber F, Peters JM (2003) TPR
subunits of the anaphase-promoting complex mediate binding to the activator protein
CDHI1.Curr Biol. Sep 2; 13(17):1459-68.

Waizenegger, 1. C., Hauf, S., Meinke, A. and Peters, J. (2000). Cohesin from Chromosome
Arms in Prophase and from Centromeres in Anaphase. 103, 399—410.

Wang, Z., Castaiio, I. B., De Las Peiias, a, Adams, C. and Christman, M. F. (2000). Pol
kappa: A DNA polymerase required for sister chromatid cohesion. Science 289, 774-779.

Warren, W. D., Steffensen, S., Lin, E., Coelho, P., Loupart, M. L., Cobbe, N., Lee, J. Y.,
McKay, M. J., Orr-Weaver, T., Heck, M. M. S., et al. (2000). The Drosophila RAD21
cohesin persists at the centromere region in mitosis. Curr. Biol. 10, 1463—1466.

Warren, C. D., Eckley, D. M., Lee, M. S., Hanna, J. S., Hughes, A., Peyser, B., Jie, C.,

Irizarry, R. and Spencer, F. A. (2004). S-phase checkpoint genes safeguard high-fidelity
sister chromatid cohesion. Mol. Biol. Cell 15, 1724—-1735.

82



Watrin, E., Demidova, M., Watrin, T., Hu, Z. and Prigent, C. (2014). Sororin pre-mRNA
splicing is required for proper sister chromatid cohesion in human cells. EMBO Rep. 1-8.

Williams, G. J., Williams, R. S., Williams, J. S., Moncalian, G., Arvai, A. S., Limbo, O.,
Guenther, G., SilDas, S., Hammel, M., Russell, P., et al. (2011). ABC ATPase signature
helices in Rad50 link nucleotide state to Mrel 1 interface for DNA repair. Nat. Struct. Mol.
Biol. 18, 423-31.

Wu, F. M., Nguyen, J. V. and Rankin, S. (2011). A conserved motif at the C terminus of
sororin is required for sister chromatid cohesion. J. Biol. Chem. 286, 3579-3586.

Xiaoji Sun, Lingzhi Huang, Tovah E Markowitz, Hannah G Biitzblau, Doris Chen, Franz
Klein, Andreas Hochwagen. (2015). Transcription dynamically patterns the meiotic
chromosome-axis interface. eLIfe.4:¢07424.

Xiong, B., Lu, S. and Gerton, J. L. (2010). Hosl1 is a lysine deacetylase for the Smc3 subunit
of cohesin. Curr. Biol. 20, 1660—-1665.

Xu L, Ajimura M, Padmore R, Klein C, Kleckner N NDTS80, a meiosis-specific gene
required for exit from pachytene in Saccharomyces cerevisiae Mol Cell Biol. 1995
Dec;15(12):6572-81.

Xu, H., Beasley, M. D., Warren, W. D., van der Horst, G. T. J. and McKay, M. J. (2005).
Absence of mouse RECS8 cohesin promotes synapsis of sister chromatids in meiosis. Dev.
Cell 8, 949-61.

Xu, J., Crowley, M. F. and Smith, J. C. (2009). Building a foundation for structure-based
cellulosome design for cellulosic ethanol: Insight into cohesin-dockerin complexation
from computer simulation. Protein Sci. 18, 949-959.

Yu, H. G. and Koshland, D. E. (2003). Meiotic condensin is required for proper chromosome
compaction, SC assembly, and resolution of recombination-dependent chromosome
linkages. J. Cell Biol. 163, 937-947.

Yu, H.G. and Koshland, D. E. (2005). Chormosome morphogenesis: Condensin-dependent
cohesin removal during meiosis. Cell. 123(3):397-407

Yu, H. G. and Koshland, D. E. (2007). The Aurora kinase Ipll maintains the centromeric
localization of PP2A to protect cohesin during meiosis. J. Cell Biol. 176, 911-918.

Zachariae, W., Schwab, M., Nasmyth, K. and Seufert, W. (1998). Control of cyclin
ubiquitination by CDK-regulated binding of Hctl to the anaphase promoting complex.
Science 282, 1721-1724.

Zhang, Z., Ren, Q., Yang, H., Conrad, M. N., Guacci, V., Kateneva, A. and Dresser, M. E.
(2005). Budding yeast PDSS5 plays an important role in meiosis and is required for sister
chromatid cohesion. Mol. Microbiol. 56, 670—680.

Zhang N', Pati D (2015) C-terminus of Sororin interacts with SA2 and regulates sister

chromatid cohesion. Cell Cycle. ;14(6):820-6.

83



Zhang, W., Peng, G., Lin, S.-Y. and Zhang, P. (2011). DNA damage response is suppressed
by the high cyclin-dependent kinase 1 activity in mitotic mammalian cells. J. Biol. Chem.
286, 35899-905.

Zickler, D., and N. Kleckner, 1998 The leptotene-zygotene transition of meiosis. Annu Rev
Genet 32: 619-697.

Zickler, D., and N. Kleckner, 1999 Meiotic chromosomes: integrating structure and function
Annu Rev Genet 33:603-754.

84



Acknowledgements

First of all, I would like to thank my supervisors Prof. Akira Shinohara and Dr. Miki
Shinohara for their continuous support, guidance, encouragement and sustained interest in
my project proved essential for my successful PhD work. I have been blessed to have
supervisors who are passionate about research and cares so much about student’s life and
immense optimism are highly acknowledged. It was privileged to work with them. I convey
my sincere heart full gratitude to Prof. Susan Gasser and Prof. Keun P. Kim, our project
collaborators, for providing yeast strains, valuable guidance and excellent advice with my
work. I would like to thank Prof. Kim Nasmyth, Prof. Doug Koshland and Prof. Angelika
Amon for providing yeast strains and antibodies.

I am extremely grateful to Dr. HBD Prasad Rao for his great efforts to providing
training and excellent instructions during my initial days of PhD. I would like to thank Dr.
Takehiko Usui for teaching basic genetics experiments. I would like to thank Dr. Terasawa
for helping me in many technical aspects of my research and for his valuable suggestions .I
would also like to thank Dr. Sasanuma for providing various strains for my research.
Thanks to Dr. Hayashihara for her excellent support in biochemical experiments. My
special thanks to Dr. Mohammad Bani Ismail who was a good friend ever ready to offer
help and give constructive ideas, I really enjoyed the time we spent throughout my PhD
course.

I owe my thanks to all current and past members of our laboratory for their valuable
friendship and making my stay in the lab extremely wonderful. Many thanks to our lab
technicians and managers for their continuous help and support, without whom it would
have been impossible to establish my research in the laboratory.

I would like to thank my thesis committee members, Prof. Takisawa, Prof. Hiraouka
and Dr. Takahashi for your wonderful suggestions and advices. I also like to thank Graduate
school of science and Institute for protein research for the generous financial aid throughout
my PhD.

A very big thank you goes to Dr. Deepika for proofreading parts of this thesis. And I
like to thank people who directly or indirectly helped me in the completion of my PhD
course.

And finally, I really thank my father, mother, brother and friends. Through all the

years they have been of incredible support, love, caring and it was great to be able to share

85



the hard as well as the good times. Thank you very much for that, I appreciate every single

bit of it!

86



