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Abstract 

Meiosis is the process by which haploid gametes are produced from a diploid cell. It is a 

specialised form of cell division which involves one round of DNA replication followed 

by two rounds of chromosome segregation. Errors in the segregation process can give 

rise to aneuploidy, which can result in miscarriages and birth defects. In the first meiotic 

division homologous chromosomes are segregated, and sister chromatids are segregated 

in the second division. This is coordinated with two rounds of spindle microtubule 

assembly and disassembly. How these two processes are coordinated is unknown. In my 

PhD, I study the role of the protein phosphatase 2A (PP2A) regulatory subunit, Cdc55, 

in budding yeast meiosis. PP2A is a conserved heterotrimeric enzyme that has important 

roles in mitosis and meiosis. These roles are dictated by binding to either of its two 

regulatory subunits, Rts1 and Cdc55, in budding yeast . I show that Cdc55 is required 

for the proper assembly of a meiotic spindle in meiosis I, through the maintenance of the 

Cdc14 phosphatase in the nucleolus early in meiosis. In addition, Cdc55 is also required 

to limit the formation of PP2A complexes with the Rts1 regulatory subunit, and this is 

essential for the timely dissolution of sister chromatid cohesion. Thus, Cdc55 couples 

spindle assembly with chromosome segregation through its interactions with Cdc14 and 

PP2ARts1. Finally, I show some preliminary studies looking at the possible downstream 

effectors of Cdc14 that are important in this mechanism.  
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1. Introduction 

Cell division is the basis of all life. Understanding the intricate pathways involved in the 

process of replicating and distributing the contents of a cell is one of the main goals of 

biological research, as errors in these processes can lead to the inaccurate distribution of 

DNA into the replicated cells, which can contribute to the progression of cancer, as well 

as leading to infertility and birth defects. Cell division is highly studied in yeast, single-

celled eukaryotes that are relatively easy to work with and provide insight into the 

complexity of mammalian cell division. Pioneering work by Lee Hartwell and others 

identified a set of cell division cycle (CDC) genes controlling cell division and 

chromosome segregation, and the discovery of cohesin, a protein complex that holds 

replicated DNA strands together, led to further breakthroughs in the understanding of 

how chromosome segregation is regulated. Meiosis is a specialised type of cell division 

that requires tighter regulation than mitosis, and much less is known about how the 

meiotic cycle is regulated. The work in this thesis concentrated on the role of a 

phosphatase, PP2ACdc55, in the regulation of meiotic cell cycle events, and builds on 

previous work on its role in mitosis. 

 

1.1 The mitotic cell cycle 

Cell division is the process of the duplication and distribution of the genome and other 

cell contents into two daughter cells. This is accomplished through a highly regulated 

process called the cell cycle. The cell cycle is divided into four main stages. During G1 

(first gap phase), the decision to enter the cell cycle is made, dependent upon conditions 

such as cell size and extracellular signals. S phase occurs next, and consists of DNA 

replication and packaging of chromosomes. The next gap phase, G2, then occurs, which 

allows the cell to prepare for mitosis. Finally, cells enter M (mitosis) phase, where the 

duplicated chromosomes are segregated into the two daughter cells. The cell cycle is 

controlled by a group of kinases called the cyclin-dependent kinases (Cdks; Morgan, 

1997), which act in the different cell cycle stages by binding to regulatory proteins 
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called cyclins. The activity of Cdks in the cell cycle is controlled directly through 

phosphorylation and presence of Cdk inhibitors, and indirectly by the timing of 

transcription of cyclin genes, as well as their destruction, at appropriate times in the cell 

cycle.  

 

After DNA replication, the replicated chromosomes are formed by the condensation of 

chromatin in prophase, and are held together as a pair of sister chromatids. Sister 

chromatids are held together by a combination of DNA catenation and by protein 

complexes called cohesins (section 1.2.4.1). At the centromeres, a large protein structure 

called the kinetochore forms, which are important as sites of microtubule binding. In 

addition, centrosomes, the sites of microtubule organisation (called spindle pole bodies 

in yeast) are duplicated and separated, and they are required for the formation of the 

mitotic spindle. In higher eukaryotes, the nuclear envelope breaks down, and 

microtubules from opposite poles attach to the sister chromatids via the kinetochores. 

The chromosomes are then aligned on the mitotic spindle in metaphase, and tension is 

generated as microtubule dynamics act to separate the sister chromatids, which are held 

together by cohesins. This process is checked by the spindle assembly checkpoint 

(SAC), which monitors the absence of tension or incorrect microtubule attachments, and 

sister chromatid segregation only occurs when all chromosomes are properly attached to 

the spindle. In anaphase, cleavage of the cohesin proteins allows sister chromatids to be 

segregated to opposite poles. Finally, in telophase, the spindle is broken down and 

chromosomes decondense into chromatin, the nuclear envelope reforms (except in 

yeast), and the daughter cells are separated by cytokinesis.  

 

1.2 The meiotic cell cycle 

Meiosis is a specialised cell cycle program that results in the formation of four haploid 

gametes, or daughter cells, from a single diploid progenitor cell, and is required for 

sexual reproduction to occur. Before meiotic divisions occur, DNA is replicated in pre-

meiotic S phase, which generates a pair of sister chromatids for each homolog. This is 
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followed by prophase I, which involves the pairing and synapsis of homologous 

chromosomes and recombination of DNA between them, which can form links between 

the homologs called chiasmata. During meiosis I, the homologous chromosomes are 

segregated to opposite poles, which is called a reductional division as sister chromatids 

are not separated as in mitosis. Meiosis II then occurs, which is similar to mitosis, and 

involves the equational segregation of sister chromatids into four daughter nuclei, 

without an intervening step of DNA replication. Errors in the meiotic program of 

chromosome segregation results in aneuploidy, which can lead to infertility and cause 

birth defects (Hassold and Hunt, 2001). 

 

In diploid yeast cells, meiosis is induced as a response to low levels of nutrition in the 

environment. Budding yeast (Saccharomyces cerevisiae) cells initiate meiosis in the 

absence of glucose and other nutritional factors, and require a non-fermentable carbon 

source for respiration (reviewed in Honigberg and Purnapatre, 2003). These signals, and 

the presence of both budding yeast mating type genes (MATa and MATα) in diploid 

cells, leads to the transcription of IME1 (inducer of meiosis; Kassir et al., 1988), the 

main transcription factor for the induction of meiosis, which begins the transcription of 

three main classes of genes: early, middle and late sporulation genes (Chu et al., 1998). 

Similarly, in fission yeast (Schizosaccharomyces pombe), lack of nutrients – particularly 

a nitrogen source – leads to the inhibition of Pat1, a protein kinase that prevents entry 

into meiosis. Ime1 controls the expression of the early meiotic genes, by binding to 

upstream regulatory sites of these genes (Rubin-Bejerano et al., 1996), and through the 

transcription of the kinase gene IME2 (Yoshida et al., 1990), which also activates early 

meiotic genes (Mitchell et al., 1990). Additionally, Ime2 is a CDK-like kinase that is 

required for the destruction of Sic1, a CDK inhibitor, and this activates Clb5/6-CDKs 

and allows progression into S-phase. Clb5 and Clb6, in conjunction with the CDK 

Cdc28, are required for pre-meiotic DNA replication (Dirick et al., 1998; Benjamin et 

al., 2003). Recombination and synaptonemal complex formation are established 

following S phase. 
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Ime1 and Ime2 are also involved in upregulating transcription of Ndt80, the major 

transcription factor required for expression of middle sporulation genes, which results in 

exit from prophase I (Chu and Herskowitz, 1998; Pak and Segall, 2002). Ndt80 is 

important for the expression of B-type cyclins Clb1 and Clb3-6 (Chu and Herskowitz, 

1998), which are needed for the meiotic divisions and DNA replication. Ndt80 is also 

required for expression of genes involved in spore formation (Chu and Herskowitz, 

1998). Finally, the late sporulation genes are expressed during and after the meiotic 

divisions, and mainly have roles in spore formation and maturation. 

 

There are four unique events that take place in meiosis, and not in mitosis, to ensure the 

correct pattern of chromosome segregation in the meiotic divisions, with homologs then 

sister chromatids subsequently separated in the two divisions, and these will be 

discussed in greater detail below. First, homologous chromosomes are linked via 

chiasmata, and this allows for the generation of tension between homologs upon their 

biorientation on the meiosis I spindle. Second, sister kinetochores are monooriented 

towards a single spindle pole in meiosis I, in a process called monoorientation. This 

prevents the separation of sister chromatids in meiosis until the second division. Third, 

there is no intervening S-phase in the transition from meiosis I to meiosis II, and this 

requires a delicate control in the level of CDK activity in this transition. Fourth, 

centromeric cohesin is protected from cleavage until meiosis II, and this is important to 

maintain cohesion between sister chromatids to prevent their dissociation until the 

second division. 

 

1.2.1 Chiasmata hold homologs together in meiosis 

Meiotic recombination has two important roles in sexually reproducing organisms: 1) it 

allows for the generation of genetic diversity in the offspring, which is important for 

evolution, and 2) it creates physical links between homologous chromosomes. Stable 

links between homologs are crucial for the proper segregation of chromosomes in 

meiosis I, and the formation of chiasmata fulfils that role. This is not universally true; 
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for example, Drosophila males do not produce chiasmata between homologs in meiosis, 

and homolog linkage is achieved through other means (Wolf, 1994). In order for 

chiasmata to be produced, homologous chromosomes are paired after pre-meiotic S 

phase in a process called synapsis, which involves the formation of a large protein 

structure called the synaptonemal complex between the homologs. This facilitates 

crossing over between non-sister chromatids, which results in covalent linkages between 

homologs called chiasmata. Along with sister chromatid cohesion, this stabilizes the 

interaction between homologous chromosomes, and allows for the generation of tension 

between them upon attachment to microtubules at metaphase I. 

 

For recombination to occur, double strand breaks (DSBs) must be induced on 

chromosomes after DNA replication, and this is carried out by the conserved 

topoisomerase-like protein Spo11 (Keeney et al., 1997). Spo11 is the active component 

of a large complex of proteins required for DSB formation (Keeney et al., 2001). The 

DSBs are then processed resulting in the formation of either a crossover (CO) or non-

crossover (NCO) product. COs result in the reciprocal exchange of DNA between 

homologous chromosomes, and only they can result in the generation of chiasmata. In 

most organisms, at least one CO is generated between each homolog to hold them 

together during meiosis I, and the decision to generate either COs or NCOs at DSBs is 

highly regulated to ensure this (Youds and Boulton, 2011). Homologous chromosomes 

are then paired together, and this process also requires DSB formation (McKee, 2004). 

The homologs then become tightly associated through the assembly of a large protein 

scaffold called the synaptonemal complex (SC) between them. The SC is composed of 

axial elements that form along the axis of the sister chromatids, which are connected 

together by transverse filaments (Page and Hawley, 2004). The synaptonemal complex 

functions in stabilizing the association of homologous chromosomes and allow for the 

completion of crossovers. Finally, chiasmata are generated, which along with sister 

chromatid cohesion along chromosome arms functions in holding homologous 

chromosomes together in meiosis I. 
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1.2.1.1 Biorientation of homologs in meiosis I 

The formation of chiasmata between homologous chromosomes allows for the 

generation of tension between them, through the cohesion of sister chromatids. In 

mitosis, the absence of tension between sister chromatids at metaphase I leads to an 

arrest due to the spindle assembly checkpoint, which requires the Mad and Bub proteins 

(SAC; Musacchio and Salmon 2007). Unattached kinetochores lead to the formation of a 

mitotic checkpoint complex, which sequesters the APC activator Cdc20, and prevents 

anaphase onset (Hwang et al., 1998). The APCCdc20 complex degrades a protein called 

securin (Pds1), which allows for the progression of cells into anaphase. 

 

In addition, the Aurora-B-like protein Ipl1, which is part of a complex called the 

chromosome passenger complex (CPC) that includes Bir1 (Survivin) and Sli15 

(INCENP), is required to activate the SAC and prevent incorrect microtubule 

attachments that do not generate tension between sisters (Biggins and Murray, 2001). 

Ipl1, in complex with Sli15/INCENP, severs kinetochore-microtubule attachments that 

do not generate tension (Tanaka et al., 2002), and the subsequent production of 

unattached kinetochores activates the SAC (Pinsky et al., 2006). Ipl1 regulates 

kinetochore microtubule attachments by phosphorylation of several kinetochore 

proteins, including Dam1 (Cheeseman et al., 2002), and phosphorylation of Dam1 is 

reduced upon the application of tension between sister chromatids, suggesting that Ipl1 

monitors tension via its proximity to its substrates at the kinetochore, or that its activity 

is reduced (Keating et al., 2009). In addition, Ipl1 phosphorylation of the SAC protein 

Mad3 activates the spindle checkpoint specifically in response to the absence of tension 

between kinetochores (King et al., 2007). 

 

Sgo1 (Shugoshin) is another protein that, like Ipl1, is required to sense tension between 

chromatids: in a sgo1 mutant, depletion of a subunit of cohesin, which holds sister 

chromatids together, fail to activate the checkpoint; however, sgo1 mutants still arrest in 

microtubule deploymerizing drugs, and so these cells can still activate the checkpoint in 

response to unattached kinetochores (Indjeian et al., 2005). In fission yeast, there are two 
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homologs of Shugoshin, Sgo1 and Sgo2, and deletion of sgo2 leads to mitotic 

chromosome segregation defects and sensitivity to microtubule deploymerizing drugs 

(Kitajima et al., 2004). Sgo2 is important to ensure the biorientation of sister chromatids 

in fission yeast mitosis, and this is probably due to its role in the localization of members 

of the CPC to the kinetochore (Kawashima et al., 2007; Vanoosthuyse et al., 2007). In 

mammalian cells, depletion of Sgo2 was found to lead to lagging chromosomes at 

anaphase, indicative of incorrect microtubule attachments (Huang et al., 2007). Sgo2 

was also found to recruit MCAK (mitotic centromere-associated kinesin) to the 

centromere (Huang et al., 2007), and this might aid in the correction of incorrect 

attachments as MCAK is required for proper sister biorientation (Kline-Smith et al., 

2004). 

 

In meiosis, sister kinetochores are cooriented to the same pole in meiosis I, via their 

fusion to act as a single site for microtubule attachment (see section 1.2.2). Tension 

across homologs at metaphase I is formed by attachment of homologs to microtubules 

from opposite poles. Experiments in grasshopper spermatocytes show that unattached 

kinetochores result in the recruitment of Mad2, which activates the SAC, and that 

artificial attachment of kinetochores and generation of tension is enough to allow 

meiotic progression (Li and Nicklas, 1995; Nicklas et al., 2001). In the absence of 

SPO11, and thus chiasmata, homologous chromosomes are randomly segregated in 

meiosis I (Klein et al., 1999). In spo11Δ cells, the spindle elongates and homologous 

chromosomes are separated,  although securin (Pds1) degradation is delayed, which 

indicates that the spindle checkpoint is active in these cells, and tension between the 

homologs has been abolished (Shonn et al., 2000), as when the SAC gene MAD2 is 

deleted in cells lacking SPO11, Pds1 is degraded. Thus, even when microtubule-

kinetochore attachments are made, the lack of tension between homologs delays 

anaphase onset. In addition, cells arrested with benomyl, which depolymerises 

microtubules, failed to arrest when MAD2 is deleted, and cells deleted for MAD2 

undergo meiosis I nondisjunction (Shonn et al., 2000). Mad2 is also needed for the 

timely biorientation of homologs in meiosis, as cells arrested in metaphase I take longer 
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to biorient in the absence of Mad2 (Shonn et al., 2003). Deletion of MAD3, another 

member of the SAC, in spo11Δ diploids also failed to activate the checkpoint, although 

it is not required for proper biorientation of homologs (Shonn et al., 2003).  

 

Ipl1 may also function in meiosis I in the biorientation of homologs. In cells depleted of 

Ipl1, homologs are frequently segregated to one spindle pole, as well as missegregating 

sister chromatids in meiosis II (Monje-Casas et al., 2007). Similarly, in fission yeast, 

lack of recruitment of Bir1 and Ark1 (fission yeast Survivin and Ipl1) to the kinetochore 

results in non-disjunction of homologs in meiosis I, and Ark1 also functions to ensure 

the cooreintation of sister kinetochores in meiosis I (Kawashima et al., 2007; Hauf et al., 

2007). Fission yeast Sgo2 was found to be important in the biorientation of homologs at 

meiosis I (Rabitsch et al., 2004) and is involved in recruiting Ark1 and Bir1 to the 

centromere in meiosis, showing that Sgo2 is also involved in the biorientation of 

homologs at meiosis I (Kawashima et al., 2007). In budding yeast, Sgo1 has a minor 

function in tension sensing at meiosis I: depletion of Sgo1 leads to a slight defect in 

homolog segregation at meiosis I, and did not have a major effect on the degradation of 

securin in spo11Δ cells (Kiburz et al., 2008). Sgo1 does however have an important role 

in sister kinetochore biorientation at meiosis II, similar to its role in mitosis (Kiburz et 

al., 2008). 

1.2.2 Monoorientation of sister kinetochores in meiosis 

In order for cells to segregate homologous chromosomes to opposite poles in meiosis I, 

special modifications need to be made in order to allow sister kinetochores to attach to 

microtubules from the same pole. One factor that aids in this process is the chiasmata 

that form between homologs, which helps to orient the chromosomes in a way as to 

point sister kinetochores towards a single pole. However, the main mechanism that 

ensures that sister chromatids are segregated to the same pole in meiosis I is the 

modification of the sister kinetochores to orient towards a single spindle pole, called 

coorientation or monoorientation. Most of what is known about the proteins involved in 

monoorientation has been discovered in budding and fission yeast. 
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The first screen that was done in budding yeast to look for factors involved in 

monoorientation was done by looking for chromosome segregation defects in mutants of 

genes which are expressed in meiosis. This led to the discovery of MAM1 (Toth et al., 

2000). Deletion of this gene led to meiotic cells exhibiting short spindles and 

unsegregated chromosomes in anaphase I (as determined by the degradation of securin 

in these cells), as well as the transient separation of sister chromatids before securin 

degradation and nuclear division (centromere splitting, Tanaka et al., 2000). This is due 

to the inappropriate biorientation of sister chromatids in meiosis I in the mutant, which 

cannot separate due to the presence of centromeric cohesion mediated by Rec8.  

 

A separate screen in budding yeast led to the identification of other factors required for 

monoorientation, by looking for mutations that resulted in viable spores in a spo11Δ 

spo12Δ diploids (Rabitsch et al, 2001; Rabitsch et al, 2003). Deletion of SPO12 results 

in a single meiosis I division with mixed chromosome segregation, resulting in dyads 

with some inviable spores (Sharon and Simchen, 1990), and deletion of SPO11 in this 

mutant results in inviable dyads, due to the lack of tension between homologs which 

results in the segregation of sister centromeres to the same pole. Thus, mutants such as 

mam1Δ restore viability to the double mutant, by allowing the segregation of sisters. 

CSM1 and LRS4 were identified through this screen, and further experiments showed 

that mutants in these genes featured similar phenotypes to mam1Δ, cells. These proteins 

are localized to the nucleolus for most of mitosis and meiosis, but are released for a short 

time in meiosis up till anaphase I. In addition, co-immunoprecipitation experiments 

showed that Csm1, Lrs4 and Mam1 all bind to each other, and ChIP experiments 

showed that they localize to centromeric DNA (Rabitsch et al., 2003). A similar screen 

was utilised in fission yeast to identify a monopolin protein (Yokobayashi and 

Watanabe, 2005): haploid cells containing both mating type genes were induced to 

undergo a meiotic division in a cdc2 mutant, which bypasses the second meiotic division 

and forms inviable dyads due to the cosegregation of sister chromatids (Nakaseko et al., 
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1984). Mutants defective in monoorientation restore viability to this strain, and Moa1 

was identified as a result. 

 

Several kinases have been identified as having roles in the regulation of monopolin. The 

yeast polo-like kinase Cdc5 was found to be required for the phosphorylation of Mam1 

and proper localization to kinetochores, as well as the release of Lrs4 from the nucleolus 

in meiosis I (Lee and Amon, 2003; Clyne et al., 2003). In addition, cells depleted of 

Cdc20 and Cdc5 exhibited centromere splitting at metaphase I, indicating that Cdc5 is 

required for proper monoorientation of sister kinetochores in meiosis I. The casein 

kinase Hrr25 is also required for monopolin localization to the kinetochores (Petronczki 

et al., 2006). It was found to bind Mam1 through its N-terminal kinase domain, and 

mutants of the gene were shown to have phenotypes similar to mam1Δ cells. Hrr25 is 

also required for Mam1 phosphorylation; however, its kinase activity is not required for 

its recruitment to the kinetochore. Similarly, two Hrr25 homologs in fission yeast, Hhp1 

and Hhp2, function in meiosis for the accurate segregation of sister chromatids in 

meiosis I (Petronczki et al., 2006). The Dbf4-dependent Cdc7 kinase (DDK) was also 

shown to be important for monopolin function (Matos et al., 2008; Lo et al., 2008). Like 

monopolin mutants, DDK mutants fail to divide nuclei in anaphase I, and Mam1 is not 

recruited to kinetochores in the mutants. In addition, Lrs4 phosphorylation requires 

DDK. 

 

Another protein that is not part of the monopolin complex but is required for 

monoorientation is Spo13 (Lee et al., 2004; Katis et al., 2004b). spo13 mutants perform 

1 meiotic division with mixed segregation (Klapholz and Esposito, 1980). Deletion of 

SPO11 in this mutant results in full equational division, suggesting a loss of monopolin 

function in spo13 mutants. Spo13 is required to maintain monopolin at the kinetochore 

in meiosis I, and is also involved in the phosphorylation of Lrs4 (Lee et al., 2004; Katis 

et al., 2004b).  
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Cohesin does not have an important role in the monoorientation of kinetochores in 

budding yeast. The meiosis-specific cohesin subunit Rec8 is protected from cleavage at 

the centromere in meiosis I, a feature that is not shared by its mitotic counterpart Scc1 

(Toth et al., 2000). If Rec8 is replaced by Scc1 in meiosis, kinetochores are still 

monooriented, and sister chromatids segregate to the same pole, showing that monopolin 

is still active in the absence of Rec8, and deletion of Mam1 in this strain leads to a fully 

equational division in anaphase I, as all Scc1 cohesion is removed upon separase 

activation in anaphase I (Toth et al., 2000). In contrast, cohesin is required for proper 

monoorientation in other organisms. In fission yeast, diploids deleted for the meiotic 

cohesin rec8 exhibited sister centromere separation in meiosis I, and replacement of the 

fission yeast Scc1 homolog Rad21 with Rec8 in mitosis lead to an increase in 

reductional chromosome segregation (Watanabe and Nurse, 1999). However, the loss of 

cohesion is not the reason for the reductional division in meiosis: in rec8Δ cells, Rad21 

replaces Rec8 at the centromeres, which is sufficient to provide cohesion between sister 

chromatids, but not to prevent their equational separation at meiosis I (Yokobayashi et 

al., 2003). It was subsequently discovered that Moa1 function in monoorientation in 

fission yeast acts through Rec8 (Yokobayashi and Watanabe, 2005): Moa1 binds to 

kinetochores independently of cohesin, and organizes the localization of Rec8 at the 

centromere to promote monopolar attachment to microtubules. Cohesin is also important 

for monoorientation in plant meiosis. In Arabidopsis, it was found that the cohesin 

subunits Scc3 and Rec8 were essential for monoorientation of sister kinetochores in 

meiosis I (Chelysheva et al., 2005), and it was recently discovered that REC8 is 

similarly required in the rice plant Oryza sativa (Shao et al., 2011). In mouse meiosis, 

the synaptonemal complex protein Scp3 and cohesin Rad21 have been thought to be 

involved in kinetochore monoorientation, based on their structure at the centromere and 

localization to sister kinetochores only up to telophase I (Parra et al., 2004).  

 

How does monopolin establish monoorientation? One theory suggested is that 

monopolin fuses sister kinetochores together to act as a single site for microtubule 

attachment (Toth et al., 2000; Monje-Casas et al., 2007). This is supported by several 
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observations. In fission yeast, the Csm1 and Lrs4 homologs Pcs1 and Mde4 are required 

for the correction of merotelic attachments (microtubule attachments to the same sister 

kinetochore) in mitosis and meiosis II (Gregan et al., 2007; Rumpf et al., 2010). Unlike 

budding yeast, which only has a single microtubule attachment site per kinetochore 

(Winey et al., 1995), fission yeast kinetochores have multiple microtubule attachment 

sites (Ding et al., 1993), which gives rise to the possibility of merotelic attachments. In 

meiosis I, the fission yeast Aurora B kinase Ark1 is required to prevent merotelic 

attachment of sister kinetochores, thus being required for proper monoorientation of 

sister chromatids (Hauf et al., 2007). Mutations in Pcs1 and Mde4 give rise to lagging 

chromosomes, and result in kinetochores that looked stretched (Gregan et al., 2007). 

This stretching of the kinetochore could be stopped by laser ablation of microtubules on 

one side of the anaphase bridge (Rumpf et al., 2010), suggesting that the kinetochore is 

stretched due to attachment to microtubules from opposite poles. These results suggested 

that the fission yeast sister kinetochores are clamped together by Pcs1 and Mde4, as 

sister kinetochore stretching is not observed in wild type cells. A similar mechanism 

might be involved with Csm1 and Lrs4 in budding yeast, only to clamp sister 

kinetochores together in meiosis I instead. In budding yeast, overexpression of Cdc5 and 

Mam1 in mitosis led to the cosegregation of sisters to the same pole, in addition to sister 

centromeres being held close together, even in the absence of cohesin (Monje-Casas et 

al., 2007). Similarly, in meiosis, deletion of REC8 and SPO11 did not prevent sisters 

from cosegregating to the same pole (Monje-Casas et al., 2007), showing that monopolin 

can hold sister chromatids together. A structural analysis of Csm1 and Lrs4 supports the 

idea of kinetochore clamping by monopolin (Corbett et al., 2010). Csm1 was found to be 

a homodimer in solution, composed of a long N-terminal coiled-coil region and a C-

terminal globular region, which is structurally similar to 2 kinetochore binding proteins, 

Spc24 and Spc25. The globular domain was found to interact with 2 kinetochore 

proteins, as well as Mam1, and mutations in the conserved region of the globular domain 

responsible for binding the kinetochore proteins was found to be deficient in 

monoorientation. 4 Csm1 and 2 Lrs4 molecules bind as a complex, with the N-terminal 

regions of Lrs4 situated between the N-terminal coiled coil domains of Csm1, forming a 
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V-shaped complex with the Csm1 globular domains situated 10nm apart. In addition, the 

Csm1/Lrs4 complex was found to bind the MIND kinetochore subcomplex, situated at 

the kinetochore, in a 1:4 ratio. These results provide good evidence that Csm1 and Lrs4 

function to hold together sister kinetochores in budding yeast (Fig. 1.1). 

 

 

 

1.2.3 The meiosis I – meiosis II transition 

Exit from mitosis and entry into G1 requires the downregulation of CDK activity in 

budding yeast. A complication arises in meiosis where, the meiosis I – meiosis II 

transition, CDK activity needs to be lowered to an extent that allows the exit from 

meiosis I, but doesn’t completely bypass meiosis II. Mutants in CLB genes can give rise 

to viable dyads in meiosis, resulting from the segregation of homologs in this division, 

effectively bypassing meiosis II (Grandin and Reed, 1993; Dahmann and Futcher, 1995). 

In addition, if CDK activity becomes too low in the meiosis I – II transition, then there is 

the possibility of the initiation of another round of DNA replication. In budding yeast, 

downregulation of CDK activity is required for a proper transition from meiosis I to 

Figure 1.1 Clamping of sister kinetochores by monopolin in meiosis I 

Schematic diagram of Csm1/Lrs4 (blue/green) clamping sister kinetochores together in meiosis 
I. The globular domains of Csm1 (green ovals) attach to the kinetochores, while the coiled coil 
domains (blue rectangles) are held together by an Lrs4 dimer. 
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meiosis II, as high CDK activity results in a meiosis I arrest, although some meiosis II 

events still occur (Marston et al., 2003; Buonomo et al., 2003; section 1.3.4). In fission 

yeast, the degradation of the cyclin Cdc13 (homologous to Clb1 and Clb2 in budding 

yeast) is inhibited by Mes1, allowing for the progression into meiosis II (Izawa et al., 

2005), and this is via Mes1 inhibition of Fzr1/Mfr1 and Slp1 (budding yeast Cdh1 and 

Cdc20 respectively), which are APC activators (Kimata et al., 2011). Similarly, in frog 

oocytes, Xenopus cyclin B-Cdc2 kinase is required to be present at a low level to prevent 

entry into S phase after meiosis I, absence of cyclin B prevents exit from meiosis I 

(Iwabuchi et al., 2000), and the introduction of ectopic non-degradable cyclin B in frog 

oocytes prevents exit from anaphase I (Huchon et al., 1993). In mouse, a delicate 

regulation of cyclin B levels is required for meiotic maturation (Ledan et al., 2001). As 

in fission yeast, both Xenopus and mouse meiosis I – II transitions involve inhibition of 

the APC to control cyclin B levels. In frogs, the APC inhibitor Erp1/Emi2 is produced at 

the timing of the meiosis I – II transition and is required for it (Ohe et al., 2007). In 

mouse oocytes, the absence of Emi2 prevents the formation of a metaphase II spindle, 

due to the lack of sufficient levels of cyclin B, and this could be rescued by the addition 

of non-degradable cyclin B (Madgwick et al., 2006). In Arabidopsis, the mutation of the 

A-type cyclin CYCA1;2/TAM results in diploid dyads that do not undergo meiosis II, 

similar to clb mutants in budding yeast (d’Erfurth et al., 2010).  

 

1.2.4 Chromosome cohesion 
1.2.4.1 Sister chromatid cohesion in mitosis and meiosis 

During metaphase of mitosis, and from metaphase I to metaphase II of meiosis, sister 

chromatids are held together to prevent their separation until the onset of anaphase in 

mitosis and anaphase II in meiosis. Proteins involved in this process were discovered in 

budding yeast in screens looking for mutants that result in chromosome loss during 

mitosis in the absence of APC activity, which prevents sister chromatid separation 

(Michaelis et al., 1997), and these proteins are called cohesins (reviewed in Nasmyth 

and Haering, 2005). Cohesin is composed of four subunits: Smc1 and Smc3 are 
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members of the structural maintenance of chromosomes family, members of which have 

roles in chromosome condensation; Scc1/Mcd1, a member of the kleisin protein family, 

and Scc3. These proteins are highly conserved, and homologs of these proteins are found 

in a wide variety of organisms. The cohesin complex was found to form a ring-like 

structure (Gruber et al., 2003), and it is thought that the cohesion of sister chromatids is 

enforced by entrapment within the cohesin ring (Nasmyth, 2005), and further study has 

supported this model (Haering et al., 2008). Cohesin thus links sister chromatids 

together, and facilitates the generation of tension between them, which is required for 

their biorientation on the spindle. 

 

Cohesin is associated with chromomsomes in budding yeast in late G1 / early S phase, 

and remains associated until anaphase (Michaelis et al., 1997), and sister chromatid 

cohesion requires progression through S phase to be established (Uhlmann and 

Nasmyth, 1998). At anaphase onset, sister chromatids are separated due to the 

dissociation of cohesin from DNA, and this is a result of the cleavage of the Scc1 

subunit by a protease called separase, or Esp1 (Uhlmann et al., 1999). Mutation of the 

cleavage sites of Scc1 prevented cohesin removal and sister chromatid segregation 

(Uhlmann et al., 1999), and ectopic cleavage of Scc1 is sufficient to allow entry into 

anaphase (Uhlmann et al., 2000). Separase is inhibited prior to anaphase by association 

with securin (Pds1), and Pds1 degradation is mediated by the APC at anaphase onset to 

liberate separase to cleave cohesin (Ciosk et al., 1998; Cohen-Fix et al., 1996). This 

function of separase is conserved: in fission yeast, Cut1 (Esp1) is required for sister 

chromatid separation (Funabiki et al., 1996), and in humans, although the bulk of 

cohesin is removed in a cleavage independent manner, SCC1 cleavage by separase is the 

trigger for sister separation in anaphase (Hauf et al., 2001).  

 

A complication arises in meiosis whereby sister chromatids need to remain linked while 

homologous chromosomes are separated in meiosis I. This is ensured through the step-

wise removal of cohesin in meiosis: in meiosis I, arm cohesin is cleaved, and this is 

required for the removal of chiasmata between homologs and allow homolog 
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segregation. Centromere cohesin is retained, and holds sister chromatids together until 

anaphase II onset, when this cohesin is then cleaved to allow sister separation (Fig. 1.2). 

An important feature of cohesin in meiosis is that the Scc1 subunit is replaced with the 

meiosis-specific Rec8 subunit, and this is a conserved feature in budding yeast (Klein et 

al., 1999), fission yeast (Watanabe and Nurse, 1999), worms (Pasierbek et al., 2001) and 

mammals (Parisi et al., 1999). Just as in mitosis, passage through pre-meiotic S phase is 

required for Rec8 cohesin to act in sister chromatid cohesion in meiosis (Watanabe et 

al., 2001). Rec8 has meiosis specific roles that the mitotic cohesin subunit cannot 

perform: in budding and fission yeast, replacement of Rec8 with the mitotic Scc1/Rad21 

subunit results in the loss of all sister chromatid cohesion at anaphase I (Toth et al., 

2000; Yokobayashi et al., 2003), and in fission yeast Rad21 (fission yeast Scc1) cannot 

rescue the growth of a rec8 delete (Watanabe and Nurse, 1999). Rec8 was found to be 

lost from chromosome arms in meiosis I and retained at the centromere until anaphase II 

(Klein et al., 1999; Watanabe and Nurse, 1999; Pasierbek et al., 2001; Lee et al., 2003). 

 

 As in mitosis, separase is required for the cleavage of cohesin in meiosis, which is 

supported by the destruction of the separase inhibitor Pds1 at anaphase I and anaphase II 

(Salah and Nasmyth, 2000). This suggests that separase function is required at both 

divisions to cleave Rec8 cohesin. In budding yeast, Rec8 cleavage was prevented in cells 

with mutated separase, and mutation of two identified Rec8 cleavage sites prevented 

homolog segregation at meiosis I (Buonomo et al., 2000). Rec8 works in conjunction 

with chiasmata to hold homologs together at metaphase I, as abolishing chiasmata 

formation by deletion of SPO11 allowed homolog disjunction in the presence of non-

cleavable Rec8 or mutant separase (Buonomo et al., 2000). A similar role for separase 

mediated cleavage of Rec8 was found in fission yeast: Cut2 (fission yeast Pds1) is 

absent in anaphase I and II, which would allow the activation of Cut1 (fission yeast 

Esp1). In a cut1 temperature sensitive mutant, Rec8 cleavage is reduced, and mutation of 

two cleavage sites on Rec8 prevents the separation of homologs at meiosis I, which is 

bypassed by the prevention of chiasmata formation as in budding yeast (Kitajima et al., 

2003a). In fission yeast, unlike budding yeast, Psc3, the Scc3 component of cohesin in  
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fission yeast, is replaced with the meiotic specific subunit Rec11 on chromosome arms 

(Kitajima et al., 2003b). Deletion of rec11, and thus disruption of cohesin along the 

arms, allowed homolog segregation in meiosis I in the presence of a non-cleavable Rec8 

mutant, but not sister chromatid separation in meiosis II, which required concomitant 

mutation of psc3 (Kitajima et al., 2003a). Thus, Rec8 needs to be cleaved by separase at 

both meiotic divisions for proper segregation of chromosomes. The requirement for 

separase to cleave Rec8 is conserved in higher eukaryotes: separase activity and is 

required for proper chromosome segregation in mouse oocytes (Terret et al., 2003). 

Mouse oocytes deleted for separase fail to remove cohesin from chromosome arms and 

disjoin homologs at meiosis I (Kudo et al., 2006), and separase was found to cleave 

Rec8 in vitro in mice (Kudo et al., 2009). In nematodes, RNAi depletion of separase 

severely affects homolog disjunction at meiosis I (Siomos et al., 2001), and in 

Arabidopsis, the separase homolog AESP is required for cohesin removal from 

chromosomes and proper segregation (Liu and Makaroff, 2006). In Xenopus oocytes, 

xSecurin levels accumulated and declined in both meiosis I and II, and separase was 

shown to be activated at the meiosis I – II transition (Fan et al., 2006). 

Figure 1.2. Step-wise loss of cohesin in meiosis 

Separase (red circle) is held inactive in metaphase I and II by binding to securin, which is degraded at 
anaphase I and II onset. Active separase cleaves arm cohesin (Rec8) in meiosis I, and centromeric 
cohesin in meiosis II. 
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1.2.4.2 Protection of centromeric cohesion in meiosis I 

How is centromeric cohesin specifically protected from cleavage by separase in meiosis 

I? The cleavage of cohesin along the entire chromosome in meiosis I would lead to 

meiosis II chromosome segregation errors due to the absence of cohesion between 

sisters. In fission yeast mitosis, ectopically expressed Rec8 was cleaved at the 

centromere in anaphase, suggesting that there is a mechanism in meiosis to protect it 

from cleavage (Kitajima et al., 2004). Spo13 is a possible factor in the protection of 

Rec8: budding yeast spo13 mutants show reduced association of Rec8 to the centromere 

at anaphase I (Klein et al., 1999), though it does not completely abolish it. 

Overexpression of SPO13 in mitosis prevents anaphase entry and Scc1 cleavage, even in 

the absence of Pds1, and ectopically expressed Rec8 is also protected from cleavage in 

cells with overexpressed SPO13 (Lee et al., 2002; Shonn et al., 2003). In addition, in a 

MAM1 deletion, where sister kinetochores are bioriented in meiosis I, deletion of SPO13  

abolished the delay in anaphase I onset caused by the inability of bioriented sister 

kinetochores to separate, indicating that centromeric cohesin is lost in the mutant (Lee et 

al., 2004; Katis et al., 2004b). 

 

In Drosophila, a mutant (mei-S332) was isolated where meiosis II sister chromatid 

segregation was random, but homolog disjunction was normal at meiosis I (Kerrebrock 

et al., 1992), which might indicate that centromeric cohesion was not properly 

maintained at meiosis I. Localization studies showed that the Mei-S332 protein was 

localized to the centromere of chromosomes in both male and female meiosis, and the 

localization was lost upon progression into anaphase II, which correlates with the timing 

of sister chromatid separation, and also localizes to centromeres in metaphase of mitosis 

(Kerrebrock et al., 1995; Moore et al., 1998). Subsequently, a screen in fission yeast was 

performed to look for genes that affected the protected ectopically expressed 

centromeric Rec8 in mitosis, which would result in growth defects, and this led to the 

discovery of Sgo1, a Shugoshin protein (Kitajima et al., 2004). Fission yeast has another 

Shugoshin, Sgo2, that is involved in other functions. Sgo1 was found to localize to 
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kinetochores in meiosis, and deletion of sgo1 resulted in precocious separation of sister 

chromatids at late anaphase I and in cells arrested before meiosis II, as well as the loss of 

Rec8 from centromeric regions at anaphase I onset (Kitajima et al., 2004; Katis et al., 

2004a; Rabitsch et al., 2004). In budding yeast, a genome wide screen for mutants that 

result in chromosome segregation defects also identified Sgo1 (Marston et al., 2004). 

Budding yeast Sgo1, the sole Shugoshin ortholog, also localizes to centromeres from 

prophase I to metaphase II, and is required to retain Rec8 at centromeres beyond 

anaphase I (Marston et al., 2004; Katis et al., 2004a). Like fission yeast, most other 

organisms contain two Shugoshin homologs. In maize, the Sgo1 homolog ZmSGO1 

localizes to centromeres in meiosis in a REC8-dependent manner and is required to 

prevent precocious sister chromatid separation in meiosis II (Hamant et al., 2005). In 

mammalian cells, it was found that Sgo2 is required for centromeric protection of Rec8 

cohesin in mouse oocytes (Lee et al., 2008). In mice, Sgo2 is highly expressed in the 

testis and is required for the protection of centromeric Rec8 at anaphase I, and both male 

and female mice lacking Sgo2 have fertility defects (Lee et al., 2008; Llano et al., 2008).  

 

1.2.4.3 Protein phosphatase 2A protects centromeric cohesin in 
meiosis I 

How does Shugoshin protect centromere cohesion in meiosis? Rec8 is phosphorylated in 

meiosis (Klein et al., 1999; Watanabe and Nurse, 1999), and depletion of the polo-like 

kinase Cdc5 in budding yeast reduces Rec8 phosphorylation and cleavage, and causes a 

metaphase I arrest, although some cells manage to divide once with loss of Rec8 (Clyne 

et al., 2003; Lee and Amon, 2003). In addition, the mutation of 17 potential 

phosphorylation sites on Rec8 delayed the onset of anaphase I and Rec8 cleavage, and a 

phospho-specific antibody raised against one of these sites did not detect Rec8 at the 

centromeres (Brar et al., 2006). In contrast, although the mitotic cohesin Scc1 is 

phosphorylated by Cdc5 in mitosis for efficient cleavage, it is not absolutely required 

(Alexandru et al., 2001). Thus, unlike Scc1/Rad21, phosphorylation of Rec8 appears to 

be an important for its cleavage in meiosis, and the mechanism of protection of Rec8 at 
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the centromere might be due to the prevention of phosphorylation of centromeric Rec8. 

This was supported by the finding that Sgo1 interacts with a phosphatase called Protein 

Phosphatase 2A (PP2A) in budding and fission yeast, and in mammals (Kitajima et al., 

2006; Riedel et al., 2006; Tang et al., 2006). PP2A is a serine/threonine phosphatase that 

is composed of a scaffold (A), catalytic (C), and several regulatory subunits (B, B’, B’’, 

and B’’’), and has diverse functions in the cell (Janssens and Goris, 2001). Sgo1 was 

found to bind to the B’ subunit of PP2A, which is Rts1 in budding yeast, Par1 in fission 

yeast, and B56 in mammals. Deletion of par1 or RTS1 leads the loss of Rec8 from 

centromeres after metaphase I, and precious sister separation at anaphase I and meiosis 

II non-disjunction, similarly to sgo1 mutants (Kitajima et al., 2006; Riedel et al., 2006). 

PP2A localization to the centromere depends on Sgo1 in yeast, as a sgo1 mutant failed 

to localise Par1 to the centromere (Kitajima et al., 2006; Riedel et al., 2006). In addition, 

Sgo1 is dispensable for protection of Rec8 from cleavage if PP2A is ectopically 

recruited to the chromosome: fusion of Par1 to Rec11 (arm-specific fission yeast Scc3) 

blocked chromosome segregation in the absence of shugoshin, and the phosphorylation 

of Rec8 was reduced; similarly, ectopic localization of Par1 to centromeres in fission 

yeast mitotic cells expressing Rec8 blocked chromosome segregation, and this was 

suppressed by mutating Ppa2, a fission yeast PP2A catalytic subunit (Kitajima et al., 

2006; Riedel et al., 2006). Sgo2 is also required in mouse oocytes for the localization of 

PP2A to the centromeres at metaphase I and II (Lee et al., 2008). A crystal structure of 

the human Sgo1-PP2A complex showed that Sgo1, as a homodimer, directly binds to 

PP2A (Xu et al., 2009). Mutation of 3 residues on Sgo1 in budding yeast that correspond 

to possible PP2A interaction sites abolishes Rts1 recruitment to the centromere in 

meiotic pachytene, without affect Sgo1 localization (Xu et al., 2009). In this mutant, 

meiosis II non-disjunction was observed, and Rec8 localization at the centromere was 

abolished at anaphase I. Thus, it appears that the role of Sgo1 in protecting centromeric 

cohesin is by the recruitment of PP2A to the centromere at meiosis I.  

 

The finding that artificial recruitment of PP2A-Par1 to chromosome arms reduces Rec8 

phosphorylation (Riedel et al., 2006) supports the idea that the function of PP2A in the 
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protection of Rec8 is to prevent its phosphorylation. Several phosphorylation sites were 

identified in Rec8, some of them Cdc5-dependent, and mutation of these sites to alanines 

(rec8-17A) delayed anaphase I and Rec8 cleavage (Brar et al., 2006). However, 

depletion of Sgo1 in the rec8-17A mutant suppressed the delay in Rec8 cleavage, 

suggesting that Sgo1 protects Rec8 in a mechanism other than counteracting its 

phosphorylation, or that other phosphorylation sites are present. The latter is true, at 

least in budding yeast: a study by (Katis et al., 2010) showed that there is some 

redundancy in the choice of phosphorylation site in Rec8. Three rounds of mapping 

phosphorylation sites resulted in the identification of 24 potential sites. Mutation of 

these sites to alanine in meiosis results in the persistence of Rec8 on DNA throughout 

meiosis and is not degraded (Katis et al., 2010), despite the degradation of Pds1, which 

activates separase. Rec8-24A was also shown to be resistant to cleavage by separase in 

vitro. Rec8-24A cleavage is inhibited due to the absence of phosphorylation, as the 

creation of a phosphomimetic Rec8 mutant with 14 phosphorylation sites mutated to 

aspartate (rec8-14D) resulted in complete removal of Rec8 from chromosomes and 

precocious sister separation and non-disjunction at anaphase I, in a manner dependent on 

the activity of separase (Katis et al., 2010). In addition, Sgo1 and PP2ARts1 are still 

localized to centromeres normally in the phosphomimetic mutant, meaning that the 

cleavage of Rec8 was not due to the loss of a mode of protection by Sgo1 and PP2A 

other than reversing Rec8 phosphorylation. 

 

Two kinases other than Cdc5 were shown to be are involved in the phosphorylation of 

Rec8 in budding yeast meiosis: casein kinase 1 (CK1, Hrr25) and the Cdc7-Dbf4 kinase 

(DDK) (Petronczki et al., 2006; Matos et al., 2008). Rec8 was subsequently found to 

interact with these kinases: Hrr25 and Cdc7 interact with Rec8 from prophase I, while 

Cdc5 interacts from metaphase I (Katis et al., 2010). Individually, in cdc7 mutants and 

in cells where Hrr25 is inhibited, Rec8 loss from chromosomes is not hugely affected; 

however, in combination, Rec8 loss is significantly blocked, and this delay was removed 

in cells with the phosphomimetic Rec8-14D, showing that the delay is due to the 

absence of Rec8 phosphorylation (Katis et al., 2010). In fission yeast, there are two 

22



 

homologs of CK1: Hhp1 and Hhp2, and in cells lacking Hhp2 where Hhp1 is inactivated 

Rec8 phosphorylation is reduced, and its degradation is slightly delayed (Ishiguro et al., 

2010). CK1 was also able to phosphorylate Rec8 in vitro, and mutation of CK1 

phosphorylation sites on Rec8 severely delayed Rec8 phosphorylation and cleavage 

(Ishiguro et al., 2010). In addition, the ectopic localization of Hhp1 and Hhp2 to the 

centromere resulted in the loss of Rec8 from centromeres and precocious sister 

chromatid separation in a prophase II arrest, without affecting the localization of the 

Par1 subunit of PP2A or Sgo1 (Ishiguro et al., 2010). Interestingly, it was found that 

Cdc5 had little role in the removal of Rec8 from chromosomes: in cells depleted for 

Cdc5, Rec8 phosphorylation is reduced  (Clyne et al., 2003; Lee and Amon, 2003), 

however, when the APC activator Ama1 is removed and Pds1 degradation is allowed 

independently of Cdc5, Cdc5-depletion has no effect on Rec8 removal (Katis et al., 

2010). This is also supported by the fact that in cells lacking the APCAma1 activator 

Mnd2, and Ndt80 - which is required to express Cdc5 in meiosis – Rec8 cleavage can 

still occur (Katis et al., 2010). In fission yeast, inactivation of the CDC5 homolog plo1 

did not affect the phosphorylation or degradation of Rec8 (Ishiguro et al., 2010). 

However, polo kinase may have a role in Rec8 cleavage in other organisms, as mouse 

Rec8 is able to be phosphorylated by human Plk1, which is required for Rec8 cleavage 

by separase (Kudo et al., 2009). Thus, at least in yeast meiosis, Rec8 phosphorylation is 

mainly controlled by CK1 and DDK (Fig. 1.3). 
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Figure 1.3. Protection of Rec8 cohesin from cleavage at the centromere in meiosis I 

(A) Schematic diagram of the protection of centromeric Rec8. DDK and CK1 phosphoryate Rec8 
in meiosis I, and PP2ARts1, recruited by Sgo1 to the centromere, dephosphorylates Rec8 and 
prevents its cleavage by separase. Phosphorylation is indicated by a red P. 
(B) Line diagram showing the interaction between the proteins.
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1.3 Cdc14 phosphatase 
1.3.1 Role of Cdc14 phosphatase in mitotic exit 

Mitotic exit is a sequence of events that result in the completion of chromosome 

segregation and cell division, and is regulated mainly by the mitotic exit network 

(MEN). It involves the downregulation of Cdk activity and the dephosphorylation of 

Cdk substrates: expression of a non-degradable form of the B-type cyclin Clb2 in 

budding yeast prevented exit from mitosis, resulting in a telophase arrest (Surana et al., 

1993). Clb-Cdks are downregulated in 2 main ways at mitotic exit: 1) binding of the 

Clb-Cdk inhibitor Sic1 (Mendenhall, 1993) and degradation by the APCCdc20 and 

APCCdh1 (Yeong et al., 2000), The mitotic exit network is a Ras-like signalling cascade 

that promotes exit from mitosis, mainly by the release of Cdc14 from the nucleolus. 

 

Cdc14 is a dual-specificity phosphatase (Taylor et al, 1997), and was first identified in 

the screen for cell cycle mutants by Lee Hartwell (Hartwell et al, 1974) as a mutant that 

arrested late in the cell cycle after nuclear division. It is localized in the nucleolus for 

much of the cell cycle, and released into the nucleus and cytoplasm in anaphase. Cdc14 

was found to be required for Clb2 degradation. cdc14-3, a temperature sensitive mutant 

of Cdc14, was defective in Clb2 degradation, and overexpression of Cdc14 increased 

Clb2 degradation (Visintin et al., 1998). Cdc14 does this by reversing the 

phosphorylation of the APC activator Cdh1/Hct1, which is phosphorylated by the Cdc28 

kinase, thus activating the APC in late anaphase and inducing degradation of Clb2 

(Jaspersen et al., 1999; Yeong et al., 2000). In addition, Cdc14 acts to stabilise Sic1 

levels in late anaphase in two ways. Cdc14 is able to bind to and dephosphorylate Sic1 

(Visintin et al., 1998), which stabilizes it as phosphorylated Sic1 is degraded by the 

SCFCdc4 ubiquitin ligase (Feldman et al., 1997). Cdc14 also dephosphorylates the SIC1 

transcription factor Swi5 (Visintin et al., 1998), which allows it to enter the nucleus. 

Swi5 is phosphorylated by Clb-Cdks (Moll et al., 1991), inhibiting Sic1 accumulation in 

mitosis. Thus, Cdc14 is important for dephosphorylating Cdk substrates and regulating 

mitotic exit. The regulation of Cdc14 and its role in mitotic exit is summarised in Fig. 

1.4A. 
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To restrict Cdc14’s role in mitotic exit to late anaphase, it is sequestered to the nucleolus 

in budding yeast until anaphase by its inhibitor Net1/Cfi1, a component of the RENT 

(regulator of nucleolar silencing and telophase) complex (Shou et al., 1999; Visintin et 

al., 1999). Cdc14 release and activation is controlled by two pathways in budding yeast: 

the FEAR (Cdc fourteen early anaphase release) pathway, which is not absolutely 

essential, and the MEN. The MEN is required for full release of Cdc14 from the 

nucleolus (Visintin et al., 1999), while FEAR is required for the transient release of 

Cdc14 in early anaphase (Stegmeier et al., 2002). The Cdc5 polo-like kinase, which is 

involved in both pathways, is important for the phosphorylation of Net1, and results in 

the disassembly of the RENT complex and disassociation of Cdc14 in vitro (Yoshida 

and Toh-e, 2002; Shou et al., 2002). Overexpression of Cdc5 results in the premature 

release of Cdc14, and it requires the MEN for its full release (Visintin et al., 2003; Lee 

and Amon, 2003). One way Cdc5 is thought to lead to the phosphorylation of Net1 is its 

the inactivation of the Swe1 (Liang et al., 2009), the Clb2-CDK inhibitory kinase, which 

is required to phosphorylated Net1 (Azzam et al., 2004). The MEN is required for Net1 

phosphorylation, and Cdc5 may promote Net1 phosphorylation through activation of the 

MEN (Visintin et al., 2003). However, the FEAR pathway is also important for Net1 

phosphorylation and Cdc14 release: mutation of Cdk phosphorylation sites on Net1 

leads to a delay in Cdc14 release, and has synthetic effects with MEN mutants, both of 

which are phenotypes of FEAR mutants (Azzam et al., 2004). 

 

In MEN mutants, Cdc14 is transiently released from the nucleolus, and this is promoted 

by the FEAR network (Stegmeier et al., 2002), which involves separase, Cdc5, Slk19 

and Spo12. This early release is thought to be required for the sustained release of 

Cdc14, as Cdc14 is needed to dephosphorylate Cdc15 at late anaphase, which results in 

the release of Cdc15 from the spindle pole body (SPB) (Xu et al., 2000; Cenamor et al., 

1999), as well as being required for full Dbf2 kinase activity (Stegmeier et al., 2002). A 

non-proteolytic role of separase is required for Cdc14 release in the FEAR pathway, 
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which requires Slk19 and Spo12 (Sullivan and Uhlmann, 2003), and involves 

downregulation of PP2ACdc55. 

 

The role of Cdc14 in mitotic exit is not fully conserved across other organisms. The 

fission yeast Cdc14 homolog Clp1/Flp1 is localized to the nucleolus before mitosis, 

and is released into the nucleus early in mitosis, unlike the case in budding yeast, and 

it localizes to the spindle, the SPBs and the site of cytokinesis (Cueille et al., 2001; 

Trautmann et al., 2001). In fission yeast, the septation initiation network (SIN) is 

important for the correct timing of cytokinesis, and is the functional equivalent of the 

MEN in budding yeast. Clp1 release from the nucleolus was found not to depend on 

the SIN (Cueille et al., 2001; Trautmann et al., 2001). In addition, mutation or 

overexpression of the fission yeast FEAR homologs had no effect on the localisation 

of Clp1 in mitosis (Chen et al., 2006). Deletion of clp1 also did not affect the levels of 

cyclin 13 (fission yeast Clb2) or Rum1 (fission yeast Sic1) (Cueille et al., 2001; 

Trautmann et al., 2001). This data suggests that Clp1 is not required for exit from 

mitosis in fission yeast, in contrast to budding yeast; rather, Clp1 was found to 

regulate the G2/M transition in fission yeast. Maintenance of the cytokinesis 

checkpoint is dependent on Clp1, and overexpression of Clp1 arrests the cells at G2 

(Cueille et al., 2001; Trautmann et al., 2001). However, Clp1 does function in the 

inactivation of Cdks in fission yeast, albeit in an indirect way. Clp1 was found to 

dephosphorylate, and thus inactivate, Cdc25 (fission yeast Mih1) at the end of mitosis 

(Wolfe and Gould, 2004; Esteban et al., 2004). Cdc25 is a phosphatase that activates 

the fission yeast Cdk Cdc2, and its inactivation at the end of mitosis is important for 

reducing the levels of Cdk, and thus ensuring proper timing of cytokinesis in mitosis. 

In cells deleted for clp1, Cdc25 is stabilised, and this results in the early activation of 

Cdks in subsequent mitotic divisions, which allows early progression past G2 into 

mitosis (Wolfe and Gould, 2004).  

 

In human cells, there are two Cdc14 homologs: Cdc14A and Cdc14B. hCdc14B was 

found to dephosphorylate, and thus aid in the destruction of, the SIRT2 protein, which 

occurs at the exit from mitosis in human cells (Dryden et al., 2003). Also, similarly to 

fission yeast, Cdc14B was able to dephosphorylate Cdc25 in vitro, and overexpression 
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of Cdc14B delays mitotic entry (Tumurbaatar et al., 2011). However, knockout 

experiments have demonstrated no essential role for Cdc14B in human cells (Berdougo 

et al., 2008). 

 

1.3.2 Regulation of mitotic exit by PP2A 

PP2A in conjunction with its regulatory subunit Cdc55, was found to be involved in 

regulating mitotic exit (Queralt et al., 2006; Wang and Ng, 2006; Yellman and Burke, 

2006). Cells with mutations in components of both the FEAR and MEN are inviable, 

and they can be rescued by negative regulators of mitotic exit (Stegmeier et al., 2002). 

Similarly, deleting CDC55 in such mutants rescues the lethality, suggesting that Cdc55 

inhibits mitotic exit (Yellman and Burke, 2006). In addition, a screen in which the 

overexpression of genes led to lethality in a cdc5-1 mutant identified CDC55 and the 

catalytic subunits of PP2A (PPH21, PPH22 and PPH3) as genes involved in the 

negative regulation of mitotic exit (Wang and Ng, 2006). Deleting Cdc55 also resulted 

in the precocious release of Cdc14 from the nucleolus, and PP2A activity is required for 

inhibiting its release, suggesting that Cdc55 inhibits mitotic exit through the 

sequestration of Cdc14 (Wang and Ng, 2006; Queralt et al., 2006). This release of 

Cdc14 is not dependent on the MEN, as deletion of CDC55 in a cdc15 mutant still 

released Cdc14 from the nucleolus (Queralt et al., 2006). In a cdc55 mutant, Net1 

phosphorylation persists, whereas in a separase mutant Net1 phosphorylation is 

decreased (Queralt et al., 2006). In addition, PP2A activity in the cell decreases from 

metaphase to anaphase in a separase-dependent manner (Queralt et al., 2006), which 

suggests that PP2ACdc55 acts to prevent Cdc14 release from the nucleolus by preventing 

its dissociation from Net1. At the onset of anaphase, separase is activated and down-

regulates PP2ACdc55. Separase was found to down-regulate PP2ACdc55 via the proteins 

Zds1 and Zds2, which can interact with both Cdc55 and separase: in FEAR mutants, the 

overexpression of Zds1 was sufficient to release Cdc14 from the nucleolus, and the 

ectopic expression of Zds1 was able to reduce PP2A activity in the cell (Queralt and 

Uhlmann, 2008). It has also been recently shown that Zds1 and Zds2 control the 
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localization of Cdc55 in mitosis, and that they promote mitotic exit by excluding Cdc55 

from the nucleus (Rossio and Yoshida, 2011). 

 

1.3.3 Cdc14 regulates spindle stability in mitosis 

In metaphase of mitosis, microtubules are highly unstable, which is required for the 

efficient capture of kinetochores and the formation of a bipolar spindle. At the onset of 

anaphase, microtubule dynamics decrease and the spindle stabilizes. Spindles from 

opposite poles interact with motors and other factors to create a stable spindle midzone, 

which is required for anaphase spindle elongation through the sliding of the antiparallel 

microtubules from the opposite poles. The stability of the anaphase spindle is dependent 

on separase activity, as spindles are unstable in cells where Scc1 cohesin is artificially 

cleaved in the absence of separase (Sullivan et al., 2001; Higuchi and Uhlmann, 2005). 

Slk19, a separase target, localizes to the spindle midzone upon its cleavage in anaphase 

and aids in stabilizing the spindle (Sullivan et al., 2001). Separase also releases Cdc14 

from the nucleolus in early anaphase, and Cdc14 has an important role in stabilizing the 

spindle. In cdc14-1 cells, microtubule dynamics were high in anaphase at the restrictive 

temperature, while ectopic expression of Cdc14 in a metaphase arrest lowered 

microtubule dynamics, and allowed for a normal anaphase spindle to form in cells where 

cohesin was ectopically cleaved in the metaphase arrest (Higuchi and Uhlmann, 2005). 

Ask1, a DASH complex protein localized at the kinetochore which is thought to promote 

microtubule turnover at the kinetochore, is dephosphorylated by Cdc14, and mutation of 

2 potential Cdk phosphorylation sites on Ask1 reduced microtubule turnover at 

metaphase. Multiple microtubule-binding targets for Cdc14 have been discovered. 

Cdc14 was found to interact with and dephosphorylate Sli15/INCENP, a member of the 

CPC, and when Cdc14 is depleted, Sli15 phosphorylation is preserved on anaphase onset 

(Pereira and Schiebel, 2003). Cdc14 is required in a FEAR dependent manner to target 

Sli15-Ipl1 to the anaphase spindle, and this requires dephosphorylation of Sli15 as a 

Sli15 mutant with 6 Cdk phosphorylation sites mutated to alanines (Sli156A) was able to 

recruit Ipl1 to the spindle in the absence of Cdc14 (Pereira and Schiebel, 2003). Both 
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Sli15-Ipl1 and Cdc14 are required for the correct midzone localization of Slk19 and 

separase, which is important for spindle stability (Pereira and Schiebel, 2003; 

Khmelinski et al., 2007). Fin1, another microtubule binding protein, is dephosphorylated 

and localized to the spindle in anaphase. Its dephosphorylation and recruitment to the 

spindle were delayed in cdc14-1 cells (Woodbury and Morgan, 2007). Expression of a 

nonphosphorylatable mutant of Fin1 (Fin15A) resulted in its association to metaphase 

spindles in metaphase arrested cells, causing spindle instability. In addition, in 

metaphase-arrested cells where spindle elongation is promoted by ectopic cleavage of 

cohesin, cells expressing Fin15A were able to stabilise the anaphase spindle in the 

absence of separase and Cdc14 (Woodbury and Morgan, 2007). The phosphoregulation 

of Fin1 appears to be important to restrict its activity on the spindle to anaphase. 

 

Cdc14 also regulates spindle stability through dephosphorylation of the microtubule 

bundling protein Ase1 (Khmelinski et al., 2007). Ase1 is localized to microtubules 

before anaphase onset, and then specifically to the spindle midzone in anaphase. Ase1 

regulates anaphase spindle elongation through recruitment of the kinesin-5 Cin8, 

through the sliding of anti-parallel microtubules at the midzone (Khmelinski et al., 

2009). Ase1 has an important role in the proper localization of several midzone proteins 

in anaphase, including Slk19 and separase, and mutation of CDC14 affected the 

localization of these proteins and Ase1 on the anaphase spindle. (Khmelinski et al., 

2007). The Cdc14-dependent localization of Ase1 relies on the dephosphorylation of 

Ase1 by Cdc14: Ase1 can be dephosphorylated by Cdc14 in vivo, and mutation of 7 

candidate Cdk phosphorylation sites on Ase1 to aspartates (Ase17D, phospho-mimic) 

resulted in the same mislocalization of Ase1 as in a cdc14 mutant. In contrast, a 

nonphosphorylatable form of Ase1 (Ase17A) was able to bind correctly to the spindle 

midzone in anaphase cells depleted of Cdc14 (Khmelinski et al., 2007). In the 

phosphomimetic mutant, anaphase spindles elongate slowly with frequent stalling, while 

in ase1Δ or the nonphosphorylatable Ase1 mutant (Ase17A), spindle elongation was 

quick with frequent breakages, which demonstrates the importance of accurate 

regulation of Ase1 phosphorylation status on spindle stability throughout mitosis 
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(Khmelinski et al., 2007; Khmelinski et al., 2009).  A summary of the microtubule-

binding targets of Cdc14 in budding yeast is shown in Fig. 1.4B. 

 

In fission yeast, a similar role for Clp1 was found: the binding of fission yeast Ase1 and 

its interactor Klp9, a part of the kinesin-6 family, to each other and to the spindle 

midzone in anaphase is dependent on dephosphorylation by Clp1 (Fu et al., 2009). 

Cdc14 is also involved in the mitotic spindle in higher eukaryotes. In C. elegans, the 

kinesin-like ZEN4, which is required for central spindle assembly in anaphase, is 

localized to the spindle, and this requires its dephosphorylation by CDC14 (Mishima et 

al., 2004). In humans, CDC14B was found to localize to the spindle midzone in 

anaphase, and it is able to bind and stabilize microtubules in vitro (Cho et al., 2005). 

 

1.3.4 The role of FEAR in the meiosis I-meiosis II transition 

In addition to its role in mitotic exit, Cdc14 also has important roles in meiosis. A 

temperature sensitive mutant of Cdc14 was found to have defects in meiotic 

chromosome segregation, resulting in the formation of dyads at a semi-restrictive 

temperature (Schild and Byers, 1980). In addition, the single division featured mixed 

chromosome segregation, with individual chromosomes segregating either reductionally 

or equationally (Sharon and Simchen, 1990). slk19 mutants also resulted in one meiotic 

division with mixed chromosome segregation (Kamieniecki et al., 2000). As Cdc14 and 

Slk19 are involved in the FEAR network in mitosis, it was thought that FEAR might 

also be important in meiosis for accurate chromosome segregation. 

 

Cdc14 was found to localize to the nucleolus in meiosis, and was released in both 

anaphase I and anaphase II, similarly to mitosis, and this release was inhibited in cells 

deleted for SLK19 or SPO12 (Marston et al., 2003; Buonomo et al., 2003). A 

temperature sensitive mutant of Cdc14 was found to have meiotic chromosome 

segregation defects, and a delay in separating DNA masses in anaphase I. In addition, 

spindle disassembly was inhibited in cdc14 mutants, leading to the accumulation of cells 
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Figure 1.4 Roles of Cdc14 in mitosis 

(A) Line diagram showing the regulation of Cdc14 in mitosis. Cdc14 is activated by the FEAR and 

MEN networks. Cdc14 is held inactive in the nucleolus by Net1, and is released when Net1 is 

dephosphorylated by PP2ACdc55. Cdc14 dephosphorylates the APC activator Cdh1 and the CDK 

inhibitor Sic1, which results in the degradation of Clb2 and inhibition of CDK activity respectively, 

allowing for mitotic exit. 

(B) Cdc14 regulates spindle stability in mitosis by dephosphorylating several microtubule binding 

proteins, shown in the line diagram above. 
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with a long anaphase spindle. This is probably due to the failure to inhibit Cdk activity 

in meiosis I, as the ectopic expression of non-degradable Clb2 in meiosis also inhibited 

spindle disassembly, and Clb1 levels fail to decline in cdc14 (Marston et al., 2003), 

slk19 or spo12 mutants (Buonomo et al., 2003). However, although only one meiotic 

division is formed in cdc14 mutants, other meiotic events proceed, such as the step-wise 

cleavage of Rec8, the accumulation and degradation of securin, the formation and 

separation of spindle pole bodies, and the loss of Mam1 from nuclei (Marston et al., 

2003), suggesting that these events are uncoupled from chromosome segregation in the 

mutant. Thus, even though only one division is observed, both meiosis I and II occur in 

the mutant. 

 

The mixed chromosome segregation in cdc14 mutants does not occur due to precocious 

sister chromatid separation, as reductional segregation was observed to occur before 

equational segregation, on the same spindle axis (Marston et al., 2003). It was suggested 

that a cdc14 mutants might have a defect in the resolution of recombination 

intermediates, trapping some chromosomes in the middle of the anaphase spindle. These 

chromosomes would have a higher chance of contacting microtubules from opposite 

spindle poles at meiosis II, when biorientation of sister chromatids occurs, and this 

would result in the equational segregation observed in the cdc14 mutant (Fig. 1.5). This 

was confirmed by deleting SPO11, a protein required for the formation of crossovers 

between homologs, in a cdc14 mutant: the delayed DNA segregation and sister 

chromatid separation were abolished. 
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1.4 Aim of this study 

Very little is known about the role of PP2ACdc55 in budding yeast meiosis. In mitosis, it 

has roles in regulating sister chromatid cohesion and mitotic exit. In addition, the role of 

PP2A in conjunction with the regulatory subunit Rts1 in regulating centromeric cohesion 

in meiosis has been studied. In this study, I attempt to elucidate the possible roles of 

Cdc55 in meiosis in budding yeast. 

 

 

 

Figure 1.5  Model of chromosome segregation in meiosis of cdc14-1 mutants 

In a cdc14-1 mutant, spindle disassembly after meiosis I is inhibited, and meiosis II 
proceeds along the same meiosis I spindle axis. This results in binucleate cells. See text for 
details. 
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2 Materials and Methods 

2.1 Strains used 
2.1.1 Bacterial strains used in this study 
Table 1: Bacterial strains 

Strain name Genotype 

DH5α F- φ80lacZΔM15 Δ(lacZYA-argF)U169 deoR recA1 endA1 hsdR17(rk-, 
mk+) phoA supE44 thi-1 gyrA96 relA1 λ-

 

2.1.2 Yeast strains used 
The strains used in this study are listed in the table below and are all derivatives of SK1. 
Table 2: Yeast strains 

Strain 

Number 
Genotype 

AM695 MATa/MATα 3HA-CDC14/3HA-CDC14 

AM1835 MATa/MATα 

AM3560 
MATa/MATα cdc20::kanMX6::pCLB2-3HA-

CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20 

AM4777 

MATa/MATα mam1Δ::TRP1/mam1Δ::TRP1 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM4796 
MATa/MATα leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ 

PDS1-18MYC::LEU2/PDS1-18MYC::LEU2 

AM4800 

MATa/MATα cdc5::pCLB2-CDC5::kanMX6/cdc5::pCLB2-CDC5::kanMX6 

sgo1::kanMX6::pCLB2-3HA-SGO1/ sgo1::kanMX6::pCLB2-3HA-SGO1 

ubr1Δ::kanMX4/ubr1Δ::kanMX4 REC8-3HA::URA3/REC8-3HA::URA3 

AM4838 

MATa/MATα sgo1::kanMX6::pCLB2-3HA-SGO1/sgo1::kanMX6::pCLB2-

3HA-SGO1 ubr1Δ::kanMX4/ubr1Δ::kanMX4 REC8-3HA::URA3/REC8-

3HA::URA3 
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AM4850 
MATa/MATα ubr1Δ::kanMX4/ubr1Δ::kanMX4 REC8-3HA::URA3/REC8-

3HA::URA3 

AM4851 
MATa/MATα cdc5::pCLB2-CDC5::kanMX6/cdc5::pCLB2-CDC5::kanMX6 

ubr1Δ::kanMX4/ubr1Δ::kanMX4 REC8-3HA::URA3/REC8-3HA::URA3 

AM4891 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM4911 

MATa/MATα sgo1::kanMX6::pCLB2-3HA-SGO1/sgo1::kanMX6::pCLB2-

3HA-SGO1 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ 

PDS1-18MYC::LEU2/PDS1-18MYC::LEU2 

AM4937 

MATa/MATα cdc5::pCLB2-CDC5::kanMX6/cdc5::pCLB2-CDC5::kanMX6 

cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-

CDC55 ubr1Δ::kanMX4/ubr1Δ::kanMX4 REC8-3HA::URA3/REC8-

3HA::URA3 

AM4938 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 

ubr1Δ::kanMX4/ubr1Δ::kanMX4 REC8-3HA::URA3/REC8-3HA::URA3 

AM4995 
MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 3HA-CDC14/3HA-CDC14 

AM5218 

MATa/MATα spo11Δ::URA3/spo11Δ::URA3 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM5310 

MATa/MATα cdc20::kanMX6::pCLB2-3HA-

CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 
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AM5311 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 cdc20::kanMX6::pCLB2-

3HA-CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM5320 

MATa/MATα spo11Δ::URA3/spo11Δ::URA3 cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM5324 

MATa/MATα mam1Δ::TRP1/mam1Δ::TRP1 cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM5338 

MATa/MATα cdc55Δ::kanMX6/cdc55Δ::kanMX6 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM5501 

MATa/MATα rec8Δ::kanMX4::pREC8-SCC1-3HA/rec8Δ::kanMX4::pREC8-

SCC1-3HA spo11Δ::URA3/spo11Δ::URA3 leu2::pURA3-tetR-GFP::LEU2/+ 

CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2 

AM5502 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 rec8Δ:kanMX4::pREC8-

SCC1-3HA/rec8Δ::kanMX4::pREC8-SCC1-3HA 

spo11Δ::URA3/spo11Δ::URA3 leu2::pURA3-tetR-GFP::LEU2/+ 

CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2 

AM5771 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-

CDC55 MAM1-9MYC::TRP1/MAM1-9MYC::TRP1 NDC10-

6HA::HIS3MX6/NDC10-6HA::HIS3MX6 
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AM5892 

MATa/MATα mam1Δ::TRP1/mam1Δ::TRP1 cdc20::kanMX6::pCLB2-3HA-

CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM5900 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

MAM1-9MYC::TRP1/MAM1-9MYC::TRP1 NDC10-

6HA::HIS3MX6/NDC10-6HA::HIS3MX6 

AM5901 MATa/MATα MPC70-3HA/MPC70-3HA 

AM5902 
MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 MPC70-3HA/MPC70-3HA 

AM5936 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 leu2::pURA3-tetR-

GFP::LEU2/leu2::pURA3-tetR-GFP::LEU2 

CEN5::tetOx224::HIS3/CEN5::tetOx224::HIS3 PDS1-

18MYC::LEU2/PDS1-18MYC::LEU2 

AM5938 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 

mam1Δ::TRP1/mam1Δ::TRP1 cdc20::kanMX6::pCLB2-3HA-

CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM6038 MATa/MATα CDC55-SZZ(TAP)::kanMX6/CDC55-SZZ(TAP)::kanMX6 

AM6040 

MATa/MATα leu2::pURA3-tetR-GFP::LEU2/leu2::pURA3-tetR-GFP::LEU2 

CEN5::tetOx224::HIS3/CEN5::tetOx224::HIS3 PDS1-

18MYC::LEU2/PDS1-18MYC::LEU2 
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AM6131 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-

CDC55 ubr1Δ::kanMX4/ubr1Δ::kanMX4 REC8-3HA::URA3/REC8-

3HA::URA3 PDS1-18MYC::LEU2/PDS1-18MYC::LEU2 

AM6142 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

ubr1Δ::kanMX4/ubr1Δ::kanMX4 REC8-3HA::URA3/REC8-3HA::URA3 

PDS1-18MYC::LEU2/PDS1-18MYC::LEU2 

AM6404 

MATa/MATα spo11Δ::URA3/spo11Δ::URA3 

rec8Δ::kanMX4/rec8Δ::kanMX4 cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM6522 

MATa/MATα spo11Δ::URA3/spo11Δ::URA3 mam1Δ::TRP1/mam1Δ::TRP1 

cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-

CDC55 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-

18MYC::LEU2/PDS1-18MYC::LEU2 

AM6523 

MATa/MATα spo11Δ::URA3/spo11Δ::URA3 mam1Δ::TRP1/mam1Δ::TRP1 

rec8Δ::kanMX4/rec8Δ::kanMX4 cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM6549 

MATa/MATα spo11Δ::URA3/spo11Δ::URA3 cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 leu2::pURA3-tetR-

GFP::LEU2/leu2::pURA3-tetR-GFP::LEU2 

CEN5::tetOx224::HIS3/CEN5::tetOx224::HIS3 PDS1-

18MYC::LEU2/PDS1-18MYC::LEU2 
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AM6552 

MATa/MATα spo11Δ::URA3/spo11Δ::URA3 

rec8Δ::kanMX4/rec8Δ::kanMX4 leu2::pURA3-tetR-

GFP::LEU2/leu2::pURA3-tetR-GFP::LEU2 

CEN5::tetOx224::HIS3/CEN5::tetOx224::HIS3 PDS1-

18MYC::LEU2/PDS1-18MYC::LEU2 

AM6565 

MATa/MATα spo11Δ::URA3/spo11Δ::URA3 mam1Δ::TRP1/mam1Δ::TRP1 

cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-

CDC55 leu2::pURA3-tetR-GFP::LEU2/leu2::pURA3-tetR-GFP::LEU2 

CEN5::tetOx224::HIS3/CEN5::tetOx224::HIS3 PDS1-

18MYC::LEU2/PDS1-18MYC::LEU2 

AM6572 

MATa/MATα spo11Δ::URA3/spo11Δ::URA3 

rec8Δ::kanMX4/rec8Δ::kanMX4 leu2::pURA3-tetR-GFP::LEU2/+ 

CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2 

AM6618 

MATa/MATα spo11Δ::URA3/spo11Δ::URA3 leu2::pURA3-tetR-

GFP::LEU2/leu2::pURA3-tetR-GFP::LEU2 

CEN5::tetOx224::HIS3/CEN5::tetOx224::HIS3 PDS1-

18MYC::LEU2/PDS1-18MYC::LEU2 

AM6625 

MATa/MATα spo11Δ::URA3/spo11Δ::URA3 

rec8Δ::kanMX4/rec8Δ::kanMX4 cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 leu2::pURA3-tetR-

GFP::LEU2/leu2::pURA3-tetR-GFP::LEU2 

CEN5::tetOx224::HIS3/CEN5::tetOx224::HIS3 PDS1-

18MYC::LEU2/PDS1-18MYC::LEU2 

AM6626 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-

CDC55 3HA-CDC14/3HA-CDC14 
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AM6633 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

3HA-CDC14/3HA-CDC14 

AM6670 

MATa/MATα spo11Δ::URA3/spo11Δ::URA3 mam1Δ::TRP1/mam1Δ::TRP1 

rec8Δ::kanMX4/rec8Δ::kanMX4 cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 leu2::pURA3-tetR-

GFP::LEU2/leu2::pURA3-tetR-GFP::LEU2 

CEN5::tetOx224::HIS3/CEN5::tetOx224::HIS3 PDS1-

18MYC::LEU2/PDS1-18MYC::LEU2 

AM6742 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

REC8-13MYC::kanMX6/REC8-13MYC::kanMX6 NDC10-

6HA::HIS3MX6/NDC10-6HA::HIS3MX6 

AM6743 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-

CDC55 REC8-13MYC::kanMX6/REC8-13MYC::kanMX6 NDC10-

6HA::HIS3MX6/NDC10-6HA::HIS3MX6 

AM6770 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

CLB1-9MYC::TRP1/CLB1-9MYC::TRP1 

AM6902 

MATa/MATα cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-

GFP::LEU2/leu2::pURA3-tetR-GFP::LEU2 

CEN5::tetOx224::HIS3/CEN5::tetOx224::HIS3 PDS1-

18MYC::LEU2/PDS1-18MYC::LEU2 
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AM6908 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 

cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-

GFP::LEU2/leu2::pURA3-tetR-GFP::LEU2 

CEN5::tetOx224::HIS3/CEN5::tetOx224::HIS3 PDS1-

18MYC::LEU2/PDS1-18MYC::LEU2 

AM6910 

MATa/MATα cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM6934 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 

cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM6935 

MATa/MATα leu2::pURA3-tetR-tdTomato::LEU2/leu2::pURA3-tetR-

tdTomato::LEU2 ura3::tetOx224-URA3/ura3::tetOx224-URA3 his3::pHIS3-

GFP-TUB1-HIS3/his3::pHIS3-GFP-TUB1-HIS3 CDC14-GFP::LEU2/+ 

AM6942 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 leu2::pURA3-tetR-

tdTomato::LEU2/leu2::pURA3-tetR-tdTomato::LEU2 ura3::tetOx224-

URA3/ura3::tetOx224-URA3 his3::pHIS3-GFP-TUB1-HIS3/his3::pHIS3-

GFP-TUB1-HIS3 CDC14-GFP::LEU2/+ 

AM6961 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-

CDC55 CLB1-9MYC::TRP1/CLB1-9MYC::TRP1 
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AM7098 

MATa/MATα spo11Δ::URA3/spo11Δ::URA3 

cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM7099 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 

spo11Δ::URA3/spo11Δ::URA3 cdc14Δ::kanMX6/cdc14Δ::kanMX6 

trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-

tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM7162 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

ASE1-9MYC::TRP1/ASE1-9MYC::TRP1 

AM7163 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-

CDC55 ASE1-9MYC::TRP1/ASE1-9MYC::TRP1 

AM7228 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

SGO1-9MYC::TRP1/SGO1-9MYC::TRP1 NDC10-6HA::HIS3MX6/NDC10-

6HA::HIS3MX6 

AM7229 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-

CDC55 SGO1-9MYC::TRP1/SGO1-9MYC::TRP1 NDC10-

6HA::HIS3MX6/NDC10-6HA::HIS3MX6 
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AM7286 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 sgo1::kanMX6::pCLB2-3HA-

SGO1/sgo1::kanMX6::pCLB2-3HA-SGO1 leu2::pURA3-tetR-GFP::LEU2/+ 

CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2 

AM7308 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 ASE1-9MYC::TRP1/ASE1-

9MYC::TRP1 

AM7309 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-

CDC55 cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 ASE1-9MYC::TRP1/ASE1-

9MYC::TRP1 

AM7328 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 

mam1Δ::TRP1/mam1Δ::TRP1 cdc14Δ::kanMX6/cdc14Δ::kanMX6 

trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-

tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM7336 

MATa/MATα mam1Δ::TRP1/mam1Δ::TRP1 

cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 cdc20::kanMX6::pCLB2-3HA-

CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

45



 

AM7337 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 

cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 cdc20::kanMX6::pCLB2-3HA-

CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM7347 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 

mam1Δ::TRP1/mam1Δ::TRP1 cdc14Δ::kanMX6/cdc14Δ::kanMX6 

trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 

cdc20::kanMX6::pCLB2-3HA-CDC20/cdc20::kanMX6::pCLB2-3HA-

CDC20 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-

18MYC::LEU2/PDS1-18MYC::LEU2 

AM7355 

MATa/MATα mam1Δ::TRP1/mam1Δ::TRP1 

cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM7360 

MATa/MATα sgo1::kanMX6::pCLB2-3HA-SGO1/sgo1::kanMX6::pCLB2-

3HA-SGO1 cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 
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AM7361 

MATa/MATα rec8Δ::kanMX4::pREC8-SCC1-3HA/rec8Δ::kanMX4::pREC8-

SCC1-3HA spo11Δ::URA3/spo11Δ::URA3 

cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM7362 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 rec8Δ::kanMX4::pREC8-

SCC1-3HA/rec8Δ::kanMX4::pREC8-SCC1-3HA 

spo11Δ::URA3/spo11Δ::URA3 cdc14Δ::kanMX6/cdc14Δ::kanMX6 

trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-

tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM7421 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 sgo1::kanMX6::pCLB2-3HA-

SGO1/sgo1::kanMX6::pCLB2-3HA-SGO1 

cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM7547 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

mad2Δ::kanMX6/mad2Δ::kanMX6 ubr1Δ::kanMX4/ubr1Δ::kanMX4 REC8-

3HA::URA3/REC8-3HA::URA3 PDS1-18MYC::LEU2/PDS1-18MYC::LEU2 
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AM7548 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-

CDC55 mad2Δ::kanMX6/mad2Δ::kanMX6 ubr1Δ::kanMX4/ubr1Δ::kanMX4 

REC8-3HA::URA3/REC8-3HA::URA3 PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM7549 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 

ubr1Δ::kanMX4/ubr1Δ::kanMX4 REC8-3HA::URA3/REC8-3HA::URA3 

PDS1-18MYC::LEU2/PDS1-18MYC::LEU2 

AM7550 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-

CDC55 cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 

ubr1Δ::kanMX4/ubr1Δ::kanMX4 REC8-3HA::URA3/REC8-3HA::URA3 

PDS1-18MYC::LEU2/PDS1-18MYC::LEU2 

AM7553 

MATa/MATα cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 cdc20::kanMX6::pCLB2-3HA-

CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM7699 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 ipl1::kanMX6::pCLB2-3HA-

IPL1/ipl1::kanMX6::pCLB2-3HA-IPL1 3HA-CDC14/3HA-CDC14 

AM7701 MATa/MATα fin1Δ::kanMX6/fin1Δ::kanMX6 3HA-CDC14/3HA-CDC14 
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AM7702 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 

fin1Δ::kanMX6/fin1Δ::kanMX6 3HA-CDC14/3HA-CDC14 

AM7704 
MATa/MATα ipl1::kanMX6::pCLB2-3HA-IPL1/ipl1::kanMX6::pCLB2-3HA-

IPL1 3HA-CDC14/3HA-CDC14 

AM7722 MATa/MATα ase1Δ::natMX6/ase1Δ::natMX6 3HA-CDC14/3HA-CDC14 

AM7723 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 

ase1Δ::natMX6/ase1Δ::natMX6 3HA-CDC14/3HA-CDC14 

AM7815 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 CLB1-9MYC::TRP1/CLB1-

9MYC::TRP1 

AM7816 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-

CDC55 cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 CLB1-9MYC::TRP1/CLB1-

9MYC::TRP1 

AM7866 

MATa/MATα cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-

tdTomato::LEU2/+ ura3::tetOx224-URA3/+ his3::pHIS3-GFP-TUB1-

HIS3/his3::pHIS3-GFP-TUB1-HIS3 
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AM7867 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 

cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-

tdTomato::LEU2/+ ura3::tetOx224-URA3/+ his3::pHIS3-GFP-TUB1-

HIS3/his3::pHIS3-GFP-TUB1-HIS3 

AM7902 

MATa/MATα cdc20::kanMX6::pCLB2-3HA-

CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20 RTS1-3PK::TRP1/RTS1-

3PK::TRP1 

AM7903 

MATa/MATα cdc20::kanMX6::pCLB2-3HA-

CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20 cdc55::kanMX6::pCLB2-

3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 

AM7904 

MATa/MATα cdc20::kanMX6::pCLB2-3HA-

CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20 cdc55::kanMX6::pCLB2-

3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 RTS1-

3PK::TRP1/RTS1-3PK::TRP1 

AM8012 MATa/MATα RTS1-3PK::TRP1/RTS1-3PK::TRP1 

AM8014 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 RTS1-3PK::TRP1/RTS1-

3PK::TRP1 TPD3-6HA::TRP1/TPD3-6HA::TRP1 

AM8028 
MATa/MATα RTS1-3PK::TRP1/RTS1-3PK::TRP1 TPD3-6HA::TRP1/TPD3-

6HA::TRP1 

AM8029 

MATa/MATα cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 RTS1-3PK::TRP1/RTS1-

3PK::TRP1 
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AM8044 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM8045 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-

CDC55 cdc14Δ::kanMX6/cdc14Δ::kanMX6 trp1::cdc14-

1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-

GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM8046 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

spo11Δ::URA3/spo11Δ::URA3 cdc14Δ::kanMX6/cdc14Δ::kanMX6 

trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-

tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 

AM8047 

MATa/MATα ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 

ura3::pGPD1-GAL4(848).ER::URA3/ura3::pGPD1-GAL4(848).ER::URA3 

cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-

CDC55 spo11Δ::URA3/spo11Δ::URA3 cdc14Δ::kanMX6/cdc14Δ::kanMX6 

trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-

tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-

18MYC::LEU2 
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2.2 Microbiological methods 
2.2.1 Media used 
2% (w/v) agar is added for solid media. 

YPD:   

1% (w/v) Bacto-yeast extract 

 2% (w/v) Bactopeptone 

 2% (w/v) Glucose 

YPG:   

1% (w/v) Bacto-yeast extract 

 2% (w/v) Bactopeptone 

 2.5% (v/v) Glycerol 

YPD4%:   

1% (w/v) Bacto-yeast extract 

 2% (w/v) Bactopeptone 

 4% (w/v) Glucose 

YPA:   

1% (w/v) Bacto-yeast extract 

 2% (w/v) Bactopeptone 

 1% (w/v) Potassium Acetate 

Sporulation media: 

 0.3% w/v Potassium acetate, pH 7 

LB (Luria-Bertani): 

 1% (w/v) Bactotryptone 

 0.5% (w/v) Bacto-yeast extract 

 0.5% (w/v) NaCl 

 pH adjusted to 7.2 
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2.2.2 Drugs used 
G418 was used at a concentration of 300 µg/ml in YPD agar to select for the KanMX 

marker. Hygromycin was used at a concentration of 300 µg/ml in YPD agar to select for 

the HphMX marker. Clonat was used at a concentration of 100 µg/ml in YPD agar to 

select for the NatMX marker. β-oestradiol (Sigma) was stored at 5mM in ethanol and 

used at a concentration of 1µM to release yeast strains from a pachytene block. 

 

2.2.3 Preparation of electrocompetent DH5α E.coli cells 
DH5α E.coli cells were taken from glycerol stocks and inoculated into 5 ml of LB media 

and cultured at 37°C for 8 hrs. 1 ml of the culture was then inoculated into 50 ml of LB 

and grown at 37°C overnight. 20 ml of this culture was then inoculated into 2 litres of 

LB and grown at 37°C for 3 hrs, until an OD600 of 0.5-0.8 was reached. The cells were 

then harvested on ice for 15-30 mins, and then spun at 5000 rpm for 15 min at 4°C in a 

Beckman Avanti J-25 centrifuge. The cell pellets were resuspended with 2 litres of cold 

sterile water and  centrifuged again, and the process was repeated with 1 litre of water. 

The cells were then resuspended in 40 ml 10% glycerol and centrifuged at 3600 rpm for 

15 mins at 4°C. The cell pellet was resuspended in 10% glycerol in a final volume of ~5 

ml, and distributed in 100 µl aliquots into cold eppendorf tubes and snap frozen in liquid 

nitrogen, and stored at -80°C. 

  
2.2.4 Transformation of electrocompetent DH5α E.coli cells 
DH5α electrocompetent cells were taken from the -80°C stock and slowly thawed on ice. 

40 µl of cells were aliquoted into electroporation cuvettes (Cell Projects) on ice, with 1-

5 µl of DNA. Electroporation was carried out on a Biorad Gene Pulser II at 2.5 V, 200 Ω 

and 2.5 µF. 1 ml of warm LB media was then added, and the cells transferred to a 1.5 ml 

eppendorf tube and incubated at 37°C for 1 hr. The cells were then spun down at 3000 

rpm for 3 mins, and the supernatant was removed, leaving ~200 µl. The cells were then 

spread onto a warm LB-Ampicillin (100 µg/ml Ampicillin in LB) agar plate, which was 

incubated at 37°C overnight. 
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2.2.5 Yeast strain construction 
pCLB2-3HA-CDC55 (cdc55mn) and cdc55Δ were described in (Clift et al., 2009). 

CEN5-GFP dots, pREC8-SCC1-3HA, NDC10-6HA, MAM1-9MYC and PDS1-18MYC 

were described in (Toth et al., 2000). CLB1-9MYC was described in (Buonomo et al. 

2003). cdc20mn, cdc5mn and ubr1Δ were described in (Lee and Amon, 2003). pCLB2-

3HA-SGO1 (sgo1mn) and mam1Δ were described in (Lee et al., 2004). spo11Δ, rec8Δ, 

REC8-3HA, were described in (Klein et al., 1999). MPC70-3HA was described in (Wesp 

et al., 2001). 3HA-CDC14, cdc14-1, REC8-13MYC and SGO1-9MYC  were described in 

(Marston et al. 2003). GAL-NDT80 and pGPD1-GAL4(848).ER were described in 

(Benjamin et al., 2003). tetR-tdTomato, tetO-URA3, GFP-TUB1 and CDC14-GFP were 

described in (Matos et al. 2008) and RTS1-3PK was described in (Riedel et al., 2006). A 

one-step PCR method was used to generate pCLB2-3HA-IPL1 (ipl1mn) (Lee and Amon, 

2003), mad2 Δ, ase1Δ, fin1Δ (Longtine et al., 1998) ASE1-9myc, and TPD3-6HA 

constructs (Knop et al., 1999). 

 
2.2.6 Yeast transformation 
Cells to be transformed were inoculated into 50 ml YPD medium and grown overnight. 

The cells were then diluted to OD600 0.05-0.1 and grown to an OD600 of 0.5-1.0. The 

cells were then spun down at 3600 rpm for 1 min, and washed in 10 ml sterile water, and 

then again with 1 ml sterile water. The cells were then washed with 1 ml 0.1M LiAc in 

TE (10mM Tris.HCl, 1mM EDTA), and then resuspended in 250 µl 0.1M LiAc. 50 µl of 

yeast suspension was taken per transformation, and 5-10 µl of DNA was added, along 

with 10 µl of 10mg/ml single-stranded salmon sperm DNA, and 300 µl sterile 40% PEG 

(40% PEG 4000 in TE and 0.1M LiAc).The mixture was then incubated at 30°C with 

rotation for 30 mins, then at 42°C for 15 mins. The cells were then spun down in a 

microfuge for 5 seconds, and the cells were resuspended in 200 µl sterile water and 

spread on selective medium. For selection with G418, the cells were spread on YPDA 

agar plates overnight and replica plated onto G418 plates the following day.  
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2.2.7 Yeast strain construction by mating and dissection 
To generate yeast strains using existing strains, haploid MATa and MATα strains were 

mated on YPD agar plates overnight, and the resulting diploids selected for by streaking 

on selection media or by using α-factor. A small amount of one strain with a unique 

selectable marker was mated with an excess of the other strain. Single colonies from the 

selection plates were patched onto YPD plates overnight, and then patched onto 

sporulation agar plates (1% w/v potassium acetate, 2% w/v agarose, 1x Synthetic 

complete) and left to sporulate for 2-3 days until tetrads formed. A small amount of 

tetrads were resuspended in 20 µl of 1 mg/ml zymolase (AMS biotechnology) in 1M 

sorbitol and incubated for up to 15 mins. 1 ml of sterile water was added, and 20 µl of 

tetrads was then pipetted onto a YPD agar plate. Tetrads were then dissected on a Nikon 

Eclipse 50i microscope and incubated until colonies were formed. Colonies were then 

patched onto YPD agar plates overnight, and replica plated onto selective media for 

scoring of the genotypes. 

 

2.2.8 Storage of yeast strains 
To store SK1 yeast strains for the long term, strains were grown on YPG agar plates 

overnight, then scraped up with and inoculated into 1 ml 15% v/v glycerol in a cryotube, 

and stored at -80°C. To take out yeast strains, a part of the glycerol stock was spread and 

allowed to grow on YPG plates overnight, and then transferred to YPD plates.  

 

2.2.9 Maintenance of diploid yeast strains 
In order to prevent the sporulation of diploid yeast, strains taken from the glycerol stock 

and patched onto YPG plates were replica plated daily onto fresh YPD4% agar plates. 

 

2.3 Analysis of meiotic cell cycle 
2.3.1 Preparation of cells for sporulation 
For meiotic time courses, diploid yeast strains were taken out of glycerol stock and 

grown on YPG agar plates and grown overnight (16 hrs). The strains were then 
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transferred to YPD4% agar plates and grown for 24 hrs at 30°C, or at room temperature 

for temperature sensitive strains. Strains were then inoculated into YPD media and 

cultured for 24 hrs, and then transferred to YPA media at an OD600 of 0.2-0.4 and grown 

overnight to an OD600 of at least 1.8. Cells were then washed with sterile water and 

resuspended in sporulation medium at an OD600 of 1.8-1.9, and sporulated at 30°C, or at 

room temperature for temperature sensitive strains. Samples were taken every hour or 

half hour for up to 10 hrs. Note that meiotic time courses are variable from day to day, 

and experiments where nuclear division is scored are represented by graphs from a 

single experiment. 

 

2.3.2 A block and release method for synchronous meiosis 
In order to perform meiotic time courses with highly synchronized cells, strains were 

used containing homozygous NDT80 genes with the native promoter replaced by the 

GAL1-10 promoter, as well as the fusion gene GAL4(848)-ER under the GPD1 promoter 

(Carlile and Amon, 2003). NDT80 is a gene that is required for the exit from pachytene 

in meiosis. These strains were prepared for sporulation as in the previous section, and 

then left in sporulation medium for 6 hrs before the addition of 1µM of β-oestradiol, 

which induced the transcription of NDT80. Samples were taken every 15 mins for 3 

hours, then every half hour or hour after that, up to 7 hrs after release from pachytene 

block. 

 

2.3.3 Depletion of proteins in meiosis 
Proteins were depleted in yeast meiosis by replacing the native promoter of the relevant 

gene with a mitotic specific promoter that is not active in meiosis. In this study, the 

promoter used to replace the native promoters was the CLB2 promoter (Lee and Amon, 

2003). 
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2.4 Nucleic acid methods 
2.4.1 E.coli plasmid mini-prep 
2 ml of LB-Ampicillin (100 µg/ml Ampicillin in LB media) was inoculated with E.coli 

and incubated at 37°C overnight. The cells were spun down in a 1.5 ml eppendorf tube 

and the pellet resuspended in 100 µl GTE (50mM glucose, 10mM EDTA, 25mM Tris, 

pH 7.5) by vortexing. 150 µl of alkaline SDS (200mM NaOH, 1% w/v SDS) was added, 

and the tube was mixed by inversion. 150 µl of cold high salt buffer (2.5M potassium 

acetate, pH 4.8) was then added, and the tube mixed by inversion, then incubated on ice 

for 15 mins. The tube was then centrifuged at 14000 rpm for 5 mins, and transferred to 

900 µl of cold ethanol. The tube was spun again at 14000 rpm for 5 mins, and the 

supernatant was discarded. The pellet was washed with 200 µl of 70% ethanol, then air 

dried and resuspended in 50 µl TE. 

 

2.4.2 E.coli plasmid midi-prep 
E.coli cells were grown in 5 ml of LB-Ampicillin media at 37°C for 8 hrs, and 1 ml of 

that culture was used to inoculate 50 ml of LB-Ampicillin, which was left at 37°C 

overnight.  The cells were then spun down in a 50 ml falcon tube for 5 mins at 4000 

rpm, then resuspended in 2.5 ml GTE. 5 ml of alkaline SDS was added, and mixed 

carefully, followed by 2.5 ml of cold high salt buffer. The mixture was vortexed briefly 

and spun down for 5 min at 3600 rpm. The supernatant was then extracted and 10 ml of 

isopropanol added to it, followed by vortexing. This was spun down for 5 mins at 3600 

rpm, and the supernatant was removed. The pellet was then resuspended in 750 µl TE, 

and 1 ml of 5M LiCl was added, and the tubes placed on ice for 20 mins to precipitate 

the RNA. The tubes were then centrifuged for 5 mins at 3600 rpm, and the supernatant 

was extracted and 3.5 ml of cold ethanol added to it, and placed at -20°C for at least 10 

mins. The tubes were centrifuged again and the pellet dissolved in 200 µl of TE. The 

DNA was then precipitated by adding 20 µl of 3M sodium acetate, and 550 µl of ethanol 

(a 2.5x volume of ethanol/0.3M sodium acetate mixture), and left at -20°C for at least 10 

mins. The pellet was then spun down and dissolved in 100-200 °C TE. 
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2.4.3 Genomic extraction from yeast 
A toothpick worth of yeast cells from an agar plate was suspended in 200 µl of DNA 

breakage buffer (2% v/v Triton X-100, 1% w/v SDS, 100mM NaCl, 10mM Tris.HCl pH 

8.0, 1mM EDTA), along with glass beads and 200 µl of phenol chloroform 

(phenol:chloroform:isoamyl alcohol 25:24:1 in 10mM Tris pH 8.0, 1mM EDTA, 

Sigma). The mixture was vortexed for 4 mins, then spun down at 14000 rpm for 5 mins. 

The upper aqueous layer was then transferred to 1 ml cold ethanol. This was mixed by 

inversion, and then centrifuged at 14000 rpm for 5 mins. The supernatant was discarded 

and the pellet was dried, then resuspended in 50 µl of TE. 

 
2.4.4 Agarose gel electrophoresis 
0.6-1% w/v agarose gels were used to analyse DNA with ethidium bromide staining. 

Agarose was dissolved in TAE buffer (10x TAE: 0.4M Tris, 10mM EDTA, 1.1% v/v 

acetic acid) by microwaving at full power. Ethidium bromide was added to a final 

concentration of 0.5 µg/ml before the gel set. DNA samples were mixed with DNA 

loading buffer (10x loading buffer: 1mM EDTA, 0.25% w/v bromophenol blue, 0.25% 

w/v xylencyano blue, 50% v/v glycerol) and run at a voltage of 90-140 V. 1kb DNA 

ladder (NEB) was added for determining DNA band sizes. DNA was visualized using a 

UV transilluminator system. 

 

2.4.5 Extraction of DNA from agarose gels 
DNA bands were excised from ethidium bromide gels using a scalpel and placed in 

eppendorf tubes. DNA was extracted using the Wizard SV Gel and PCR Clean-Up 

System (Promega) kit following the manufacturer’s instructions. 

 
2.4.6 PCR 
2.4.6.1 General 
PCR was performed in the lab using a Bio-Rad DNAEngine Thermal Cycler. The PCR 

reaction typically used: 1 µM of each oligonucleotide primer, 0.2mM dNTPs, PCR 

buffer (10x PCR buffer: 100mM Tris.HCl pH8.3, 500mM KCl, 20mM MgCl2, 0.1% w/v 
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gelatin), DNA polymerase, and sterile water. For applications not requiring accuracy in 

DNA replication, lab purified Taq polymerase was used. For high fidelity polymerase 

reactions, ExTaq (TaKaRa) polymerase was used with the supplied dNTPs and PCR 

buffer. 

 

2.4.6.2 Colony PCR for checking yeast strains 
A toothpick worth of yeast cells was transferred into 0.2 ml PCR tubes (Axygen). The 

tubes were microwaved at full power for 1 min, then placed directly on ice. 20 µl of 

PCR mix was then added to the tube.  The PCR mix contained 2 µl 10x PCR buffer (100 

mM Tris.HCl pH 8.3, 500 mM KCl, 20 mM MgCl2, 0.1% w/v gelatin), 1.6 µl 2.5 mM 

dNTPs, 1 µl of 20 µM of each primer, 0.4 µl lab purified Taq polymerase, and 14 µl 

distilled water. The following PCR programme was used to amplify the DNA: 

95ºC (0:30) 

95ºC (0:30)   55-65ºC (0:30)   72ºC (02:00) 30 cycles 

72ºC (5:00) 

The DNA was then kept at 4°C until required. The temperature used to amplify the PCR 

product varied depending on the properties of the primers used and the expected product 

size. 

 

2.4.6.3 Purification of PCR products 
Purification of PCR products was performed using the Wizard SV Gel and PCR Clean-

Up System kit according to manufacturer’s instructions. 

 

2.4.7 Chromatin immunoprecipitation 
Chromatin immunoprecipitation was performed by Adele Marston as described in 

(Fernius and Marston, 2009), with the following modifications. Samples were harvested 

7h after inducing sporulation. Extracts were sonicated using the Bioruptor sonicator 

(Diagenode) for 30 x 30s cycles with 30s resting on maximum power setting. Protein G 

dynabeads (15 µl), rather than sepharose dynabeads were used.  To pull down Rts1-3Pk, 

anti-PK (V5) antibody was used (10 µl). qPCR was performed using the Invitrogen 
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SYBR green express reagent (EXPRESS, Invitrogen) on the Roche Lightcycler. Primers 

for the site “95 kb to left” are AM782, 5’-AGATGAAACTCAGGCTACCA-3’, and 

AM783, 5’-TGCAACATCGTTAGTTCTTG-3’; “9 kb to left” are AM1319, 5’-

ATGATTCAATGGATTTAGCC-3’, and AM1320, 5’-

GTCAGTCTTATGCTGTTCCC-3’; “6 kb to left” are AM1325, 5’-

AATCCTGTATGAAAGCCCTA-3’, and AM1326, 5’-

AAATAGGAAGGACTTAGGGAA-3’; and “150 bp right” are AM794, 5’-

CCGAGGCTTTCATAGCTTA-3’, and AM795, 5’-ACCGGAAGGAAGAATAAGAA-

3’. 

 

2.5 Protein methods 
2.5.1 Crude protein extract preparation 
5-10 ml of yeast culture was spun down at 3600 rpm in falcon tubes for 2 mins. The 

cells were transferred to Fastprep tubes (MP Biomedicals) with 1ml cold 10mM Tris pH 

7.5. The cells were spun down again and the supernatant was removed, and the pellets 

were snap frozen in liquid nitrogen and stored at -80°C or processed immediately. The 

pellets were resuspended in 100 µl cold protein breakage buffer (TE (10mM Tris pH 7.5, 

1mM EDTA), with 2.75mM DTT and 1x Roche EDTA-free protease inhibitors), and a 

similar volume of acid-washed glass beads (Sigma) were added. The cells were broken 

in a Fastprep Bio-pulverizer FP120 for 2x 30 seconds. 50 µl of 3x SDS sample 

buffer(187mM Tris pH 6.8, 6% w/v β-mercaptoethanol, 30% v/v glycerol, 9% w/v SDS, 

0.05% w/v bromophenol blue) was added, and the tubes were boiled for 5 mins, and the 

extracts were then loaded onto a gel.  

 

2.5.2 TCA extract preparation 
To extract proteins for Western blot analysis, 5 ml of meiotic cultures were spun down 

in 15 ml falcon tubes at 3600 rpm and 4°C for 2 mins, and then resuspended in 5 ml  of 

5% trichloroacetic acid (TCA) in ice for at least 10 mins. The cells were then spun down 

again at 3600 rpm and 4°C for 2 mins, and transferred to 2 ml Fastprep tubes with 

residual media. Tubes were briefly spun at 14000 rpm and the supernatant removed, 
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followed by snap freezing in liquid nitrogen, and stored at -80°C if not used 

immediately. Cell pellets were washed in 1 ml acetone at room temperature by 

vortexing, then spun down at 14000 rpm for 5-10 mins. The acetone was removed, and 

pellets were left in a fume hood to dry for up to 1-3 hrs. The pellets were then 

resuspended in 100 µl of ice cold protein breakage buffer, and a similar volume of acid-

washed glass beads (Sigma) was added. The cells were then broken in a Fastprep Bio-

pulverizer FP120 for 3 x 45 seconds, and 50 µl of 3x SDS sample buffer was added. The 

tubes were then boiled for 5 mins, then chilled and spun down for 1 min at 14000 rpm. 

The samples were then either loaded onto a gel or stored at -20°C. 

 

2.5.3 SDS Polyacrylamide gel electrophoresis 
To prepare gels for protein electrophoresis, two glass plates were assembled with a gap 

and sealed at the edges with molten agarose. 30 mls of 6 or 8% resolving gel (6 or 8 ml 

30% acrylamide : 0.8% bis-acrylamide (National Diagnostics) respectively, 7.5 ml 4x 

resolving buffer (1.5 M Tris, 0.4% w/v SDS, pH 8.8), 14.5 ml sterile water, 450 µl 10% 

w/v ammonium persulphide (APS), 30 µl tetramethylethylenediamine (TEMED)) was 

added and allowed to set with a layer of isopropanol on the top. Stacking gel (2 ml 30% 

acrylamide : 0.8% bis-acrylamide, 7.5 ml 2x stacking buffer (0.25M Tris, 0.2% w/v 

SDS, pH 8.8), 5.3 ml sterile water, 150 µl 10% w/v APS, 15 µl TEMED) was then 

added to the top of the glass plates, and a plastic comb with 20 wells was inserted. After 

the gel was set, the comb was removed and the gel was placed in a Biometra V15.17 

electrophoresis apparatus in SDS running buffer (10x SDS running buffer: 0.25M Tris, 

1.9M glycine, 0.1% w/v SDS), and the 5-20 µl of the prepared samples were loaded, 

along with a pre-stained protein marker (NEB). The gel was then run at 65 mA for 30 

min, then at 12 mA overnight, or at 65 mA for 3-4 hrs.  

 

2.5.4 Western blotting 
After electrophoresis, gels were cut out and placed in sterile water. Gels were then 

transferred onto protran BA 85 nitrocellulose membrane (Whatman) in a semi-dry 

transfer apparatus (Amersham TE70), between 6 pieces of blotting paper soaked in 
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transfer buffer (25mM Tris, 1.5% w/v glycine, 0.02% w/v SDS, 10% v/v methanol). 

Proteins were then transferred at 1 mA/cm2 for up to 2.5 hrs. Membranes were then 

stained in Ponceau S (0.47% w/v Ponceau S, 3% w/v TCA, 1% v/v acetic acid) to 

visualize the proteins, then blocked by incubation in 3% dry milk in PBS-T (0.1% 

Tween-20 in phosphate buffered saline (PBS: 13.7mM NaCl, 270µM KCL, 1mM 

Na2PO4, 176µM KH2PO4)) for 30 mins at room temperature. Membranes were then 

incubated in primary antibody diluted in antibody buffer (1% milk, 1% BSA in PBS-T) 

for 1.5 hrs at room temperature, or overnight at 4°C. Membranes were then washed in 

PBS-T for 3x 15 mins, and incubated with secondary antibody diluted in antibody buffer 

for 1 hr at room temperature. Membranes were washed again 3x 15mins with PBS-T, 

and then processed for chemiluminescence using the SuperSignal West Pico 

chemiluminescence kit or the SuperSignal West Femto chemiluminescence kit (Thermo 

scientific) using the manufacturer’s instructions. Membranes were then exposed to 

Kodak Bio-Max light film and developed in a Konica-Minolta SRX-101A developer. To 

strip membranes for reprobing, membranes were washed 3x 5 mins with PBS-T, and 

stained with Ponceau S for a few minutes. The stain was then rinsed off with water until 

the background was clear, and the membranes were probed as detailed above. Details of 

antibodies used are shown in table 3. 

 
Table 3: Antibodies used for Western blotting 

Antibody Origin Concentration Dilution 

Mouse mono 9E10 (c-myc) Covance 3-5 mg/ml 1:1000 

Mouse mono HA.11 Covance 3-5 mg/ml 1:1000 

Mouse Pgk1 Invitrogen 1 mg/ml 1:5000 

Mouse mono anti-PK (V5) AbD serotec 1 mg/ml 1:1000 

Sheep anti-mouse HRP GE Healthcare - 1:5000 
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2.5.5 Protein concentration determination 
10 µl of protein extract was added to 20 µl of solubilising solution (50mM Tris pH7.5,  

0.3M NaCl) and vortexed, then spun down at 14000 rpm for 3 mins. A blank was used 

using 10 µl of buffer used to extract the proteins. 3 µl of the solubilised extracts were 

added to 1 ml of 1:5 diluted Bradford reagent in 1 ml cuvettes, and mixed. The OD595 

was determined and protein concentration calculated based on a standard BSA curve. 

 

2.5.6 Co-immunoprecipitation of proteins 
2.5.6.1 Pulldown of Cdc55-TAP 
Cells were induced to sporulate and DAPI staining of nuclei was analysed until a 

mixture of mononucleates, binucleates and tetranucleates was observed. Cells were then 

harvested and washed in sterile water, and resuspended in 0.2x cell volume of sterile 

water. The cells were then drop-frozen in liquid nitrogen, and ground 3x in a Retsch 

Mixer Mill MM400. The yeast lysates were then thawed and resuspended in Hyman 

buffer (50mM bis-tris propane pH7, 100 mM KCl, 5 mM EGTA, 5 mM EDTA, 10% v/v 

glycerol) supplemented with a protease inhibitor mix (1x Roche complete protease 

inhibitor, 2.5 mM NaN3, 0.2 mM sodium orthovanadate, 1 µM microcystin, 10 mM β-

glycerophosphate, 10 µg/ml leupeptin, 10 µg/ml pepstatin, 1 mM Pefablock, 5 µg/ml 

chymostatin). Triton X-100 was added to a final concentration of 1% v/v, and the lysates 

was sonicated at 39-40% amplitude for 1x 30 seconds per 10 ml of lysate. The lysate 

was then centrifuged and filtered through a 2.7 µm filter, followed by a 1.6 µm filter. 

Immunoprecipitation was performed by adding 4 mg of rabbit IgG-coupled Dynabeads 

per 30g lysed yeast, and rotating at 4°C for 30 mins. The lysates were then washed 5x in 

cold Hyman buffer, and then resuspended in 25 µl NuPAGE LDS sample buffer 

(Invitrogen), and run on a NuPAGE Novex Bis-Tris 4-12% gel (Invitrogen). 

 

2.5.6.2 Pulldown of Tpd3-6HA 
To prepare yeast lysates for immunoprecipitation, cells were induced to sporulate and 

harvested after 4h. Pellets were washed once in cold sterile water supplemented with 

2mM phenylmethylsulfonyl fluoride (PMSF), then resuspended in 20% cell pellet 
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volume of water supplemented with a protease inhibitor cocktail (5µg/ml pepstatin A, 

antipain, chymostatin, leupeptin, E-64, aprotinin, 2mM 4-(2-Aminoethyl) 

benzenesulfonyl fluoride hydrochloride (AEBSF), 1mM benzamidine and 1mM PMSF). 

Cells were drop-frozen in liquid nitrogen and ground to powder with a mortar and pestle, 

resuspended in cold yeast lysis buffer (50mM Tris-Cl pH 7.6, 150mM NaCl, 1% w/v 

Triton X-100, 1mM EDTA (Fellner et al., 2003)) supplemented with the above protease 

inhibitor cocktail, then centrifuged and filtered through a 1.6µm filter.  

To pull down Tpd3-6HA, lysate containing 3mg total protein was incubated with 7.5 µl 

anti-HA (12CA5) antibody with rotation for 30mins at 4°C, and Protein G dynabeads 

(15 µl) were added for a further 1hr of incubation. The beads were then washed 3 times 

in cold yeast lysis buffer plus inhibitors and boiled in 3x sample buffer for SDS-PAGE 

and Western blotting.  

 

2.5.7 Silver staining 
Silver staining was performed with the Thermo Scientific Pierce Silver Stain kit 

according to manufacturers instructions 

 

2.5.8 Mass spectrometry 
Mass spectrometry was performed by Flavia Alves in the Juri Rappsilber lab (University 

of Edinburgh). 

 

2.6 Microscopy methods 
2.6.1 Preparation of cells for DAPI staining 
100 µl of meiotic culture was added to 400 µl of ethanol in eppendorf tubes and kept at 

4°C until processed. The tubes were spun down at 14000 rpm for 1 min, and supernatant 

was removed and cell pellets were resuspended in ~50 µl of 1 µg/ml DAPI. The tubes 

were then stored at 4°C. 5 µl of the cells were used on microscope slides for analysis by 

microscopy.  
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2.6.2 Preparation of cells for GFP-tagged chromosome visualization 
GFP-tagged chromosomes were visualized as in (Klein et al., 1999). 100 µl of meiotic 

culture was added to eppendorf tubes containing 10 µl of 37% formaldehyde and fixed 

for 10 mins at room temperature. The cells were then spun down at 14000 rpm for 2 

mins, then washed with 1 ml 80% ethanol, and spun down again at 14000 rpm for 2 

mins. The pellet was then resuspended in 20 µl of 1 µg/ml DAPI. The tubes were then 

stored at 4°C. 5 µl of the cells were used on microscope slides for analysis by 

microscopy. 

 

2.6.3 Pre-absorbing antibodies for immunofluorescence 
Fixed wild type yeast cells were prepared as described in section 2.6.4. Antibodies used 

for immunofluorescence were aliquoted in 200 µl in 1.5 ml eppendorf tubes, and 200 µl 

of fixed cells were added. The tubes were incubated with rotation at room temperature 

for 20 min, and then spun down at 3000 rpm for 3 min. The supernatant was then 

transferred to a new eppendorf tube and 200 µl of fixed cells added to that. This was 

repeated 5 times, achieving 6x diluted antibody. The supernatants of all aliquots were 

then combined and 0.01% NaN3 was added, and the mixture was aliquoted in 50 µl 

aliquots and stored at -20°C. Upon thawing, antibodies were kept at 4°C.  

 

2.6.4 Whole cell immunofluorescence 
Indirect immunofluorescence was performed as in (Visintin et al., 1999). 200 µl of 

meiotic culture was spun down at 14000 rpm for 1 min and cells resuspended in 1 ml of 

3.7% formaldehyde in 0.1M potassium phosphate buffer, pH 6.4. Cells were fixed in 

formaldehyde for 10 mins – overnight depending on the protein of interest. The cells 

were then washed 3x in 1 ml 0.1M potassium phosphate buffer pH 6.4, then resuspended 

in 1ml of 1.2M sorbitol-citrate (1.2M sorbitol, 0.1M K2HPO4, 36mM citric acid), and 

stored at -20°C or processed immediately. Cells were then spun down and resuspended 

with 200 µl 1.2M sorbitol-citrate, 20 µl glusulase (Perkin Elmer), and 6 µl of 1 mg/ml 

zymolase and rotated at 30°C for 1-4 hrs depending on the fixation time, until cells were 

digested. The cells were then spun down at 3000 rpm for 2 mins, washed in 1 ml of 
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1.2M sorbitol-citrate, and spun down at 3000 rpm for 3 mins. The cells were then 

resuspended in ~30 µl 1.2M sorbitol-citrate. Multi-well slides were prepared by placing 

5 µl 0.1% polylysine in the wells for 5 mins, and 5 µl of cells were placed in the wells 

for 10 mins. The wells were then aspirated and the slides fixed in methanol for 3 mins, 

followed by washing in acetone for 10 seconds. 5 µl of primary antibody diluted in PBS-

BSA (1% w/v BSA, 0.04M K2HPO4, 0.01M KH2PO4, 0.15M NaCl, 0.1% NaN3) was 

then added to each well, and the slides were incubated in a wet chamber for 2 hrs at 

room temperature. The supernatant was then removed and the wells were washed 5x 

with PBS-BSA, and 5 µl of secondary antibody diluted in PBS-BSA was added to the 

wells, and incubated for 2 hrs in a wet dark chamber at room temperature. Wells were 

washed 5x with PBS-BSA, and 3 µl of DAPI-mount (9mM p-phenylenediamine, 0.04M 

K2HPO4, 0.01M KH2PO4, 0.15M NaCl, 0.1% NaN3, 50 ng/ml DAPI, 90% v/v glycerol) 

was added to the wells. The slides were covered with coverslips and excess liquid was 

pressed out with tissue paper, and the edges sealed with nail polish. The slides were 

stored for a short term at -20°C, or long term at -80°C. 

Tubulin was visualized using a rat antibody at a 1:50 dilution and anti-rat FITC antibody 

at a 1:100 dilution. Pds1-18Myc was detected with a mouse anti-Myc antibody at a 

1:250 and anti-mouse Cy3 antibody at a 1:500 dilution. 3HA-Cdc14 was detected with a 

mouse HA antibody at a 1:250 dilution and an anti-mouse Cy3 antibody at a 1:500 

dilution. Clb1-9Myc and Ase1-9Myc were detected with a mouse anti-Myc and an anti-

mouse Cy3 antibody at 1:500 dilutions. Mpc70-3HA was detected with a mouse HA 

antibody at a 1:500 dilution and anti-mouse Cy3 antibody at 1:1000 dilution. The 

antibody information is shown in table 4. 
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Table 4: Antibodies used for whole cell immunofluorescence 

Antibody Origin Concentration 

Rat mono tubulin-α AbD serotec 1 mg/ml 

Mouse mono 9E10 (c-myc) Covance 3-5 mg/ml 

Mouse mono HA.11 Covance 2-3 mg/ml 

Donkey anti-rat FITC Jackson ImmunoResearch 1.25 mg/ml 

Donkey anti-mouse Cy3 Jackson ImmunoResearch 1.25 mg/ml 

 

 
2.6.5 Chromosome spreads 
Chromosome spreading was performed as in (Loidl et al., 1998). 2 ml of meiotic culture 

was spun down in 2 ml tubes at 14000 rpm for 2 mins. The supernatant was discarded 

and 200 µl of solution 1 (2% w/v potassium acetate, 0.8% w/v sorbitol), 2 µl 1M DTT, 

and 2.6 µl of 10 mg/ml zymolase were added, and the tubes incubated at 37°C for up to 

15 mins, until the cells were digested. The digestion was stopped by addition of ice-cold 

solution 2 (0.1M MES, 1mM EDTA, 0.5mM MgCl2, 1M sorbitol, pH 6.4). The cells 

were then spun down at 2000 rpm for 4 mins, and resuspended in 200 µl ice-cold 

solution 2 and placed on ice. Spreads were then made by adding 15 µl of cells, 30 µl 

fixative (4% w/v paraformaldehyde, 3.4% w/v sucrose), 60 µl lipsol (Western 

Laboratory Science), and 60 µl fixative in that order, onto a glass slide. The mixture was 

then distributed with a glass rod along the slide, and left to dry overnight. Slides were 

then stored at -80°C or processed immediately. 

Slides were incubated for 10 mins in PBS at room temperature, and then covered in 60 

µl of blocking buffer (0.2% w/v gelatine, 0.5% w/v BSA in PBS) under a coverslip or 10 

mins, then rinsed with PBS. 60 µl of primary antibody diluted in blocking buffer was 

then added and incubated under coverslips in a wet chamber overnight at 4°C. The slides 

were then washed with PBS and incubated in PBS for 5 mins at room temperature. 

Secondary antibody diluted in blocking buffer was then added and incubated under 

coverslip in a wet chamber for 2-4 hrs at room temperature. 1 drop of Vectashield DAPI 
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mounting media (Vector Laboratories) was then added and covered with a coverslip, and 

excess liquid pressed out with tissue paper. Slides were then stored at -80°C. 

Rec8-13myc was detected with a rabbit anti-Myc antibody and an anti-rabbit FITC 

antibody at 1:300 dilutions. Mam1-9Myc was detected with a rabbit anti-Myc antibody 

and an anti-rabbit FITC at 1:100 dilutions. Sgo1-9Myc was detected with a rabbit anti-

Myc antibody at a 1:800 dilution and an anti-rabbit FITC at a 1:250 dilution.  Ndc10-

6HA was detected with a mouse HA antibody at a 1:250 dilution and an anti-mouse Cy3 

antibody at a 1:300 dilution. 

 

2.6.6 Microscopy 
Samples for fluorescence microscopy were analyzed on a Zeiss Axioplan 2 microscope 

and images taken using a Hamamatsu camera operated through Axiovision software. 

Images were then contrast adjusted in Adobe Photoshop. 

 

2.6.7 Live-cell imaging 
Meiotic cultures were prepared as described in section 2.3.1 and shaken in sporulation 

media for 2-4 hours. 100-200 µl of culture were then spun down, and cells resuspended 

in 5 µl of sporulation medium. 5 µl of 0.2 mg/ml soybean lectin (Sigma) was then 

added, and the mixture was pipette onto a glass coverslip for immobilization for 3-4 

mins. Cells were then washed 3 times with 1ml sporulation media and covered in 1ml of 

media, and transferred to a temperature-controlled stage at 30°C on a Deltavision Core 

system (Applied Precision) with an Olympus IX71 microscope and a 100x Plan 

Apochromat/1.4 NA (oil) objective lens. The cells were then imaged at 10 minute 

intervals for up to 12 hrs with an EM charged-coupled device camera (Cascade II, Roper 

Scientific). 10-15 Z-sections of approximately 1µm were taken. Images were 3D-

deconvolved maximum intensity projections, and 2x digital zoom and contrast 

adjustment were performed using SoftWoRx. 
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3 Analyzing the Cdc55 depletion phenotype in meiosis 

Cdc55 is a regulatory subunit of the protein phosphatase 2A (PP2A) complex. PP2A 

complex is localized to several locations in the cell, and has a wide variety of functions, 

which are controlled by the association of different regulatory proteins to the catalytic 

subunits. PP2ACdc55 has been found to have an important role in regulating mitotic exit. 

PP2ACdc55 regulates the localization of the phosphatase Cdc14 in mitosis, by inhibiting 

its release from the nucleolus until anaphase onset (Queralt et al., 2006). It has also been 

shown that Cdc55 is involved in the inhibition of separase in mitosis, caused by the 

overprotection of Sgo1 (Clift et al., 2009). PP2A in association with Rts1 was found to 

be important in meiosis to prevent the loss of cohesion between sister chromatids at 

meiosis I, through recruitment by Sgo1 (Riedel et al., 2006). However, very little is 

known about the function of Cdc55 in meiosis. In this chapter, I attempt to uncover the 

phenotype of depleting Cdc55 in budding yeast meiosis. I find that Cdc55 may have a 

similar role to that in mitosis in inhibiting separase through Sgo1. In addition, I find that 

Cdc55 is required for the proper progression of the meiotic cycle. In contrast to mitosis, 

where deletion of CDC55 only delayed the mitotic cycle (Queralt et al., 2006), depletion 

of Cdc55 prevents the proper segregation of chromosomes in meiosis. 

 

3.1 Cdc55 prevents precocious activation of separase in meiosis 

Sgo1 is required to prevent the cleavage of centromeric cohesin in meiosis I, via the 

recruitment of PP2ARts1 to the centromere (Riedel et al., 2006). PP2ARts1 is thought to 

protect Rec8 cohesin from cleavage by  counteracting its phosphorylation, which is 

required for its cleavage by separase. However, the protection of Rec8 from cleavage 

only occurs in the presence of Sgo1: in the absence of Sgo1, Rec8 cleavage is not 

prevented by inhibition of its phosphorylation (Brar et al., 2006). This suggests that 

Sgo1 might have another mechanism for the inhibition of Rec8 cleavage, other than 

inhibiting its phosphorylation, and this mechanism might involve Cdc55, as Cdc55 has a 

role in inhibiting separase in mitosis (Clift et al., 2009). To examine the possibility that 
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Cdc55 protects Rec8 from cleavage in meiosis, I looked at the cleavage of Rec8 in cells 

with the polo kinase Cdc5, a kinase that is thought to phosphorylate Rec8 (Clyne et al., 

2003; Lee and Amon, 2003), depleted. Note that this experiment was done before 

identification of the Dbf4-dependent Cdc7 kinase and Casein kinase 1 as the major 

kinases responsible for Rec8 phosphorylation (Katis et al., 2010). Depletion of proteins 

in meiosis was accomplished by placing the genes under the CLB2 promoter, which is 

repressed in meiosis (depletion alleles are indicated with mn, standing for meiotic null). 

The expression of Cdc55 under the CLB2 promoter is low, and decreases throughout the 

time course (Fig. 3.1G,H). 

 

Wild type, cdc5mn, sgo1mn, sgo1mn cdc5mn, cdc55mn and cdc5mn cdc55mn cells 

carrying 3HA-tagged Rec8 were induced to sporulate by inoculation into sporulation 

medium. Samples were taken at 1 hr intervals throughout the time course, and these 

were analyzed by DAPI staining for visualization of nuclei, and Western blotting, for 

analysis of Rec8 cleavage. The percentages of undivided nuclei were counted at each 

time point (Fig. 3.1A,B), and full length and cleaved Rec8-3HA was visualized on an 

anti-HA immunoblot (Fig. 3.1C-H). In wild type cells, full length Rec8 appeared to be 

phosphorylated at 4 hrs, indicated by the shift to a slower migrating band in the 6% gel 

(Fig. 3.1C). A Rec8 cleavage product appeared on the 8% gel at 5 hrs, coinciding with 

the appearance of nuclear division (Fig. 3.1A). In the Cdc5-depletion mutant, no band 

shift or Rec8 cleavage product appear (Fig 3.1D), and nuclear division is inhibited (Fig. 

3.1B), indicating that Rec8 phosphorylation and cleavage are inhibited, as described 

previously (Clyne et al., 2003; Lee and Amon, 2003). When Sgo1 is depleted in cdc5mn 

cells, although Rec8 phosphorylation is inhibited (Fig. 3.1F, 6% gel), some Rec8 

cleavage product is observed (Fig. 3.1F, 8% gel), as well as the division of nuclei (Fig. 

3.1B). This supports the previous report that Sgo1 is involved in a separate mechanism 

in the protection of Rec8 from cleavage. Nuclear division is not complete in these cells, 

as Cdc5 has other essential functions in meiosis, such as the resolving of Holliday 

junctions (Clyne et al., 2003). Interestingly, depletion of Cdc55 resulted in a similar 

level of Rec8 cleavage in cdc5mn cells (Fig. 3.1H), as shown by the presence of Rec8 
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Fig. 3.1 Depletion of Cdc55 partially alleviates the need for Cdc5 in Rec8 cleavage 

Wild type (AM4850), cdc5mn (AM4851), sgo1mn (AM4838), cdc5mn sgo1mn (AM4800), cdc55mn 

(AM4938), and cdc5mn cdc55mn (AM4937) cells were sporulated and samples taken at the indicated times 

for DAPI staining and Western blotting. The percentage of undivided nuclei was determined (A,B), and the 

levels of Rec8 analyzed (C-H) on the anti-HA immunoblots. The 6% gels show the position of 

phosphorylated Rec8 on the gel, and the 8% gels show the position of full length Rec8 and the Rec8 

cleavage product. Pgk1 was used as a loading control. 
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cleavage product on the 8% gel, as well as increased nuclear division (Fig. 3.1B). I 

conclude that both Sgo1 and Cdc55 have a role in the protection of Rec8 in a mechanism 

separate from preventing its phosphorylation. This could involve a similar mechanism to 

that found in mitosis, in which Sgo1 and Cdc55 are involved in regulating separase. In 

this experiment, I have not quantified the levels of Rec8 on the Western blots, and could 

be down to more robustly determine the effect of depleting Sgo1 and Cdc55 on the level 

of Rec8 cleavage product produced. 

 

During the course of these studies, I noticed that Cdc55-depleted mutants have an 

interesting phenotype in meiosis: they only performed 1 meiotic division, and did so 

rarely. I therefore decided to look at the roles for Cdc55 in budding yeast meiosis. 

 

3.2 Depletion of Cdc55 results in only one, faulty, meiotic division 

To investigate the role of Cdc55 in meiosis, I first analyzed the effect of depleting the 

level of the protein on the meiotic cell cycle in general. Wild type, cdc55mn and cdc55Δ 

cells were induced to sporulate by inoculation into sporulation medium. Samples were 

taken at 1 hour intervals for 10 hours, and subsequently DAPI stained. The percentage of 

cells with 1 nucleus (mononucleate), 2 nuclei (binucleate) or 4 nuclei (tetranucleate) was 

calculated at each time point as a means of monitoring meiotic progression through 

nuclear division. Wild type cells typically performed meiosis I 3-4 hours after 

inoculation, indicated by the appearance of binucleate cells. The cells then entered 

meiosis II at 4-6 hours into the time course, indicated by the appearance of 

tri/tetranucleate cells (Fig. 3.2A). Approximately 85% of cells had completed both 

meiotic divisions by the end of the time course. However, both the cdc55mn and cdc55Δ 

strains only divided their nuclei once throughout the time course, and cells with 3 or 

more nuclei were very rarely observed (Fig. 3.2B,C). In addition, the efficiency of the 

meiotic division was very low: only 20-30% of cells attempted nuclear division during 

the time course. Furthermore, examination of the DAPI stained cells indicated that 

cdc55mn and cdc55Δ cells appeared to have their DNA fragmented. Cells lacking Cdc55 
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Fig. 3.2 Cdc55-depleted cells perform only one division in meiosis 

Wild type (A, AM4796), cdc55mn (B, AM4891) and cdc55Δ (C, AM5338) cells containing heterozygous 

CEN5-GFP dots and PDS1-18MYC were sporulated, and samples were taken at the indicated time points for 

analysis by DAPI staining. The percentages of binucleate and tetranucleate cells were counted. 
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appear to be unable to perform one of the two meiotic divisions, and also have problems 

segregating their chromosomes in the single division. 

 

For the remainder of the experiments in this thesis, I focused on using the Cdc55-

depletion strain, as cdc55Δ cells are sick in mitosis (Clift et al., 2009). 

 

3.3 Sister chromatids and homologs are segregated randomly in 
Cdc55-depleted cells 

Because the cdc55mn strain only produced binucleates, it was unclear whether the 

chromosomes had segregated in a meiosis-I like fashion, where homologs are segregated 

from each other, or in a meiosis-II fashion, where sister chromatids are pulled apart. In 

order to find out whether these cells segregated sister chromatids or homologs in the 

single division, I utilized strains which produce TetR fused to GFP, and in which tetO 

arrays are integrated close to the centromere of chromosome V, on one or both 

homologs (heterozygous and homozygous CEN5-GFP dots respectively) (He et al., 

2000) (Fig. 3.3A). This effectively labels the centromere of chromosome V with a green 

GFP label, allowing for the monitoring of the segregation of chromosome V sister 

chromatids when one homolog is labelled, or homolog segregation when both are 

labelled, throughout a meiotic time course. 

 

To look at the pattern of segregation of sister chromatids, I inoculated wild type, 

cdc55mn and cdc55Δ strains containing heterozygous CEN5-GFP dots into sporulation 

medium, and took GFP dot samples at regular intervals for 10 hours. I calculated the 

percentage of binucleate cells with GFP label in one or both nuclei at each time point, 

and took an average over the time course for each strain. Wild type cells had CEN5-GFP 

foci in one nucleus 95% of the time, indicating that they segregated sister chromatids to 

the same pole in meiosis I at almost 100% efficiency as expected (Fig. 3.3B). cdc55mn 

cells, however, had GFP foci in both nuclei ~30% of the time, showing a mixed pattern 
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of sister chromatid segregation: ~30% of the cells counted had sister chromatids 

segregated to opposite poles. The same phenotype was found for cdc55Δ cells. 

 

To determine whether homologs were segregated correctly, wild type and cdc55mn 

strains with homozygous CEN5-GFP dots were examined in the same way as above. 

Normal meiosis I homolog segregation results in GFP foci found in both nuclei, as 

homologs segregate to opposite poles, whereas an abnormal meiosis I would result in 

GFP foci in only one nucleus. Wild type cells had GFP foci in both nuclei 100% of the 

time, indicating normal homolog segregation; in contrast, cdc55mn cells had GFP foci in 

one nucleus ~50% of the time, meaning that homologs segregated in a random manner, 

with around half of the cells segregating both homologs to the same pole (Fig. 3.3C). It 

should be noted that sister separation cannot be monitored in cells with GFP foci in both 

nuclei. The results show that cells lacking Cdc55 have impaired chromosome 

segregation in meiosis, with chromosomes segregating in a random fashion. 

 

3.4 Removal of all linkages between homologs and sister chromatids 
results in random segregation of chromosomes 

Why does the depletion of Cdc55 drastically impair chromosome segregation in 

meiosis? One possible reason is that one or more of the links between chromosomes are 

not resolved in a timely manner in meiosis. Chromosomes in meiosis I are linked in 

three kinds of ways: 1) homologous chromosomes are held together by chiasmata, 

formed by crossing over during meiotic recombination, 2) monopolin holds sister 

kinetochores together, and 3) cohesin encircles sister chromatids and prevents their 

segregation until it is cleaved. I investigated whether any of these linkages played a role 

in the missegregation of chromosomes in the cdc55mn mutant. If removing any of these 

linkages results in improved nuclear division or a change in the pattern of chromosome 

segregation in cells lacking Cdc55, then it is possible that Cdc55 is required in the 

regulation of that process in meiosis. 
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Fig. 3.3 Cdc55-depleted cells segregate chromosomes randomly 

(A) Cartoon diagram of chromosome segregation in meiosis I of a wild type and cdc55mn cell. Wild type 

cells segregate homologs to opposite poles, while cdc55mn cells segregate chromosomes randomly. (B) 

Wild type (AM4796), cdc55mn (AM4891) and cdc55Δ (AM5338) cells containing heterozygous CEN5-GFP 

dots and PDS1-18MYC were sporulated and samples taken for GFP dot analysis. The percentage of 

binucleates with GFP dot in one or both nuclei were counted and an average taken for all samples. (C) Wild 

type (AM6040) and cdc55mn (AM5936) cells containing homozygous CEN5-GFP dots and PDS1-18MYC 

were sporulated and treated as in Fig. 3.3B. Error bars for the strains in (B) and (C) are shown in 

Supplementary Figure 1K,L in the attached paper (Bizzari et al. 2011, appendix A.3). 
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3.4.1 Preventing chiasma formation does not rescue the delay in 
nuclear division in Cdc55-cells 

Failure to resolve recombination intermediates between homologs could be the reason 

why Cdc55-depleted cells are inefficient in segregating their chromosomes. To 

determine whether Cdc55-depletion affects the resolution of these chiasma, I examined 

the effect of deleting SPO11 on the meiotic progression of cdc55mn cells. Spo11 is 

required for forming double-strand breaks, which is the necessary precursor for meiotic 

recombination and chiasma formation (Keeney et al., 1997; Bergerat et al., 1997). 

Deleting this gene prevents the formation of crossovers between homologs, and should 

rescue the delay in nuclear division in the cdc55mn mutant if Cdc55 is required to 

resolve them. 

 

Wild type, cdc55mn, spo11Δ, and cdc55mn spo11Δ cells containing heterozygous 

CEN5-GFP dots were inoculated into sporulation medium, and meiotic progression and 

sister chromatid separation were analyzed by DAPI staining and analysis of GFP dot 

segregation respectively. In spo11Δ cells, the first nuclear division was observed at least 

1 hour earlier than in wild type (Fig. 3.4A,C), indicating that homolog segregation 

occurred 1 hour earlier in spo11Δ cells. This is due to the absence of chiasmata holding 

homologs together in meiosis I (Keeney et al., 1997). This results in homologs moving 

apart upon attachment to microtubules, with no linkages keeping the homologs together 

(Shonn et al., 2000). In contrast, cdc55mn cells with SPO11 deleted did not show any 

difference in meiotic progression compared to cdc55mn cells alone: both cells started 

nuclear division at approximately the same time and both had ~30% efficiency in 

nuclear division (Fig. 3.4B,D). In addition, both cdc55mn and cdc55mn spo11Δ cells 

exhibited the same percentage of binucleate cells with GFP foci in both nuclei, showing 

that they both have the same level of sister missegregation (~35%, Fig 3.4E). Thus, a 

failure in the resolution of chiasmata is not the major reason for the delayed and 

impaired chromosome segregation observed in Cdc55-depleted cells. 
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Fig. 3.4 Lack of chiasma does not rescue nuclear division and sister missegregation in Cdc55-depleted 

cells 

Wild type (AM4796), cdc55mn (AM4891), spo11Δ (AM5218) and spo11Δ cdc55mn (AM5320) cells 

containing heterozygous CEN5-GFP dots  were sporulated and samples taken at the indicated times for 

DAPI staining and GFP dot analysis. The percentages of binucleate and tetranucleate cells were determined 

(A-D), and the percentage of binucleates with GFP dot in one or both nuclei were counted and an average 

taken for all samples (E). Error bars for the strains in (E) are shown in Supplementary Figure 1L in the 

attached paper (Bizzari et al. 2011, appendix A.3). 
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3.4.2 Deleting MAM1 does not affect the random segregation of 
chromosomes in Cdc55-depleted cells 

Another possibility for the delayed and inefficient segregation of chromosomes in 

Cdc55-depleted cells is that sister kinetochores are not efficiently monooriented in 

meiosis I. In meiosis I, the sister kinetochores of each homolog are oriented towards the 

same pole. This allows for homologs to segregate to opposite poles in this division. In 

addition, cohesin is only cleaved from chromosome arms in meiosis I, with centromeric 

cohesin preventing the separation of sisters. If the cdc55mn mutation results in 

bioriented sister kinetochores in meiosis I, then microtubules from opposite poles would 

attach to the sister kinetochores in meiosis I, and the centromeric cohesin would prevent 

any sister segregation from occurring (Fig. 3.5A). In order to determine whether Cdc55-

depleted cells fail to properly monoorient, I looked at the effect of deleting MAM1 on 

cells lacking Cdc55: if there is a defect in monoorientation, deleting MAM1 should have 

little effect on the pattern of sister chromatid segregation.  

 

Wild type, cdc55mn, mam1Δ, and cdc55mn mam1Δ cells containing heterozygous 

CEN5-GFP dots were inoculated into sporulation medium, and meiotic progression and 

sister chromatid separation were analyzed by DAPI staining and analysis of GFP dot 

segregation respectively. Cells deleted for MAM1 are unable to properly divide in 

meiosis I, and can only divide in meiosis II once centromeric cohesin has been cleaved. 

In cdc55mn mam1Δ cells, neither the timing nor the efficiency of the nuclear division 

was affected compared to cdc55mn cells (Fig. 3.5C,E). In addition, both cdc55mn and 

cdc55mn mam1Δ cells had binucleates with GFP foci in both nuclei 30-35% of the time, 

meaning that the pattern of sister segregation observed was almost identical in both 

strains (Fig. 3.5F). This provides some evidence that Cdc55-depletion does affect 

monoorientation in meiosis I. 
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Fig. 3.5 Deleting MAM1 does not affect nuclear division or sister chromatid segregation in Cdc55-

depleted cells 

(A) Cartoon diagram of a monopolin mutant. If monopolin is not functional in meiosis, sister chromatids are 

bioriented, and this leads to kinetochore attachment to spindle microtubules from opposite poles. In 

anaphase I, when Rec8 is cleaved along the arms, chromosome segregation is hindered by the presence of 

centromeric cohesin. (B-F) Wild type (AM4796), cdc55mn (AM4891), mam1Δ (AM4777) and mam1Δ 

cdc55mn (AM5324) cells containing heterozygous CEN5-GFP dots were sporulated, and samples taken at 

the indicated times for DAPI staining and GFP dot analysis. The percentages of binucleate and tetranucleate 

cells were determined (B-E), and the percentage of binucleates with GFP dot in one or both nuclei were 

counted and an average taken for all samples (F). Error bars for the strains in (F) are shown in 

Supplementary Figure 1L in the attached paper (Bizzari et al. 2011, appendix A.3). 81



 

3.4.3 Mam1 localization at centromeres has wild type dynamics in 
Cdc55-depleted cells 

Is Mam1 localization to the kinetochore affected in a Cdc55-depleted cell? To look at 

this, wild type and cdc55mn cells containing tagged Mam1 and Ndc10 (MAM1-9myc 

and NDC10-6HA) were inoculated into sporulation medium, and samples were taken for 

chromosome spreading (Ndc10 is a kinetochore protein and serves as a centromeric 

marker). In order to look at the dynamics of Mam1 localization more accurately, the 

strains included the NDT80 gene under the control of the GAL1 promoter, as well as a 

gene producing oestrogen receptor fused to Gal4 (Gal4.ER), which is required to 

promote transcription from the GAL1 promoter. Ndt80 is required for exit from 

pachytene in meiosis, and only by addition of oestrogen can Ndt80 be produced in these 

cells. This allows for the synchronization of cells in meiosis, by blocking them at 

pachytene in sporulation medium for 6 hours before adding oestrogen and allowing them 

to progress into meiosis at the same time (Carlile and Amon, 2008) (Fig. 3.6A). Samples 

were taken at regular intervals from the 6 hour time point, and the percentage of cells 

with Mam1 localizing to all, some or no Ndc10 foci was scored. In wild type cells, 

Mam1 was strongly localized to kinetochores at 7 hours, before meiosis I, and is 

subsequently removed as meiosis I progresses, until it is finally completely absent at 9 

hours (Fig. 3.6B,D). The pattern of Mam1 localization in cdc55mn cells is almost 

identical to that of wild type, even though very few nuclear division occurs over that 

time period (Fig. 3.6C,E). From this result, it seems that depleting cells of Cdc55 does 

not affect Mam1 localization, although this does not preclude the possibility that 

monopolin is in some way defective in Cdc55-depleted cells. 

 

3.4.4 Removing cohesin does not improve the efficiency of nuclear 
division in Cdc55-depletion cells 

Could a failure to cleave cohesin result in the phenotype observed in Cdc55-depleted 

cells? A delay in cohesin cleavage would result in the inability of chromosomes to 

segregate at the appropriate time, and could explain why so few cells manage to divide 
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 Fig. 3.6 Mam1 localization to kinetochores is not affected in a Cdc55-depleted cell 

(A) Cartoon diagram of cell synchronized by a Gal4-induced Ndt80 (adapted from Carlile and Amon, 

2008). See text for details. (B-E) Wild type (AM5900) and cdc55mn (AM5771) cells carrying MAM1-

9MYC, NDC10-6HA, GAL-NDT80 and pGPD1-GAL4(848).ER were released from a pachytene block, 

and samples taken at the indicated time points for chromosome spreading (B,C) and DAPI staining 

(D,E). In B and C, Mam1-9myc localization to the kinetochores was determined by localization to 

Ndc10-6HA, and scored as localization to all, some or no Ndc10 foci and nuclear division monitored. 

Examples of Mam1 on chromosome spreads are shown in (F), bars 2 µm 
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GAL-NDT80 pachytene block-release
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nuclei. Indeed, an analysis of the levels of Pds1 (securin), a protein that inhibits separase 

cleavage of cohesin in metaphase I and II, in wild type and cdc55mn cells shows that 

levels of securin are higher at the beginning of the meiotic time course in cdc55mn cells, 

and remain at a consistently high level throughout, compared to wild type (Fig. 3.7). 

This could indicate that separase is inhibited for a longer time period in Cdc55-depleted 

meiotic cells than wild type. In order to determine whether a delayed cleavage of 

cohesin is involved, I analyzed cdc55mn cells where Rec8, the meiotic cohesin, is 

deleted. Note that deletion of REC8 results in a prophase arrest, and SPO11 needs to be 

deleted to overcome this arrest (Toth et al., 2000); however, this should not pose a 

problem for interpreting the effect of deleting REC8 in a cdc55mn mutant as deleting 

SPO11 has no effect on the cdc55mn mutant (section 3.4.1). 

 

I sporulated spo11Δ background cells with rec8Δ, mam1Δ and cdc55mn, as well as 

combinations of these deletions, containing heterozygous CEN5-GFP dots, as shown in 

Fig. 3.8A. Samples were taken and the percentage of binucleate cells with GFP foci in 

one or both nuclei was counted. Deletion of REC8 did not significantly alter the number 

of binucleates with GFP foci in both nuclei in cdc55mn cells, even in combination with 

mam1Δ. In addition, similar strains containing homozygous CEN5-GFP dots showed 

little impact on the pattern of the number of cdc55mn cells with GFP foci in one nucleus 

on deletion of MAM1, SPO11 or REC8 (Fig. 3.8B); however, deletion of REC8 did 

slightly increase the number of cells with GFP dots in both nuclei to ~75%, which 

indicates purely random chromosome segregation, and this suggests that not all Rec8 has 

been cleaved in cdc55mn cells that undergo nuclear division. Thus, it appears that 

linkages play some role in the segregation pattern of Cdc55-depleted cells, but their 

impaired resolution is not the major cause of the impaired nuclear division. 
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Fig. 3.7 Cdc55-depleted cells stabilise Pds1 in meiosis  

Wild type (AM4796) and cdc55mn (AM4891) cells carrying PDS1-18MYC were sporulated and 

samples taken for Pds1 immunofluorescence. The percentage of cells with Pds1 staining the nucleus 

was counted at the indicated time points. 
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Fig. 3.8 Loss of all linkages does not affect sister chromatid or homolog segregation in Cdc55-depleted 

cells 

 (A) spo11Δ (AM5218), spo11Δ rec8Δ (AM6572), spo11Δ cdc55mn (AM5320), spo11Δ rec8Δ cdc55mn 

(AM6404), spo11Δ mam1Δ cdc55mn (AM6522) and spo11Δ mam1Δ rec8Δ cdc55mn (AM6523) cells 

carrying heterozygous CEN5-GFP were sporulated and samples taken for GFP dot analysis. The percentage 

of binucleates with GFP foci in one or both nuclei were counted at several time points, and an average taken. 

(B) spo11Δ (AM6618), spo11Δ rec8Δ (AM6552), spo11Δ cdc55mn (AM6549), spo11Δ rec8Δ cdc55mn 

(AM6625), spo11Δ mam1Δ cdc55mn (AM6565) and spo11Δ mam1Δ rec8Δ cdc55mn (AM6670) cells 

carrying homozygous CEN5-GFP were sporulated and trated as in (A). Error bars for the strains in (A) and 

(B) are shown in Supplementary Figure 1K,L in the attached paper (Bizzari et al. 2011, appendix A.3). 
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3.5 Depletion of Cdc55 leads to a significant delay in the formation of 
the meiotic spindle 

If it is not the linkages between chromosomes that causes the inefficient meiotic 

divisions of Cdc55-depleted cells, then what could be responsible? One hypothesis is 

that the formation of the meiotic spindle is somehow impaired in the majority of cells in 

the absence of Cdc55; this would mean that chromosomes would fail to be segregated 

whether or not linkages between them were lost. In order to determine whether this was 

the case, I looked at the formation of the meiotic spindle by anti-tubulin 

immunofluorescence in fixed cells. 

 

Wild type and cdc55mn cells with NDT80 under the GAL1 promoter, and tagged Pds1-

18myc and Rec8-3HA, were released from a pachytene block in sporulation medium, 

and samples were taken at regular intervals and monitored for meiotic progression by 

DAPI staining and tubulin immunofluorescence. Wild type cells showed a very 

synchronous progression of the meiotic spindle throughout the time course: in meiosis I, 

short thick spindles, indicating metaphase I spindles, appeared at 7 hrs, followed by 

long, thin spindles between the nuclei at 7.5 hrs. In meiosis II, cells with 2 short thick 

spindles indicating metaphase II peaked at 7.75 hrs, followed by cells with 2 long thin 

spindles indicative of anaphase II peaking at 8.5hrs (Fig. 3.9 C,E,H) However, cdc55mn 

cells were significantly delayed in the formation of the spindle: metaphase I-like 

spindles were only observed 2.5 hours after the pachytene release, followed by anaphase 

I-like spindles corresponding to the formation of binucleate cells at 10 hrs. In addition, 

spindle formation was very inefficient, as only up to ~30% of cells exhibited any spindle 

formation at all (Fig. 3.9D,E,I). Cells depleted of Cdc55 in meiosis exhibit difficulty in 

forming a proper meiotic spindle , and this could explain why Cdc55-depleted cells 

inefficiently segregate chromosomes in meiosis. 
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Fig. 3.9 Cdc55 depletion results in impaired spindle assembly and Rec8 cleavage 

Wild type (AM6142) and cdc55mn (AM6131) cells containing PDS1-18MYC, REC8-3HA, GAL-

NDT80 and pGPD1-GAL4(848).ER were released from a pachytene block, and samples taken at 

the indicated time points for DAPI staining (A,B), tubulin and Pds1 immunofluorescence (C,D), 

and Western blotting for Pds1 and Rec8 (F,G). The red boxes in F and G show the position of 

phosphorylated Rec8 on the Western blots. The percentages of binucleate and tetranucleate cells, 

Pds1 positive cells, and cells with the spindle morphologies indicated in the cartoon (E), were 

counted at the indicated time points, and the anti-HA and anti-myc immunoblots show the 

positions of full length Rec8, Rec8 cleavage product and Pds1. Examples of spindle morphologies 

seen in wild type and cdc55mn cells are shown in (H,I). Bars, 1 µm. 
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3.6 Chromosome segregation is uncoupled from spindle pole body 
duplication in Cdc55-depleted cells 

Could a lack of spindle pole body duplication be the reason for the failure of spindle 

formation in cdc55mn cells? Spindle pole bodies are the equivalent of the centrosomes 

of higher eukaryotic organisms. They interact with the nuclear and cytoplasmic 

microtubules during mitosis and meiosis, and are required for chromosome segregation. 

In order to look at spindle pole body duplication, I analysed the immunofluorescence of 

3HA-tagged Mpc70, a protein that is recruited to the spindle pole bodies upon their first 

duplication during meiosis I (Wesp et al., 2001).  

 

In wild type cells, a diffuse nuclear Mpc70 stain can be observed at the onset of meiosis, 

but before nuclear division (diffuse; Fig. 3.10C,E) Mpc70 is then recruited to the 

duplicated spindle pole bodies, which results in red foci appearing at the ends of the 

microtubules (localized; Fig. 3.10C,E) The second spindle pole body duplication is then 

observed in meiosis II (Fig. 3.10C,E). Surprisingly, the recruitment of Mpc70 to the 

spindle pole bodies in cdc55mn cells occurs with very similar timing to, if not slightly 

earlier than, wild type cells, even in the absence of spindles (Fig. 3.10B,D,F). The 

spindle morphology labels in Fig. 3.10F in quotation marks indicate that the cells are in 

meiosis II, as spindles only form in Cdc55-depleted cells in meiosis II (see next section). 

There is also an indication of the possible formation of monopolar spindles (Fig. 3.10F). 

The second spot in the meiosis I example in Fig. 3.10F is probably not due to Mpc70, as 

it is not associated with the microtubules in the cell. The frequency of 3 or more Mpc70 

foci forming is very low in these cells, which suggests that either the spindle poles do 

not undergo a second duplication, or that they do and do not separate efficiently, but I 

currently cannot distinguish between these two possibilities.  
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Fig. 3.10 Spindle pole body duplication and chromosome segregation are uncoupled in a Cdc55-

depletion mutant 

Wild type (AM5901) and cdc55mn (AM5902) containing MPC70-3HA were sporulated, and samples 

taken at the indicated time points for DAPI staining (A,B) and Mpc70-3HA localization (C,D). The 

percentages of binucleate and tetranucleate cells, and diffuse or localized Mpc70-3HA staining were 

counted. Example images of Mpc70-3HA immunofluorescence are shown in (E,F). Bars, 1 m. 
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3.7 Securin is degraded in two cycles in Cdc55-depleted cells, and 
nuclear division only occurs during the second cycle 

In meiosis, securin is degraded in two steps, at each of the metaphase-anaphase 

transitions, and this allows separase to be activated to cleave cohesin at each 

chromosome segregation step (Salah and Nasmyth, 2000). Due to the lack of a spindle in 

Cdc55-depleted cells, the spindle assembly checkpoint (SAC) might be activated due to 

the persistence of unattached kinetochores, and this would lead to the stabilization of 

securin (Musacchio and Salmon, 2007). This raises the question of what happens to 

securin in Cdc55-depleted cells: is Pds1 degradation delayed for the majority of meiosis 

in Cdc55-depleted cells, due to the lack of formation of a spindle? 

 

To answer this question, I analyzed Pds1 levels in wild type and cdc55mn cells by 

performing Pds1 immunofluorescence and Western blotting from samples taken 

throughout a meiotic time course of cells treated as in section 3.5. Note that, for 

unknown reasons, Pds1 levels in pachytene block-release cells are consistently at a high 

level at the start of the time course. In wild type cells, Pds1 levels were high at 

metaphase I, then dropped in anaphase I (7.5 hrs) to allow separase to cleave cohesin 

along chromosome arms (Fig. 3.9C,F). Pds1 levels then increased again during 

metaphase II (7.75 hrs), and dropped again in anaphase II (after 8 hrs) to allow 

centromeric cohesin cleavage and sister chromatid segregation. The high level of 

synchrony in this type of time course allows for an accurate examination of securin 

levels throughout the time course (compare to Fig. 3.7 for example). 

 

Surprisingly, analysis of Pds1 levels in Cdc55-depleted block-release cells showed the 

presence of a similar cyclical degradation pattern as in wild type, although the pattern is 

not as pronounced. Securin levels peaked at 7 hrs, dropped to a minimum level at 8.25 

hrs, then increased again till 9.5 hrs and dropped afterwards (Fig. 3.9D,G). The timing of 

Pds1 degradation is significantly delayed compared to wild type, and levels of Pds1 

remained higher compared to wild type cells. This could indicate the activation of the 

spindle assembly checkpoint in Cdc55-depleted cells. 
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Interestingly, the formation of metaphase I and anaphase I like spindles correlated with 

the second cycle of the appearance and degradation of Pds1 (Fig. 3.9 D,G). This 

indicates that the meiotic division that occurs in Cdc55-depleted cells is most likely a 

meiosis-II like division, in which sister chromatids are expected to segregate. However, 

the random nature of chromosome segregation observed in these cells indicates that 

linkages between chromosomes might be lost by the time a spindle has formed in those 

cells that end up dividing their nuclei.  

 

3.8 Rec8 cleavage is delayed on chromosome arms and centromere 
in Cdc55-depleted cells 

Cohesin cleavage is step-wise in meiosis: centromeric cohesin is protected in meiosis I 

to prevent sister chromatid separation, and is cleaved in meiosis II to allow sisters to 

segregate. Again, the presence of unattached kinetochores in Cdc55-depleted cells could 

activate the SAC, which would prevent Rec8 cleavage just as securin is stabilised in the 

mutant compared to the wild type (section 3.7).  

 

Does Rec8 cleavage still occur in meiosis I despite the lack of spindle formation in 

cdc55mn cells? I analyzed Rec8 cleavage in wild type and cdc55mn cells by performing 

Western blotting from samples taken throughout a meiotic time course of cells treated as 

in section 3.5 In wild type cells, anaphase I spindles start forming at around 7.25 hrs, 

which corresponds to the first appearance of a Rec8 cleavage product on the Western 

blot (Fig. 3.9C,F). However, despite the lack of spindle formation in cdc55mn cells, 

Rec8 cleavage still occurs, albeit slightly delayed compared to wild type (~7.75 hrs, Fig. 

3.9D,G). Although Rec8 cleavage occurs with roughly the same timing in wild type and 

cdc55mn cells, it is severely limited in the mutant. Full length Rec8 is seen on the 

Western blot for cdc55mn for the entirety of the time course (Fig. 3.9G), which suggests 

that there is still some Rec8 persisting on chromosomes in these cells, whether along the 

entire length or just at the centromere, which might hinder chromosome resolution in 

meiosis II even if a spindle were formed. In contrast, full length Rec8 begins to decline 
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after anaphase I onset and disappears completely at anaphase II (Fig. 3.9F). Cohesin 

cleavage does occur, but is delayed and inefficient in the cdc55mn mutant. 

 

In order to determine how Rec8 is cleaved along the chromosomes in the cdc55mn 

mutant, I analyzed Rec8 cleavage by chromosome spreading. I inoculated wild type and 

cdc55mn cells with tagged Rec8-13myc and Ndc10-6HA, and GAL1-NDT80, into 

sporulation medium, and released them from a pachytene block after 6hrs. I took 

samples for DAPI staining and chromosome spreading at regular intervals, and counted 

the percentage of cells with Rec8 along the entire chromosome, at the centromere or 

with no Rec8. In wild type cells, Rec8 staining is lost from chromosome arms at around 

the time binucleates are formed, indicating cleavage (Fig. 3.11A,C,E); however, some 

cdc55mn cells also show Rec8 cleavage from the arms in the absence of nuclear division 

(Fig. 3.11B,D,F). The majority of the cdc55mn cells counted throughout the time course 

had Rec8 staining the entire lengths of the chromosomes, and centromeric Rec8 also 

persisted till the end of the time course. Thus, step-wise cleavage of cohesin also occurs 

in cdc55mn mutants, but Rec8 cleavage along the arms and at the centromere is very 

delayed.  

 

3.9 Discussion 

 The results in this section show that Cdc55 is crucial for the proper coordination of the 

meiotic cell cycle. Cdc55 does not appear to be important for early meiotic cell cycle 

events, such as DNA replication (Kerr et al., 2011) and the resolution of recombination 

intermediates (Fig. 3.4). The depletion of Cdc55 results in diploid cells very inefficiently 

performing only one meiotic division (Fig. 3.2), and this is not due to the failure to 

resolve the links between the chromosomes, as removing chiasma, monopolin and 

cohesin does not rescue the cdc55mn mutant (Fig. 3.8). The major reason for the failure 

of Cdc55-depleted cells to divide chromosomes is due to a lack of spindle formation 

required to pull chromosomes apart (Fig. 3.9). Lack of attachment of kinetochores to 

microtubules activates the spindle assembly checkpoint (Musacchio and Salmon, 2007). 
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Fig. 3.11 Rec8 cleavage is delayed on the arms and centromeres in Cdc55-depleted cells 

Wild type (AM6742) and cdc55mn (AM6743) containing REC8-13MYC, NDC10-6HA, GAL-NDT80 

and pGPD1-GAL4(848).ER were released from a pachytene block, and samples taken at the indicated 

time points for DAPI staining (A,B) and chromosome spreading (C,D). The percentages of binucleate 

and tetranucleate cells and Rec8-13myc localization to arms and centromeres were counted at the 

indicated time points. Example images of Rec8 localization are shown in (E,F). Bars, 2 m. 
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This results in the stabilization and accumulation of securin, which inhibits separase 

activity, and prevents cohesin cleavage. This would explain the maintenance of full 

length Rec8 in Cdc55-depleted cells for longer than in wild type (Fig. 3.9). Remarkably, 

meiotic cell cycle events take place in some cells anyway, such as the degradation of 

securin in 2 cycles, although securin is stabilized at much higher levels than in the wild 

type. Though Rec8 cleavage is delayed, it is cleaved at the time when securin is partially 

degraded in cdc55mn cells (Fig. 3.9). In addition, the Mam1 associates with and 

dissociates from with the kinetochore with wild type timing (Fig. 3.6). Taken together, 

these events indicate that while spindle assembly fails in the mutant, some cohesin is 

still lost from the chromosomes, and sister kinetochores become bioriented, even though 

no chromosome segregation occurs. In the few cells that do manage to assemble a 

spindle, cohesin has been lost from chromosomes, and sister kinetochores are not held 

together by monopolin, and so random segregation occurs.  

 

The duplication of spindle pole bodies occurs (Fig. 3.10), as Mpc70 is only recruited to 

the SPB upon SPB duplication (Wesp et al., 2001) although very rarely do I see 3 or 

more foci in the cdc55mn mutant. This could be due to duplicated spindle pole bodies 

not separating efficiently. Recently, electron microscope work has revealed that cells 

deleted for CDC55 can duplicate SPBs, but fail to separate them (Nolt et al., 2011), so 

Cdc55 might be required for the separation of SPBs in meiosis. How might it control 

SPB separation? Dephosphorylation of tyrosine 19 of Cdc28 in mitosis is required for 

SPB separation (Lim et al., 1996). In  cells deleted for CDC55, Cdc28 tyrosine 

phosphorylation is maintained (Minshull et al., 1996), and PP2ACdc55 was found to be 

important for dephosphorylating Mih1, which promotes Cdc28 dephosphorylation and 

mitotic entry (Pal et al., 2008). Cdc55 may directly or indirectly be required for 

dephosphorylating Cdc28, which might explain why SPB separation is rarely seen in 

Cdc55-depleted cells.  

 

In the next chapter, I identify the critical target of Cdc55 that is required for meiotic 

progression.  
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4 Cdc55 regulates the Cdc14 and PP2ARts1 phosphatases in 

meiosis 

Why are meiotic events uncoupled in cdc55mn mutants? One possibility is that Cdc55 is 

an essential coordinator of key cell cycle events in meiosis. In mitosis, Cdc55 is 

involved in regulating mitotic exit through the Cdc14 phosphatase (Queralt et al., 2006). 

Cdc14 is important in mitosis to dephosphorylate substrates that result in the inactivation 

of Cdk activity late in mitosis, which drives mitotic exit (Stegmeier and Amon, 2004). 

Cdc14 is kept in the nucleolus through binding to its inhibitor Net1/Cfi1 (Shou et al., 

1999) until it is required at anaphase onset, and this is accomplished through PP2ACdc55 

dephosphorylation of the inhibitor Net1 (Queralt et al., 2006), counteracting Cdk 

phosphorylation of Net1. At anaphase, separase becomes activated and downregulates 

PP2ACdc55, and this allows Cdks to phosphorylate Net1 and release Cdc14 from the 

nucleolus. The release of Cdc14 allows mitotic exit to occur coincident with separase 

dependent cleavage of cohesin, thus coordinating two aspects of the cell cycle. 

 

In meiosis, Cdc14 is important in regulating the transition from meiosis I to meiosis II 

(Marston et al., 2003). Cdc14 is required for the timely disassembly of anaphase I 

spindles, and is released from the nucleolus in both meiosis I and II at the timing of 

anaphase I and II spindle appearance. A temperature sensitive mutant of Cdc14, cdc14-1 

appears to result in an uncoupling of cell cycle events. The cdc14-1 mutant only 

performs one meiotic division, but performs both chromosome segregation steps on the 

same spindle axis, along with a step-wise cleavage of cohesin and 2 cycles of Pds1 

degradation and accumulation (Fig. 1.4). Cdc55 could exert its role in meiosis through 

the control of Cdc14 release from the nucleolus, similar to its role in mitosis. 

 

4.1 Pulldown of Cdc55-TAP reveals interaction with Cfi1 in meiosis 

To learn more about the role of Cdc55 in meiosis, I attempted to identify interacting 

proteins for Cdc55 in budding yeast using a screen based approach. To do this, I 
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inoculated into sporulation medium cells carrying Cdc55 tagged with the tandem affinity 

purification (TAP) tag (Rigaut et al., 1999), and wild type cells with no tag, and 

observed them by DAPI staining of nuclei until a mixture of mononucleates, binucleates 

and tetranucleates was observed. This was to ensure that the sample contained cells 

representing all stages of the meiotic cell cycle. I then prepared extracts from each strain 

and performed an immunoprecipitation using rabbit IgG-coupled dynabeads that bind to 

the TAP tag. The samples were run on a gel and visualized by silver staining (Fig. 

5.1A). Bands corresponding to the sizes of Pph21 and Pph22, the catalytic subunits of 

PP2A (Fig. 5.1B), and Cdc55-TAP, were observed in the pulldown of the tagged strain, 

and absent in the control. Mass spectrometry was then used to identify peptides in the 

mixture (this was performed by our collaborators Flavia Alves and Juri Rappsilber). A 

table of the peptide hits for the Cdc55-TAP strain that are not found in the control is 

shown in the Appendix (Table A.1). Among the peptides identified was 1 peptide of 

Cfi1/Net1, the inhibitor of Cdc14. I decided to investigate whether Cdc55 may control 

meiotic events through regulation of Cdc14 activity, similarly to its role in mitosis.  

 

4.2 Cdc14 is misregulated in Cdc55-depleted cells 

In mitosis, PP2ACdc55 sequesters Cdc14 to the nucleolus before anaphase by 

dephosphorylating its inhibitor Net1, and I hypothesise that it might have the same 

function in meiosis. If so, Cdc55-depleted cells should release Cdc14 from the nucleolus 

earlier than in wild type. To examine whether Cdc14 is misregulated in Cdc55-depleted 

cells during meiosis, I looked at Cdc14 dynamics in two ways: immunofluorescence of 

3HA-tagged Cdc14 in fixed cells, and live-cell imaging of GFP- tagged Cdc14. 

 

4.2.1 Cdc14 is released from the nucleolus in more Cdc55-depleted 
cells than wild type cells 

The pattern of Cdc14 localization and release from the nucleolus was examined by 

immunofluorescence, using antibodies directed to the HA epitope of 3HA-tagged Cdc14 
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Fig. 4.1 TAP of wild type and CDC55-TAP strains 

(A) Wild type (AM1835) and a TAP-tagged Cdc55 strain (AM6038) were sporulated and samples 

taken for co-immunoprecipitation. Samples were run on a gel and proteins visualized by silver 

staining. (B) Cartoon diagram of the PP2A holocomplex. A represents the scaffold subunit (Tpd3), B 

the regulatory subunits (Rts1, Cdc55) and C the catalytic subunits (Pph21, Pph22). 
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or to tubulin, in a pachytene block-release time course of wild type and cdc55mn cells. 

Cdc14 localization in the nucleolus was scored as a bright spot in the nucleus, whereas 

Cdc14 release was scored as any cell that had Cdc14 present throughout the nucleus (see 

cartoon and example images, Fig. 4.2 E-G). 

 

In wild type cells, Cdc14 is released from the nucleolus during anaphase I, at around 7 

hrs. This is followed by a brief relocalization to the nucleolus in metaphase II at 7.75 

hrs, whereupon it is released again during anaphase II after 8 hrs (Fig. 4.2C,F). In 

contrast, Cdc14 is released from the nucleolus in Cdc55-depleted cells much earlier than 

in wild type (6.5hrs compared to 7hrs, Fig. 4.2D). Furthermore, in some cells Cdc14 is 

released before any meiotic spindle is observed to form in Cdc55-depleted cells, and 

Cdc14 remains released in a high percentage of cells (~80%). In contrast, in wild type 

cells it is maximally released in up to 50% of cells at any time point (Fig. 4.2 C-G). It 

should be noted that the 3HA-Cdc14 allele is not fully functional, as the percentage of 

spindles formed in the cdc55mn allele is higher in this background than in other 

cdc55mn strains (for example, compare Fig. 4.2D to Fig. 3.9D), suggesting a rescue of 

the spindle assembly defect of cdc55mn cells when Cdc14 function is impaired (see 

below section 4.3.1). 

 

4.2.2 Live-cell imaging of Cdc55-depleted cells shows a precocious 
release of Cdc14 from the nucleolus and the lack of spindle stability 

In order to learn about the real-time dynamics of how Cdc14 is released in individual 

cdc55mn cells, I performed live-cell imaging on cells with GFP-tagged Cdc14 and 

tubulin, and TetR-tagged tdTomato where both URA3 loci are labelled with tetO arrays 

(homozygous URA3-tdTomato). This allows for following the pattern of Cdc14 release 

and sequestration and the visualization of chromosomes in individual live cells. Wild 

type and cdc55mn cells with the above tags were inoculated into sporulation medium. 

After 2-4 hours in sporulation medium they were transferred onto a coverslip in a 

chamber filled with sporulation medium and kept at 30°C. The time at which samples 
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Fig. 4.2 Ectopic Cdc14 release in a Cdc55-depleted strain 

Wild type (AM6633) and cdc55mn (AM6626) carrying 3HA-CDC14, GAL-NDT80 and pGPD1-

GAL4(848).ER were sporulated and released from a pachytene block, and samples taken at the 

indicated time points for DAPI staining (A,B) and tubulin and 3HA-Cdc14 immunofluorescence 

(C,D). The percentages of binucleate and tetranucleate cells, and cells with the spindle morphologies 

and with Cdc14 released from the nucleolus indicated in the cartoon (E) were counted. Example 

images of 3HA-Cdc14 immunofluorescence are shown in (F,G). 

GAL-NDT80 pachytene block-release

GAL-NDT80 pachytene block-release
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were transferred to the chamber was judged when ~5% of cells had made a metaphase I 

or later spindle. Images were then taken on a Deltavision microscope every 10 mins for 

up to 12 hrs. Only those cells with a prophase I like spindle morphology at the start of 

filming and which subsequently released Cdc14 from the nucleolus were included in the 

final analysis. This was done so that the history of the cell was known. Cdc14 is 

indicated in the figures by an arrow, and its release from the nucleolus is indicated by 

the loss of the GFP foci (Fig. 4.3). 

 

In wild type cells, Cdc14 release was typically observed shortly after metaphase I 

spindle formation (between 0 – 50 mins). This is quickly (0 - 20 mins) followed by 

anaphase I spindle elongation, and then Cdc14 resequestration in the nucleoli within 10-

20 mins of that. This is then quickly followed by the second round of Cdc14 release just 

prior to anaphase II spindle elongation. An example of a wild type cell is shown in Fig. 

4.3A, and in Movie 1 (see appendix A.2 for movie legends). 

 

The majority of cdc55mn cells observed during live-cell imaging did not form a spindle. 

Of those cells where Cdc14 release was observed, a total of 330/563 cells did not form 

any spindle or undergo nuclear division (see example Fig. 4.3B, Movie 2). A subset of 

cells attempted to form a spindle or resequestered Cdc14 (Fig. 4.3C, Movie 3), and only 

90 of the cells divided their nuclei (Fig. 4.3D). Interestingly, the majority of the cells 

that divided their nuclei did so only after Cdc14 was resequestered and rereleased from 

the nucleolus, without an intervening nuclear division step (80/90 cells). Thus, the 

dynamics of Cdc14 are uncoupled from chromosome segregation in these cells. 

Interestingly, I found the cdc55mn cells perform a nuclear division during the second 

round of Pds1 degradation in meiosis (section 3.7), and here I show that nuclear division 

occurs at the second round of Cdc14 release in cdc55mn cells in 80 out of 90 cells that 

divided their nucleus. This leads me to conclude that nuclear division only occurs at the 

timing of meiosis II in cdc55mn cells. 
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Another interesting feature of the cdc55mn cells is that both the first and second round 

of Cdc14 release period were significantly longer than in wild type cells, while the 

length of the intervening resequestration period was not affected (Fig. 4.3E-G). Thus, 

cdc55mn cells have difficulty in regulating the resequestration of Cdc14 to the 

nucleolus. This fits with the mitotic role of Cdc55 in maintaining Cdc14 in the nucleolus 

before anaphase onset, and I conclude that Cdc55 regulates Cdc14 in meiosis as in 

mitosis. 

 

4.3 Inactivating Cdc14 in Cdc55-depleted cells rescues some, but not 
all, of the mutant phenotypes 

If the misregulation of Cdc14 in cells lacking Cdc55 is the cause of the low frequency of 

spindles produced, then inactivating Cdc14 should restore spindle formation. To see if 

this is the case, I inactivated Cdc14 in cdc55mn cells, by using the cdc14-1 allele, which 

has a restrictive temperature of 30°C. cdc14-1 cells do not properly exit from meiosis I 

at the restrictive temperature, but still form a meiotic spindle and produce binucleate 

cells (Marston et al., 2003). The ectopic release of Cdc14 in cdc55mn mutants should be 

negated by its inactivation, and so cdc14-1 cdc55mn double mutants should have a 

similar phenotype to cdc14-1 cells alone.  

 

In order to determine whether inactivating Cdc14 rescued the spindle assembly defect 

and chromosome missegregation phenotype of cdc55mn cells, I looked at the effect of 

introducing the cdc14-1 allele on nuclear division, meiotic spindle formation and 

chromosome segregation in the cdc55mn mutant at the restrictive temperature. 

 
4.3.1 Nuclear division in Cdc55-depleted cells is no longer delayed 
when Cdc14 is inactivated 

To allow for the simultaneous examination of cohesin (Rec8) cleavage, securin (Pds1) 

degradation, nuclear division and spindle formation, I used wild type, cdc55mn, cdc14-1 

103



-40 -20 0 10 20 30 440

-40 -10 0 50 150 160 180 350 380 410

merge

Cdc14-GFP
GFP-Tub1

URA3-
dtTomato

merge

Cdc14-GFP
GFP-Tub1

URA3-
dtTomato

Time after first Cdc14 release (min)

merge

Cdc14-GFP
GFP-Tub1

URA3-
dtTomato

Wild type

cdc55mn

cdc55mn

A

DB Behavior observed after
Cdc14 release in 
cdc55mn cells

No.
of 
cells

330
71
27
10
42
3

80

Time after first Cdc14 release (min)

Time after first Cdc14 release (min)

C

-50 -10 0 10 20 50 60 80 120 230

0 

50 

100 

150 

200 

250 

300 

0 

50 

100 

150 

200 

250 

0 

50 

100 

150 

200 

250 

Ti
m

e 
(m

in
)

Ti
m

e 
(m

in
)

Ti
m

e 
(m

in
)

cdc55mn

Wild typ
e

cdc55mn

Wild typ
e

cdc55mn

Wild typ
e

    First Cdc14 
release to Cdc14 
 resequestration

    Second 
Cdc14 release 
   to division

      Cdc14
resequestration 
    to second
Cdc14 release

E F G

Cdc14 released

Abnormal spindle

Cdc14 resequestered

Spindle elongation
nuclear division
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homozygous tetR-tdTomato were sporulated and filmed. Still images for wild type (A) and cdc55mn 

(B,C) are shown. Arrows indicate Cdc14 localized to the nucleolus, and time indicates minutes after 

the first Cdc14 release. Bars, 1 m. (D) Behaviour of cdc55mn cells that had prophase I-like 

microtubules at the start of filming and released Cdc14 from the nucleolus (563/1203 cells). Examples 

of abnormal cdc55mn microtubules are shown in fixed cells in Fig. 3.9I. (E-G) Box plots showing 

time between first Cdc14 release to resequestration (E), Second Cdc14 release to division (F), and 

Cdc14 resequestration to second release. Red lines indicate the medians, and diamonds represent the 

average, error bars indicate the maximum and minimum values, and triangles indicate outliers, for 

cells that were in prophase I at the start of filming  

(wild type n=95, cdc55mn n=80). 
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and cdc14-1 cdc55mn cells with 3HA-tagged Rec8 and 18myc-tagged Pds1, which were 

cultured at room temperature and inoculated in sporulation medium at the restrictive 

temperature (section 4.3.1 – 4.3.4). I first analysed nuclear division: samples were taken 

at regular intervals and nuclear division was observed by DAPI staining. cdc55mn 

nuclear division was delayed and much lower than in wild type (Fig. 4.4A,B) , and 

cdc14-1 cells underwent a single round of nuclear division as expected, up to 75% in 

this experiment (Fig. 4.4C). The cdc14-1 cdc55mn cells performed nuclear division at 

the same time as the cdc14-1 cells (7-7.25 hrs), producing up to 70% binucleate cells, 

compared to ~30% of binucleates in the cdc55mn cells (Fig. 4.4B,D). Thus, inactivating 

cdc14-1 rescues nuclear division in cdc55mn cells. 

 
4.3.2 Spindle formation is rescued when Cdc14 is inactivated in 
Cdc55-depleted cells 

Does the rescue of nuclear division by inactivating Cdc14 occur because proper spindle 

formation is occurring? I looked at spindle formation by tubulin immunofluorescence 

from samples taken from the same experiment above. As expected, spindle formation is 

highly delayed and inefficient in cdc55mn cells compared to wild type, with metaphase I 

and anaphase I spindles forming at 9 hrs compared to 6.75 hrs for wild type (Fig. 

4.4A,B). As expected, cdc14-1 cells formed metaphase I spindles with wild type timing 

(6.75 hrs, Fig. 4.4C), followed by anaphase I spindle elongation (7.25hrs), which persists 

for an extended period due to the failure of cdc14-1 cells to properly exit meiosis I 

(Marston et al., 2003).  

 

As hypothesised, inactivating Cdc14 in cdc55mn cells did rescue spindle formation. 

Metaphase I spindles formed with similar timing in the cdc14-1 cdc55mn double mutant 

compared to wild type and cdc14-1 cells (7hrs, Fig. 4.4D), followed by anaphase I 

spindles with a slight delay compared to wild type (7.25hrs). However, the overall 

pattern of spindle formation throughout the time course was not the same as cdc14-1 

cells, as cdc14-1 cells show a peak of cells with metaphase I spindles at 7 – 7.25 hrs, 
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followed by anaphase I spindles until 8.25 hrs, whereas cdc14-1 cdc55mn cells have two 

peaks of cells with metaphase I and anaphase I spindles, and this observation is 

addressed below. As spindle formation was rescued in cdc14-1 cdc55mn cells, I 

conclude that the lack of spindle formation in cdc55mn cells is due to the action of 

Cdc14 in meiosis, possibly due to its misregulated release. 

 

4.3.3 Pds1 degradation and Rec8 cleavage is delayed in Cdc14-
inactivated Cdc55-depleted cells 

Since inactivating Cdc14 in cdc55mn cells allows for the proper formation of a meiotic 

spindle, does this also rescue the delayed Pds1 degradation and Rec8 cleavage in the 

cdc55mn mutant? The rescue of spindle formation should prevent the activation of the 

spindle assembly checkpoint, which might be responsible for those phenotypes in the 

cdc55mn mutant. I looked at the effect of inactivating Cdc14 on Pds1 levels by 

immunofluorescence and Western blotting, as well as Rec8 cleavage by Western 

blotting, on samples taken from the experiment in section 4.3.1.  

 

In all strains, Pds1 underwent two cycles of accumulation and degradation (Fig. 4.4A-

D), although it is delayed in cdc55mn cells (Fig. 4.4B) compared to wild type cells (Fig. 

4.4A). cdc14-1 cells followed the same pattern of Pds1 degradation as wild type, except 

that the second round of degradation is delayed (Pds1 levels decline at 9hrs compared to 

8hrs in the wild type, Fig. 4.4A,C).  In the cdc55mn cdc14-1 double mutant, the first 

round of Pds1 degradation occurred with wild type timing (7.25 hrs compared to 7.75 

hrs in the cdc55mn strain, Fig. 4.4A,B,D), concomitant with anaphase I spindle 

elongation, and the second round occurred at the same as the cdc14-1 strain. Thus, 

inactivating Cdc14 in cdc55mn cells rescues the initial delay in Pds1 degradation in the 

mutant. 

 

As expected, cdc55mn cells showed a persistence of full length Rec8 throughout the 

time course, despite the appearance of cleaved Rec8, as seen in section 3.8 (Fig. 4.4B) . 
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cdc14-1 cells cleave Rec8 with similar kinetics to wild type cells, at 7.5-7.75 hrs (Fig. 

4.4A,C) . Unsurprisingly, cdc14-1 cdc55mn cells showed the appearance of a cleaved 

Rec8 product slightly earlier than cdc55mn cells alone, and much less full length Rec8 

persisted on the blot (Fig. 4.4B,D). Some full length cohesin remained undegraded for 

longer in the cdc14-1 cdc55mn cells compared to cdc14-1 cells; specifically, the 

unphosphorylated form of Rec8, which is indicated by the faster-migrating band of Rec8 

from the 8 hr time point. In order to determine whether this is significant, the Western 

blots could be quantified to more accurately compare the levels of full length Rec8 in 

both strains. So, while inactivating Cdc14 does rescue the delay in cohesin cleavage in 

cdc55mn cells, the lack of formation of a spindle due to misregulated Cdc14 is not the 

only factor affecting the proper cleavage of Rec8 cohesin in cdc55mn cells. 

 

4.3.4 Cdc55-depletion activates the spindle assembly checkpoint 

Does the lack of spindle formation in cdc55mn cells activate the spindle assembly 

checkpoint (SAC)? I have shown in the above section that inactivating Cdc14 rescues 

spindle formation and the delayed Pds1 degradation and Rec8 cleavage in cdc55mn 

cells. To investigate whether the SAC activation explains the Pds1 stabilization in 

cdc55mn cells, I compared the levels of Pds1 in cdc55mn and cdc55mn mad2Δ cells in 

the same experiment as in section 4.3.1, by immunofluorescence and Western blotting. 

Kinetochores which are unattached from a spindle should activate the SAC, in a process 

that requires Mad2. Pds1 levels are low in mad2Δ cells (Fig. 4.4E), as Mad2 is required 

to prevent Pds1 targeting to the proteosome by the APC. 

 

cdc55mn depleted cells lacking Mad2 degraded Pds1 earlier in both meiotic cycles than 

in cdc55mn cells alone (7hrs compared to 7.75hrs and 8hrs compared to 9hrs, Fig. 

4.4B,F), and with similar timing to mad2Δ cells (Fig. 4.4E), although spindle formation 

was still delayed. Note that for unknown reasons, Pds1 levels in cdc55mn cells were 

consistently higher at the start of the time course, independent of other factors. In 

addition, the deletion of MAD2 in cdc55mn cells accelerated the timing of Rec8 
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Fig. 4.4 Impaired spindle assembly in Cdc55-depleted cells is due to premature Cdc14 activation, 

and activates the spindle assembly checkpoint 

Wild type (A, AM6142), cdc55mn (B, AM6131), cdc14-1 (C, AM7549), cdc14-1 cdc55mn (D, 

AM7550), mad2  (E, AM7547) and mad2  cdc55mn (AM7548) cells containing PDS1-18MYC, 

REC8-3HA, GAL-NDT80 and pGPD1-GAL4(848).ER were sporulated and samples were taken and 

analyzed as in Fig. 3.9.  

GAL-NDT80 pachytene block-release
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cleavage (7.25 hrs compared to 8hrs in the cdc55mn mutant), and resulted in less full-

length Rec8 persisting by the end of the time course compared to cdc55mn cells (Fig. 

4.4B,F). This supports the idea that the failure of spindle formation due to the early 

release of Cdc14 in cdc55mn cells activates the SAC, and that this is partially 

responsible for the delay in Rec8 cleavage and Pds1 degradation, though not completely 

as full length cohesin does not go away as quickly in the mad2Δ cdc55mn compared to 

mad2Δ and wild type cells. 

 

4.3.5 Homolog segregation is rescued when Cdc14 is inactivated in 
Cdc55-depleted cells 

Does the lack of timely and efficient spindle assembly in cdc55mn cells explain the 

random chromosome segregation observed in these cells? To investigate this, I 

inoculated wild type and cdc55mn cells containing homozygous CEN5-GFP, with or 

without cdc14-1, into sporulation medium and looked at homologous chromosome 

segregation at the restrictive temperature. The restored spindle assembly in Cdc55-

depleted cdc14-1 cells should rescue the random segregation of homologues in cdc55mn 

cells. As expected, wild type cells had GFP foci in both nuclei in 100% of binucleates, 

meaning that they segregated 100% of homologs to opposite nuclei, whereas cdc55mn 

cells showed random homolog segregation with 50% of binucleates having only one 

nucleus with GFP foci (Fig. 4.5A). cdc14-1 cells had a similar phenotype to wild type. 

In the cdc14-1 cdc55mn double mutant, homologous chromosomes were also segregated 

to opposite poles close to 100% of the time, with GFP foci in both nuclei of binucleate 

cells. This indicates that the random homolog segregation in cdc55mn cells was due to 

the hyperactivation of Cdc14, and likely due to the accompanying delay in spindle 

formation to meiosis II.  
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4.3.6 Sister chromatid segregation is not rescued when Cdc14 is 
inactivated in Cdc55-depleted cells 

I also looked at whether sister chromatid segregation was rescued in cdc55mn cells by 

inactivating Cdc14, this time using strains as in section 4.3.5 but with heterozygous 

CEN5-GFP dots. The strains were inoculated into sporulation medium and samples were 

taken for GFP dot analysis and tubulin immunofluorescence. Binucleate wild type cells 

had GFP foci in only one nucleus, indicating normal chromosome segregation, and 

cdc55mn cells had GFP foci in both nuclei ~30% of the time, indicating random sister 

segregation (Fig. 4.5B). cdc14-1 cells exhibited around 10% sister missegregation. This 

is because, in this mutant, both meiotic chromosome segregation events occur along the 

same spindle axis, and sometimes the resolution of recombination intermediates between 

homologues is delayed. Combined with the delay in anaphase I spindle disassembly, this 

can lead to some sister chromatids being attached to opposite poles at the timing of 

meiosis II, leading to sister separation (Marston et al., 2003). Surprisingly, sister 

chromatids were still missegregated in cdc14-1 cdc55mn cells, with on average ~35% 

cells with GFP foci in both nuclei over the time course. However, this might not be 

completely unexpected, as it has been shown before that cdc14-1 cells feature some 

sister segregation to opposite poles, but only after an initial reductional meiosis I 

(Marston et al., 2003). This is due to the formation of a meiosis II spindle along the 

same meiosis I spindle axis in this mutant. To determine whether first homologs then 

sisters were segregated in the cdc14-1 cdc55mn mutant as in the cdc14-1 mutant and 

wild type, GFP dots were monitored in cells over the time course. Wild type cells 

segregated close to 100% of sisters reductionally in all binucleates, while cdc55mn cells 

had ~30% of binucleates with equationally segregated sisters in all binucleates (Fig. 

4.5G,H). As expected, cdc14-1 binucleate cells initially segregated sisters reductionally, 

and subsequently ~10% of the cells equationally segregated sister chromatids (Fig. 4.5I). 

Similarly, cdc55mn cdc14-1 cells initially segregated sister chromatids to one pole (Fig. 

4.5J); however, a high number of binucleate cells segregated sisters to opposite poles, up 

to ~50% by 6hrs. Therefore, the missegregation of sister chromatids in cdc14-1 cdc55mn 

cells is independent of the inactivation of Cdc14. Although the cdc14-1 cdc55mn cells 
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Fig. 4.5 Inactivating Cdc14 rescues homologue segregation but does not prevent sister missegregation 

in Cdc55-depleted cells 

(A) Wild type (AM6040), cdc55mn (AM5936), cdc14-1 (AM6902) and cdc14-1 cdc55mn (AM6908) cells 

containing homozygous CEN5-GFP dots were sporulated and samples taken for GFP dot analysis. The 

percentage of binucleates with GFP dot in one or both nuclei were counted and an average taken for all 

samples. (B-J) Wild type (AM4796), cdc55mn (AM4891), cdc14-1 (AM6910) and cdc14-1 cdc55mn 

(AM6934) cells containing heterozygous CEN5-GFP dots were sporulated and samples taken for tubulin 

immunofluorescence (C-F) and GFP dot analysis (B,G-J). Spindle morphology was monitored and 

binucleates with GFP foci in one, both or in the middle of the nuclei were counted at the indicated time 

points, and an average taken (B). Error bars for the strains in (A) and (B) are shown in Supplementary Figure 

1K,L in the attached paper (Bizzari et al. 2011, appendix A.3). 
111



 

segregate chromosomes first in a meiosis I-like manner (homologs segregated), then in a 

meiosis II-like manner (sister chromatids segregated), the cdc55mn mutant appears to 

increase the frequency of the meiosis II-like segregation on the same spindle axis, at the 

normal time of meiosis II.  

 

4.4 Investigating the reason for equational sister chromatid 
segregation in Cdc14-inactivated Cdc55-depleted cells 

I showed in section 3.4.4 that the removal of linkages between chromosomes did not 

alter the chromosome missegregation phenotype of cdc55mn cells, which indicates that 

these cells perform nuclear division after the removal of all linkages, apart from deleting 

REC8, which led to a more random chromosome missegregation, indicating that Rec8 

removal from chromosomes may be delayed. I also showed that Rec8 persists in its full 

length form in cdc55mn and cdc55mn cdc14-1 cells (section 3.8, 4.3.3). In addition, 

figure 4.4D shows that cdc55mn cdc14-1 cells do not complete nuclear division 

completely, as a peak of mononucleate cells with metaphase I-like spindles appears after 

anaphase I onset (this is discussed further in section 4.4.2). Thus it appears that cdc55mn 

cells have trouble removing linkages between chromosomes during meiosis, preventing 

efficient chromosome segregation. 

 

Why does the depletion of Cdc55 result in a high level of sister chromatids segregating 

to opposite poles in a cdc14-1 background? One reason could be the persistence of 

linkages between chromosomes in the cdc55mn mutant, resulting in homologs being in 

close contact when the second meiotic division takes place. As in cdc14-1 cells, where 

the delayed anaphase I spindle disassembly and resolution of recombination 

intermediates can result in sister missegregation, increased chromosome cohesion could 

amplify the problem and result in a high number of cells with chromosomes trapped in 

the middle of the spindle in meiosis I in cdc14-1 cdc55mn cells. This would lead to the 

sisters being easily accessible to microtubules at the timing of meiosis II, leading to an 

increased level of sister missegregation in this mutant. I investigated several different 
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factors that could result in preventing proper chromosome segregation in the double 

mutant. In addition, a lack of monoorientation in meiosis I could result in a higher 

frequency of sister chromatids separating in cdc14-1 cells lacking Cdc55. This would 

also result in chromosomes trapped in the middle of the spindle in meiosis I, as 

centromeric cohesion would prevent sister chromatids from separating until the onset of 

anaphase II, similarly to the case in Fig. 3.5A.  

 

4.4.1 Monoorientation is not affected in Cdc55-depleted cells 

In section 3.4.2, I determined that it was a possibility that Cdc55 was involved in 

monoorientation in meiosis I, as deleting MAM1, a gene involved in monoorientation, 

had no effect on the segregation pattern of sister chromatids in cdc55mn cells. However, 

the lack of formation of a spindle in meiosis I of cdc55mn cells means that, if sister 

kinetochores were bioriented in meiosis I, they were not under tension by attachment to 

microtubules from opposite poles, which would explain why deleting MAM1 in 

cdc55mn cells did not result in an increase of sister missegregation in binucleates. 

Consequently, the reason for the elevated sister chromatid segregation in Cdc14-

inactivated Cdc55-depleted cells could still be due to a defect in monoorientation of 

sister kinetochores in meiosis I, and I therefore decided to look at the involvement of 

Cdc55 in monoorientation, this time with the rescued spindle formation that occurs in 

cdc14-1 cdc55mn double mutants. To investigate this, I looked at the level of separation 

of heterozygous GFP dots in metaphase I-arrested Cdc55-depleted cells, and the effect 

of deleting MAM1 on the level of sister segregation in cdc14-1 and cdc14-1 cdc55mn 

cells. 

 

4.4.1.1 Metaphase-arrested Cdc55-depleted cells show little 
separation of sister chromatids compared to a monopolin mutant 

To determine whether monopolin is defective in cdc55mn cells, I looked at the 

separation of sister centromeres in cells arrested in metaphase I (by depletion of the APC 
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activator Cdc20, cdc20mn). Sister centromeres that are bioriented can transiently 

separate under tension before cohesin cleavage (He et al., 2000; Goshima and Yanagida,  

2001; Tanaka et al., 2000), and this can be visualized by analyzing the behaviour of 

heterozygous CEN5-GFP dots. This has been called centromere breathing (Fig. 4.6A). I 

investigated this behaviour in a cdc14-1 background, to ensure that spindles are formed 

since their absence would preclude centromere breathing. I sporulated cdc20mn strains 

that were otherwise wild type, cdc55mn, mam1Δ, and mam1Δ cdc55mn with cdc14-1, as 

well as control strains with wild type CDC14, and took samples at regular intervals for 

tubulin immunofluorescence and for analysis of GFP dot separation. 

 

In cdc20mn cdc14-1 cells, little sister centromere separation was observed, with only up 

to 10% of cells showing separated GFP dots by the end of the time course (Fig. 4.6C), as 

sister kinetochores are mono-oriented in a metaphase I arrest. By comparison, a 

monopolin mutant (cdc20mn cdc14-1 mam1Δ) showed up to 45% precocious sister 

separation by the end of the time course, due to the absence of functional monopolin. 

However, in cells depleted for Cdc55 (cdc20mn cdc14-1 cdc55mn), only 10-15% of 

cells showed any precocious sister separation, significantly lower than in cdc20mn 

cdc14-1 mam1Δ mutant, but not as low as the control. This was not due to a lack of 

spindle formation in these cells, as metaphase I spindles formed with similar timing (Fig. 

4.6B). Crucially, deleting MAM1 in a cdc20mn cdc14-1 cdc55mn strain returned 

precocious sister separation back to a higher level than in the cdc20mn cdc14-1 cdc55mn 

mutant alone (up to 30% from 15%), though not as high as in the cdc20mn cdc14-1 

mam1Δ strain for unknown reasons. Thus, kinetochore monoorientation is functional for 

the most part in Cdc55-depleted cells. Note that, in a cdc20mn cdc55mn mam1Δ strain 

where Cdc14 is not inactivated, the level of sister separation is no different to a strain 

where MAM1 is not deleted, due to the lack of spindle formation in this strain (Fig. 

4.6D,E). I conclude that Cdc55 does not have a role in the monoorientation of sister 

kinetochores in meiosis I. 
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Fig. 4.6 Kinetochores are not bioriented in meiosis I in Cdc55-depleted cells 

(A) Cartoon diagram of a meiotic cell depleted for Cdc20 and with defective monopolin. If 

monoorientation is defective in meiosis I, sister kinetochores are bioriented and attached to opposite 

poles, and kinetochores are transiently pulled apart, which can be visualised in cells with CEN5-GFP 

foci. (B-D) cdc14-1 (AM7553), cdc14-1 cdc55mn (AM7337), cdc14-1 mam1  (AM7336), and cdc14-

1 mam1  cdc55mn (AM7347) cells and controls with functional CDC14 (wild type, (AM5310), 

cdc55mn (AM5311), mam1  (AM5892), and mam1  cdc55mn (AM5938)) carrying cdc20mn and 

heterozygous CEN5-GFP dots were sporulated, and samples taken at the indicated time points for 

tubulin immunofluorescence (B,D) and GFP dot visualization (C,E). The percentages of metaphase I 

spindles and separated CEN5-GFP foci were counted. 
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4.4.1.2 Deletion of MAM1 in Cdc14-inactivated Cdc55-depleted cells 
leads to a higher level of equational segregation of sister chromatids 

To determine whether monopolin is really functional in cdc14-1 cdc55mn cells, the 

mutant can be compared to a similar strain with MAM1 deleted. If monopolin is 

functional, deleting MAM1 will result in a much higher level of sister chromatid 

segregation than the double mutant, all sister chromatids will be bioriented in meiosis 

and attach to microtubules from opposite poles. I inoculated wild type, cdc55mn, cdc14-

1 and cdc14-1 cdc55mn, with and without MAM1 deleted, and with heterozygous CEN5-

GFP, into sporulation medium, and took samples at regular intervals for tubulin 

immunofluorescence and GFP dot analysis.  

 

On average, cdc14-1 cells had ~10%, and cdc14-1 cdc55mn cells around ~35% with 

sisters missegregating to opposite poles, as evidenced by having GFP foci in both nuclei 

of binucleates (Fig. 4.7A). As expected, deleting MAM1 in both cdc14-1 and cdc14-1 

cdc55mn cells resulted in much higher percentages of cells (~85%) with sisters 

missegregating on average over all binucleates, as well as occurring almost immediately 

after the onset of anaphase I (Fig. 4.7H,I). This suggests that monopolin really is 

functional in cdc55mn cells. Interestingly, there is a slight delay in the segregation of 

sister chromatids in the cdc55mn cdc14-1 mam1Δ cells upon the onset of anaphase I, in 

addition to a noticeable delay in the formation of metaphase I and anaphase I spindles, 

compared to cdc14-1 mam1Δ cells (Fig. 4.7D,E). Furthermore, there is the appearance of 

binucleate cells with GFP dots situated between the DNA masses in the triple mutant 

(Fig. 4.7A,I). All this suggests a defect in segregation of chromosomes specifically in 

cdc55mn cells, independently of Cdc14 or Mam1, and this agrees with the evidence 

shown above that Rec8 cleavage is hindered in Cdc55-depleted cells. This would result 

in sister chromatids getting trapped together and failing to separate, thus delaying 

spindle elongation until meiosis II. 
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Fig. 4.7 Monopolin is functional in Cdc55-depleted cells 

Wild type (4796), cdc55mn (4891), mam1Δ cdc55mn (AM5324), cdc14-1 (AM6910), cdc14-1 cdc55mn 

(AM6934), cdc14-1 mam1Δ (AM7355), cdc14-1 mam1Δ cdc55mn (AM7328) cells carrying heterozygous 

CEN5-GFP dots were sporulated and treated as in Fig. 4.5. Error bars for the strains in (A) are shown in 

Supplementary Figure 1L in the attached paper (Bizzari et al. 2011, appendix A.3). 
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4.4.2 Live-cell imaging reveals two rounds of spindle assembly in 
Cdc14-inactivated Cdc55-depleted cells 

As seen in Fig. 4.4D, cdc14-1 cdc55mn cells exhibit a strange pattern of spindle 

formation, with metaphase I and anaphase I spindles forming normally, then declining 

and repeating again, showing a second peak of ‘metaphase I’ and ‘anaphase I’ spindles. 

To a much lesser extent, this behaviour can also be seen in cdc14-1 cells; for example, in 

Fig. 4.4C, there is a dip and rise in cells with anaphase I-like spindles at 8 and 8.25 hrs 

respectively. This suggested that spindle disassembly does occur in cdc14-1 cells, but 

that when the spindle reforms, it does so on the same axis as the first spindle (hence 

resulting in only binucleate cells). This is in contrast to what was reported before 

(Marston et al., 2003; Buonomo et al., 2003), and this is because of the improved 

accuracy in monitoring spindle formation offered by the synchronization of the meiotic 

cultures as described in section 3.4.3. 

 

In order to look at this phenomenon in more detail, it was necessary to look at spindle 

formation in individual cells by live cell microscopy. cdc14-1 and cdc14-1 cdc55mn 

cells with GFP-tagged tubulin and heterozygous tdTomato-labelled URA3 locus 

(chromosome V) were filmed every 10mins as described in section 4.2.2. As expected, 

both strains only formed binucleates at the restrictive temperature. Only cells that were 

seen with prophase I-like spindles at the start of filming and that performed at least one 

nuclear division were included in the final analysis. The majority of cdc14-1 cells 

(220/342) underwent nuclear division only once, with 90% of those cells undergoing a 

reductional division (Fig. 4.8C,D), as shown in the example cell (Fig. 4.8A, Movie 4, 

see appendix A.2 for movie legends). At the end of the division, two half-spindles form, 

indicating the breakdown of the anaphase spindle. However, most of the cdc14-1 

cdc55mn cells (92/112) and a large minority of the cdc14-1 cells (122/342) underwent 

two nuclear divisions (Fig. 4.8C,D), with the separated nuclei reforming after the 

anaphase I spindle disassembled and a new metaphase I-like spindle forming thereafter, 

followed by a second, prolonged spindle elongation (see example Fig. 4.8B, Movie 5). 

This corroborated the pattern of spindle formation and nuclear division seen in Fig. 
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4.5D. In addition, 77% of the double mutant and 67% of the cdc14-1 cells that divided 

twice performed a reductional, followed by an equational division. This means that 

homologous chromosomes were separated in the first division, followed by sister 

chromatids in the second, all along the same spindle axis, following the progression 

from meiosis I to meiosis II. In addition, there was a tendency for the second division to 

take a longer time to occur in the double mutant (Fig. 4.8E). This points to a defect in 

proper chromosome segregation in Cdc55-depleted cells, thus resulting in the strange 

behaviour of nuclei that do not segregate fully after meiosis I in cdc14-1 cells. I 

hypothesised that this defect is probably due to the presence of linkages between 

chromosomes persisting in cdc55mn cells. 

 

4.4.3 Deletion of SPO11 does not prevent equational sister chromatid 
segregation in Cdc14-inactivated Cdc55-depleted cells 

In section 4.3.4 I found that full length Rec8 cohesin persists for longer in cdc14-1 

cdc55mn cells, in an unphosphorylated faster migrating form, but that alone does not 

account for why homologs are not separated efficiently in these cells. Could 

recombination intermediates between homologs also persist in this mutant? One way of 

testing this is by abolishing chiasmata by deleting SPO11, which would prevent 

recombination intermediates from forming as explained in section 3.4.1. 

 

Cells with a cdc14-1 background, GAL1-NDT80, heterozygous CEN5-GFP and 

otherwise wild type, cdc55mn, spo11Δ and spo11Δ cdc55mn were inoculated into 

sporulation medium and released from a pachytene block. Samples for tubulin 

immunofluorescence and GFP dot analysis were taken at regular intervals, and spindle 

morphology and the separation of GFP foci were analyzed for sister chromatid 

segregation. As expected, cdc14-1 cdc55mn cells exhibited the two peaks of metaphase I 

and anaphase I-like spindles, indicative of the 2 rounds of nuclear division that occur on 

the same spindle axis seen in the live cells (Fig. 4.9B). cdc14-1 spo11Δ cells showed a 

significant reduction in the level of metaphase I spindles observed, indicating that 
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Fig. 4.8 Cdc55-depleted cdc14-1 cells perform equational segregation on a newly assembled 

spindle 

cdc14-1 (AM7866) and cdc14-1 cdc55mn (AM7867) cells carrying GFP-TUB1 and  heterozygous 

tetR-tdTomato were sporulated and filmed at 10 min intervals. Still images for a cdc14-1 (A) and 

cdc14-1 cdc55mn (B) that perform one and two nuclear divisions respectively are shown. The time 

indicates minutes after metaphase I spindle formation. Bars, 1 m. (C) Behaviours of cdc14-1 and 

cdc14-1 cdc55mn cells initially in prophase I at the start of filming and performed at least one 

division. red, reductional; eq, equational. A cartoon diagram representing the behaviour of the cells in 

(A) and (B) is shown in (D). (E) Frequency of cdc14-1 and cdc14-1 cdc55mn cells performing a 

second division within the time period indicated. 
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homologs separated quickly without chiasmata to link them upon spindle attachment to 

microtubules (Fig. 4.9C). This was able to suppress the low level of sister chromatid 

missegregation observed in cdc14-1 cells from 20% down to below 5% (Fig. 4.9A,C) 

(Marston et al., 2003). However, the effect was less evident in cdc14-1 cdc55mn spo11Δ 

cells: two peaks of metaphase I and anaphase I-like spindles were still observed, albeit in 

a much less synchronised manner than in cdc14-1 cdc55mn cells (Fig. 4.9B,D). In 

addition, the maximum level of sister chromatid segregation was halved from 60% to 

30%, and the rise in the level of sister chromatid separation over the time course was 

more gradual. This shows that persistent inter-homolog linkages play a role in the delay 

in chromosome segregation in cdc55mn cells, but is not the only reason for the 

missegregation of sisters in cdc55mn cdc14-1 cells. 

 

4.4.4 Replacement of Rec8 with the mitotic cohesin Scc1 prevents 
equational sister chromatid segregation 

As already mentioned (section 4.3.4), Rec8 persists in an unphosphorylated form in 

cdc55mn cdc14-1 cells, independently of the activation of the spindle checkpoint. This 

persistent cohesin is a possible reason for the increased equational sister segregation 

observed in these cells. It has been shown previously that Rec8 needs to be 

phosphorylated in order to be cleaved by separase in meiosis I (Clyne et al., 2003; Lee 

and Amon, 2003). This allows for a mechanism for the protection of centromeric 

cohesin in meiosis I, by counteracting the phosphorylation of Rec8 at the centromere 

and thus protecting centromeric Rec8 from being cleaved until meiosis II. This 

protection comes about by the recruitment of PP2A in complex with the Rts1 regulatory 

subunit (PP2ARts1), to the centromere and pericentromere, by Sgo1, itself localized in 

that region (Riedel et al., 2006). In contrast, the mitotic subunit Scc1 is not protected by 

Sgo1 in this way, and is cleaved along the entire length of the chromosome at anaphase 

of mitosis. To determine whether the delay in chromosome segregation and increase in 

sister chromatid separation was due to the persistence of uncleaved Rec8, I looked at 

cells where SCC1 replaced the open reading frame of REC8 (PREC8-SCC1), so as to 
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Fig. 4.9 Deletion of SPO11 does not prevent equational segregation in Cdc55-depleted cdc14-1 

cells 

cdc14-1 (AM8044), cdc14-1 cdc55mn (AM8045), cdc14-1 spo11Δ (AM8046) and cdc14-1 spo11Δ 

cdc55mn (AM8047) cells carrying CEN5-GFP dots, GAL-NDT80 and pGPD1-GAL4(848).ER were 

sporulated and released from a pachytene block, and treated as in Fig. 4.5.  
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replace Rec8 with Scc1 in meiosis. Note that SPO11 needs to be deleted in these strains 

to overcome the prophase arrest caused by the lack of Rec8. Scc1 does not need to be 

phosphorylated to be cleaved (Alexandru et al., 2001), and so once separase is activated 

in meiosis I, the Scc1 cohesin along the entire length of the chromosomes will be 

cleaved in these cells, which will allow the homologs to segregate to opposite poles in 

cdc55mn cdc14-1 cells and result in no sister chromatid segregation. I sporulated wild 

type, cdc55mn, cdc14-1, and cdc14-1 cdc55mn cells with heterozygous CEN5-GFP dots, 

and with and without the REC8 gene replaced by SCC1 and took samples at regular 

intervals for tubulin immunofluorescence and GFP dot analysis. 

 

Replacing Rec8 with Scc1 did not affect the segregation of sister chromatids in meiosis I 

compared to wild type, with most binucleates having GFP foci in one nucleus (Fig. 

4.10A), as monopolin is still present to hold sister kinetochores together until meiosis II; 

however, meiosis II chromosome segregation is random due to the lack of linkages 

between chromatids as Scc1 cohesin is completely cleaved in the first division. In 

cdc55mn cells, replacing Rec8 with Scc1 resulted in the low number of spindles forming 

slightly earlier than in cdc55mn cells alone (Fig. 4.10D,F), as well as slightly reducing 

the level of sister chromatid segregation (Fig. 4.10A), although not to wild type levels, 

and this is due to the lack of spindle formation in these cells. As with the cdc14-1 

spo11Δ strain in the previous section (Fig. 4.9C), replacing Rec8 with Scc1 in a cdc14-1 

mutant reduced the level of sister chromatid segregation in the single nuclear division 

(Fig. 4.10A,B). In contrast to the cdc14-1 cdc55mn spo11Δ strain from the previous 

section (Fig. 4.9D), replacing Rec8 with Scc1 abolished almost all sister chromatid 

missegregation (Fig. 4.10A,B), with almost no binucleates having GFP foci in both 

nuclei. In addition, the high levels of metaphase I spindles observed in cdc14-1 cdc55mn 

cells (Fig. 4.10H) is significantly reduced (Fig. 4.10J). This indicates that chromosome 

segregation in these cells has been rescued, and suggests that the persistence of Rec8 

cohesin in cdc55mn is due to its special mode of protection at the centromere that is not 

found in Scc1 cohesin. 
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Fig. 4.10 Replacing Rec8 with Scc1 prevents equational sister chromatid segregation in Cdc55-

depleted cells. 

Wild type (4796), cdc55mn (4891), spo11Δ rec8Δ pREC8-SCC1 (AM5501), spo11Δ rec8Δ pREC8-

SCC1 cdc55mn (AM5502), cdc14-1 (AM6910), cdc14-1 cdc55mn (AM6934), cdc14-1 spo11Δ rec8Δ 

pREC8-SCC1 (AM7361), cdc14-1 spo11Δ rec8Δ pREC8-SCC1 cdc55mn (AM7362) cells carrying 

heterozygous CEN5-GFP dots were sporulated, and samples taken at the indicated time points for 

GFP dot analysis (A,B) and tubulin immunofluorescence (C-J). Equational segregation and spindle 

morphology were analyzed. Error bars for the strains in (A) are shown in Supplementary Figure 1L in 

the attached paper (appendix A.3). 
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4.4.5 Sgo1 removal from centromeres is delayed in Cdc55-depleted 
cells 

Does Rec8 persisting on chromosomes in cdc55mn cells indicate that Sgo1 also persists 

at the centromeres in these cells? To determine this, I sporulated wild type and cdc55mn 

cells with 9myc-tagged Sgo1 and 6HA-tagged Ndc10, as well as GAL1-NDT80, and 

took samples at regular intervals after release from the pachytene block for chromosome 

spreading. I looked at the pattern of Sgo1 localization at the centromere, marked by 

Ndc10. Sgo1 was counted as localized to the centromere by the colocalization of the 

Sgo1 and Ndc10 signals in the chromosome spreads. 

 

In wild type cells, Sgo1 removal from the centromere begins as soon as cells start 

nuclear division (7.5hrs), with most of the cells having Sgo1 gone from centromeres by 

9hrs (Fig. 4.11A,C,E). In stark contrast to this, Sgo1 removal in cdc55mn cells is 

severely delayed, persisting in almost all cells up to 10 hrs (Fig. 4.11D,F),  and there was 

an indication of Sgo1 spreading away from centromeres, but this was not quantified as 

chromosome spreads are not detailed enough to allow for an accurate count. Sgo1 is 

eventually removed in the majority of the cells by the end of the time course (Fig. 

4.11D). This supports the idea that the delay in Rec8 cohesin cleavage in the mutant is 

caused by its overprotection by Sgo1. 

 

4.4.6 Depletion of Sgo1 prevents equational sister chromatid 
segregation 

The high levels of Sgo1 seen at centromeres in Cdc55-depleted cells suggests that Rec8 

is overprotected from being phosphorylated in the mutant. In that case, depleting Sgo1 

should remove any protection to Rec8 in the mutant, and should result in a phenotype 

similar to removing Rec8 (section 4.4.4). To check whether the persistence of Sgo1 

contributed to the equational segregation found in cdc14-1 cdc55mn cells, I depleted 

Sgo1 in these cells and looked at spindle morphology and heterozygous GFP dot 

segregation. As expected, in cdc55mn sgo1mn cells with functional Cdc14, chromatid 
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Fig. 4.11 Sgo1 removal from centromeres is delayed in Cdc55-depleted cells 

Wild type (AM7228) and cdc55mn (AM7229) carrying SGO1-9MYC, NDC10-6HA, GAL-NDT80 and 

pGPD1-GAL4(848).ER were sporulated and released from a pachytene block. Samples were taken at 

the indicated time points for DAPI staining (A,B) and chromosome spreading (C,D). The percentages 

of binucleate and tetranucleate cells, and cells with Sgo1 localized to the centromere were counted. 

Examples of Sgo1 localization are shown in (E,F). Bars, 2 m. 
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segregation was random as in cdc55mn cells due to the lack of spindle formation (Fig. 

4.12A). However, when Sgo1 is depleted in a cdc14-1 or cdc14-1 cdc55mn strain, 

equational sister chromatid segregation is no longer observed (Fig. 4.12A,B), and the 

prolonged metaphase I spindle phenotype is not observed (Fig. 4.12I,J), similarly to 

strains where Rec8 is replaced with Scc1. Thus, depleting Sgo1 rescues the phenotype 

due to the loss of protection of Rec8 cohesin, thus allowing efficient chromosome 

segregation. Indeed, even in the cdc55mn sgo1mn strain, nuclear division appears to 

occur slightly earlier compared to cdc55mn cells alone, even though only very few 

spindles are formed in both cases. 

 

4.4.7 PP2ARts1 levels are misregulated in Cdc55-depleted cells 

Cdc55-depleted cells exhibit a very delayed cleavage of Rec8-cohesin, which is 

probably not due to a defect in separase regulation, as replacement of Rec8 by Scc1 

prevents the separation of sister chromatids in cdc14-1 cdc55mn cells and results in 

efficient chromosome segregation (Fig. 4.10). The high levels of cells with Sgo1 

persisting on centromeres observed in chromosome spreads in Cdc55-depleted cells 

(Fig. 4.11) points to the possibility that a high level of PP2ARts1 is recruited to 

centromeres in these cells, and this could be the reason that Rec8 cleavage is delayed in 

these cells. This is supported by the levels of unphosphorylated Rec8 that persist in 

cdc14-1 cdc55mn cells seen on a Western blot (Fig. 4.5D), which could be due to a high 

level of protection from PP2ARts1 remaining at the centromere after meiosis I.  

 

As PP2A has two regulatory (B) subunits in budding yeast, Cdc55 and Rts1, it is 

possible that they act in a competitive manner to bind to the scaffold (A) and catalytic 

(C) subunits. If so, a depletion of Cdc55 in meiosis would result in higher than normal 

amounts of PP2ARts1 in the cell, which could result in a delay in the cleavage of Rec8 

due to the extra protection at the centromere. To determine this, I looked at the effect of 

depleting Cdc55 on the level of Rts1 bound to Tpd3, the scaffold (A) subunit of PP2A, 

as well as the level of Rts1 binding to chromosomes by ChIP. 
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Fig. 4.12 Depletion of Sgo1 prevents equational sister chromatid segregation in Cdc55-depleted 

cells. 

Wild type (4796), cdc55mn (4891), sgo1mn (AM4911), sgo1mn cdc55mn (AM7286), cdc14-1 

(AM6910), cdc14-1 cdc55mn (AM6934), cdc14-1 sgo1mn (AM7360), cdc14-1 sgo1mn cdc55mn 

(AM7421) cells carrying heterozygous CEN5-GFP dots were sporulated, and treated as in Fig. 4.10. 

Error bars for the strains in (A) are shown in Supplementary Figure 1L in the attached paper 

(appendix A.3). 
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4.4.7.1 Levels of PP2ARts1 are significantly higher in Cdc55-depleted 
cells than in wild type 

If depleting Cdc55 results in an imbalance where more PP2A complexes are bound to 

Rts1, then there should be more PP2ARts1 complexes in a cdc55mn cell in meiosis than in 

wild type. A pulldown of the PP2A complex should result in higher levels of Rts1 from 

the mutant than from wild type. I investigated the levels of Rts1-3Pk binding to Tpd3-

6HA by co-immunoprecipitation in wild type and cdc55mn cell extracts containing the 

tagged constructs. Cells were inoculated into sporulation medium for 4hrs to allow cells 

to enter meiosis I, and then harvested for lysis. Tpd3-6HA is fully functional (spore 

viability of strain AM8013 was 39/40), however, for unknown reasons its presence 

increases the slower-migrating forms of Rts1-3PK, and these preferentially co-

immunoprecipitate with Tpd3-6HA (Fig. 4.13). In addition, depleting Cdc55 resulted in 

some degradation of Rts1-3Pk compared to wild type cells (Fig. 4.13). Tpd3-6HA was 

immunoprecipitated, and the level of Rts1-3PK was examined by Western blotting, and 

compared to 1% of the input. The level of Rts1-3Pk binding to Tpd3 in Cdc55-depleted 

cell extracts was significantly higher than in control cell extracts in meiosis (Fig. 4.13). 

This indicates that in the absence of Cdc55, the level of PP2A bound to its alternative 

regulatory subunit Rts1 is higher than normal, which means that there is an imbalance of 

the PP2ARts1 isoform in this mutant, which could result in an overprotection of cohesin. 

 

4.4.7.2 Rts1 levels are increased at the centromere and on    
chromosome arms in Cdc55-depleted cells 

To confirm that high Rts1 levels are increased at the centromeres in cdc55mn cells in 

vivo, chromatin immunoprecipitation (ChIP) was performed followed by quantitative 

PCR (qPCR) on Rts1-3Pk for 4 sites along chromosome IV in cells arrested in 

metaphase I by depleting Cdc20 (this experiment was performed by Adele Marston). 

One site was chosen close to the centromere (150bp to the right), two close to the 
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Fig. 4.13 Higher levels of Rts1-PP2A are formed in Cdc55-depleted cells 

(A) Wild type and cdc55mn cells carrying RTS1-3PK (AM8012, 8029) or RTS1-3PK TPD3-6HA 

(AM8028, 8014) were sporulated and samples taken to immunoprecipitate Tpd3-6HA using anti-HA 

antibodies. Anti-V5 (PK) and anti-HA immunoblots of input and immunoprecipitated samples are 

shown for the strains indicated. Molecular mass markers are shown to the right for each blot. The red 

asterisk indicates residual 3HA-Cdc55. An Rts1-3PK degradation product is indicated in grey. (B) 

Cartoon of the PP2A holocomplex. 
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centromere (6 and 9kb to the left) and one on the arm (95kb to the left). In wild type 

cells, Rts1 was only significantly increased over control cells with no tagged Rts1 at the 

centromere-proximal site, as expected, although the level of increase was very small 

(Fig. 4.14). In contrast, the levels of Rts1 at all sites along the chromosome in cdc55mn 

cells were significantly increased, including, surprisingly, the chromosome arm site. 

This indicated that PP2ARts1 is abnormally recruited to high levels along the entire 

chromosome, providing a higher than normal protection to Rec8 cohesin on the arms as 

well as the centromere. This explains why Rec8 cleavage in cdc55mn cells is 

significantly delayed in meiosis. 

 

4.5 Discussion 
4.5.1 Cdc55 regulates Cdc14 in meiosis 

Cdc55 is important in coordinating meiotic events, especially in meiosis I. It exerts its 

control mainly through the regulation of two other phosphatases, Cdc14 and PP2ARts1, 

and this is modelled in Fig. 4.15. Firstly, Cdc55 restrains Cdc14 to the nucleolus early in 

meiosis I, which is required for the proper spindle assembly in meiosis I, but not so 

much in meiosis II, as some cells manage to form spindles at that time (Fig. 4.3, 4.4). 

Cdc55 appears to regulate Cdc14 localization in meiosis as it does in mitosis: A recent 

study has found that mutation of 6 Cdk phosphorylation sites on Net1 allowed two 

rounds of meiotic division to occur in cdc55mn cells, and Net1 is hyperphosphorylated 

in cdc55mn cells (Kerr et al., 2011). In mitosis, deletion of CDC55 released Cdc14 in 

cells with a metaphase spindle (Queralt et al., 2006), whereas in meiosis, Cdc14 releases 

very early in cdc55mn cells, before any spindle can form (Fig. 4.2). Cdc14 regulation by 

Cdc55 in meiosis appears to be crucial, in contrast to mitosis, where ectopic activation 

of Cdc14 does not prevent spindle assembly. One possible reason for this is the 

difference in the timing of active cyclin-Cdks in the cell in mitosis and meiosis: Clb2 is 

not present in meiosis as it is in mitosis, and Clb1 accumulates early in meiosis, in 

contrast to its late activation in mitosis (Grandin and Reed, 1993). This would provide a 

necessity for the tight regulation of Cdc14 in meiosis I. It is possible that separase can 
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Fig. 4.14 High levels of Rts1 are localized on chromosomes in Cdc55-depleted cells 

qPCR analysis of chromatin immunoprecipitated using anti-V5 (PK) antibodies from cdc20mn 

(AM3560), cdc20mn RTS1-3PK (AM7902), cdc20mn cdc55mn (AM7903) and cdc20mn cdc55mn 

RTS1-3PK (AM7904) strains. The mean of three experiments is shown with error bars indicating 

standard deviation. 
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also downregulate Cdc55 as it does in mitosis to allow for Cdc14 release at anaphase 

(Queralt et al., 2006), and this is included in the model. In mitosis, both FEAR and MEN 

act to release Cdc14, and in mutants of either pathway Cdc14 is still able to be released 

at some point in mitosis. In meiosis I, however, the MEN pathway does not appear to 

function in releasing Cdc14 (Kamieniecki et al., 2005), making FEAR the sole pathway 

for Cdc14 release. This is probably due to the need to keep Cdk levels at an intermediate 

level between the two meiotic divisions, as MEN activation in mitosis results in 

complete inactivity of Cdks. Thus, misregulation of FEAR is more prone to producing 

defects in meiosis than mitosis, which may explain the critical role for Cdc55 in 

regulating Cdc14 in meiosis compared to mitosis. 

 

4.5.2 Cdc14 regulates spindle assembly but not disassembly in 
meiosis 

Ectopic release of Cdc14 in cdc55mn mutants prevents spindle assembly. The reason for 

this is investigated in Chapter 5. However, a strange finding was that Cdc14 is not 

required to break down the anaphase spindle in meiosis I, as seen in the live cell 

imaging. Cdc14 is, however, required for the formation of a new spindle axis for meiosis 

II, as the failure to do so results in an aborted chromosome segregation in meiosis I. 

How Cdc14 promotes the formation of a new spindle axis is currently unknown, but will 

be interesting to investigate in the future. 

 

4.5.3 Depleting Cdc55 results in an imbalance of PP2ARts1 

Cdc55 is required to provide a balance of PP2A isoforms in the cell, as its depletion 

results in the accumulation of Rts1 bound to PP2A in meiosis (Fig. 4.13), and this results 

in an excess of PP2ARts1 along the chromosomes and at centromeres (Fig. 4.14), which 

overprotects cohesin and inhibits the separation of sister chromatids. This suggests that 

not only do the different regulatory subunits of PP2A provide for the enzymes substrate 

specificity, they also act in a homeostatic manner, limiting the pool of PP2A bound to a 
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specific regulatory subunit at any time. This could potentially act as a mechanism for the 

control of PP2A function. It would be interesting to know whether depletion of Rts1 also 

results in an increase of PP2ACdc55 in the cell, which would support the balancing role of 

the regulatory subunits.  

 

A curious point that was noted was the spreading of PP2ARts1 from the centromere to the 

chromosome arms in the mutant (Fig. 4.14). This suggests that Sgo1 also similarly 

spreads away from the centromere onto the arms, and this was suggested by 

observations from the chromosome spreads, although it was not conclusive. In order to 

confirm this, Sgo1 chromatin immunoprecipitation can be performed on cdc55mn cells, 

to look at whether Sgo1 localizes to the arms, which would result in the excess PP2ARts1 

found at the arms. This also raises the possibility of an interdependence of Sgo1 and 

PP2ARts1 binding to chromosomes, as in vertebrate cells PP2A is required to recruit Sgo1 

to the centromere (Tang et al., 2006). 
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Figure 4.15 Model for coordination of meiotic divisions by Cdc55 

In metaphase I of wild type cells, PP2ACdc55 maintains Cdc14 sequestration in the nucleolus by 

dephosphorylating Net1/Cfi1, and restricts the amount of PP2A scaffold (A) and catalytic (C) subunits 

available to complex with Rts1. At anaphase I, separase activation leads to cleavage of unprotected arm 

cohesin, and Cdc14 release through downregulation of PP2ACdc55. Cdc14 release in anaphase I ensures that a 

second spindle axis will assemble in meiosis II after its resequestration. In cdc55mn cells, ectopic Cdc14 

release interferes with spindle assembly, and excess PP2ARts1 extends the domain of protected cohesin. This 

prevents nuclear division except in the few cells in which Cdc14 is resequestered in the nucleolus, through an 

unknown mechanism. P indicates Cdk-dependent phosphorylation of Cfi1/Net1. 
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Chapter 5 

Analyzing downstream effectors of Cdc14 
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5 Analyzing downstream effectors of Cdc14 

Why does ectopically activated Cdc14 result in impaired spindle assembly in cdc55mn 

cells? Mitotic cells with inactive Cdc14 feature high microtubule instability in anaphase 

(Higuchi and Uhlmann, 2005). Cdc14 has multiple targets in mitosis that regulate 

anaphase spindle stability. Cdc14 was found to dephosphorylate Sli15, Fin1 and Ase1, 

which are all microtubule binding proteins that are recruited to the anaphase spindle in 

mitosis, and dephosphorylation of these proteins is required for their proper localization. 

In addition, Cdc14 dephosphorylates Ask1, a kinetochore-localized protein required for 

microtubule turnover at the kinetochore (Higuchi and Uhlmann, 2005). Creation of non-

phosphorylatable mutants of some of these proteins resulted in instability of the 

metaphase spindle in mitosis. In cells expressing a non-phosphorylatable version of 

Ase1, the spindle elongated quickly and experienced bending and breakage as a result 

(Khmelinski et al., 2007). Similarly, expression of a non-phosphorylatable version of 

Fin1 in cells arrested in metaphase resulted in early localization of Fin1 to the metaphase 

spindle, resulting in spindle instability (Woodbury and Morgan, 2007). In addition, these 

cells also exhibited strange, long astral microtubules, which were also observed in 

cdc55mn cells in meiosis. Early release of Cdc14 in meiosis may result mislocalization 

of microtubule-binding proteins to the spindle before it can stably form, and prevent it 

from forming properly. Here I look at the role of some of these proteins in regulating 

spindle assembly in Cdc55-depleted cells in meiosis. 

 

In mitosis, Cdc14 is required to inactivate Cdks, by dephosphorylating the APC 

activator Cdh1, which activates the APC and contributes to the degradation of cyclins, as 

well as dephosphorylating Sic1, a Cdk inhibitor, which stabilizes it (Visintin et al., 

1998). In meiosis, Clb1 protein translation coincides with spindle assembly (Carlile and 

Amon, 2008), and Clb1 is highly enriched in the nucleus in cdc14-1 strains (Marston et 

al., 2003). If Cdc55-depleted cells ectopically release Cdc14, this might lead to 

premature Cdk inactivation, and Cdk inactivation might interfere with proper spindle 

assembly, as spindle disassembly in mitosis is preceded by Cdc14-driven Cdk 
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inactivation. In addition, in mitosis, the activity of Cdk in conjunction with cyclins Clb1, 

Clb2 and Clb3 are required for proper anaphase spindle elongation (Rahal and Amon, 

2008). Thus, early Cdc14 release might also interfere with proper spindle assembly by 

precocious inactivation of Cdk activity, and here I look at the effect of depleting Cdc55 

on the levels of Clb1 in meiosis.  

 

5.1 Clb1 is not prematurely degraded in Cdc55-depleted cells 

To test whether Cdks are inactive prematurely in cdc55mn cells, wild type, cdc55mn, 

cdc14-1 and cdc14-1 cdc55mn cells containing 9myc-tagged Clb1, GAL1-NDT80 and 

pGPD1-GAL4(848).ER were inoculated into sporulation medium, and samples were 

taken at regular intervals after release from the pachytene block for tubulin and Clb1 

immunofluorescence, as well as for Western blotting. Clb1 staining in the nucleus and in 

the whole cell was counted as nuclear and delocalized Clb1 respectively. In wild type 

cells, Clb1 accumulation in the nucleus coincided with metaphase I spindle assembly, as 

well as with the appearance of a slower migrating form of Clb1 on the Western blot, 

which is thought to be the kinase active form (Fig. 5.1A, Carlile and Amon, 2008), and it 

is then delocalized from the nucleus after anaphase I. In cdc55mn cells, surprisingly, 

Clb1 was retained in the nucleus throughout the entire time course, and Clb1 appeared as 

the slower-migrating form on the Western blot throughout (Fig. 5.1B). This indicates 

that despite Cdc14 being released prematurely in cdc55mn cells, this does not result in 

Clb1 export from the nucleus, and the slower migrating form of Clb1 on the Western 

blot also suggested it may be active. In addition, cdc14-1 cells, while showing a higher 

accumulation of Clb1 in the nucleus compared to wild type, as well as a persistence of 

the slower migrating band on the Western blot (Fig. 5.1C), eventually exported Clb1 

from the nucleus upon anaphase I onset. A similar phenotype was observed in the double 

mutant (Fig. 5.1D). Thus, the reason for the failed spindle assembly in cdc55mn cells 

does not appear to be due to premature Clb1 nuclear export. Indeed, Cdc14 does not 

appear to have a crucial role in exporting Clb1 from the nucleus for meiosis I exit. 
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Fig. 5.1 Ectopic activation of Cdc14 in Cdc55-depleted cells does not cause premature 

degradation of Clb1 

Wild type (A, AM6770), cdc55mn (B, AM6961), cdc14-1 (C, AM7815), cdc14-1 cdc55mn (D, 

AM7816) cells carrying CLB1-9MYC, GAL-NDT80 and pGPD1-GAL4(848).ER were sporulated and 

released from a pachytene arrest. Samples were taken at the indicated times for tubulin and Clb1 

imunofluorescence, and Western blotting. The percentages of cells with the indicated spindle 

morphologies and with Clb1 staining in the nucleus or in the whole cell were counted, and the anti-

Myc immunoblots show the levels and phosphorylation of Clb1. Pgk1 is used as a loading control. 

Molecular weight markers are shown for each blot. 

GAL-NDT80 pachytene block-release
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5.2 Analysis of mutants of downstream effectors of Cdc14 

5.2.1 Ase1 localizes with wild-type timing to microtubules in Cdc55-
depleted cells, but at inappropriate locations 

Cdc14 ectopic activation could interfere with spindle assembly via one of its 

downstream targets that has a direct effect on the spindle. One such protein is Ase1, a 

spindle midzone localized protein. In mitosis, Cdc14 dephosphorylation of Ase1 causes 

it to focus to the spindle midzone, where it is important for anaphase spindle elongation 

(Khmelinski et al., 2007). It is possible that early dephosphorylation of Ase1 by 

ectopically released Cdc14 in cdc55mn cells interferes with proper spindle assembly; 

indeed, the expression of constitutively non-phosphorylated Ase1 leads to spindle 

breakage in mitosis (Khmelinski et al., 2007). I looked at the effect of depleting Cdc55 

on the localization of Ase1 in meiosis. 

 

Wild type, cdc55mn, cdc14-1 and cdc14-1 cdc55mn cells carrying 9myc-tagged Ase1 

and GAL-NDT80 were inoculated into sporulation medium and released from a 

pachytene block, and samples were taken at regular intervals for tubulin and Ase1 

immunofluorescence. Spindle morphology and Ase1 localization to microtubules was 

counted. In wild type cells, Ase1 localized to microtubules upon the formation of 

metaphase I spindles, and peaked during anaphase I and anaphase II, when spindle 

elongation occurs, and was lost with the degradation of the spindle at the end of meiosis 

(Fig. 5.2A). However, in cdc55mn cells, Ase1 localization to microtubules occurred with 

wild type timing, despite the lack of spindle formation in these cells (Fig. 5.2B). In 

addition, although Ase1 was mislocalized to the abnormal microtubule structures formed 

in cdc55mn cells (Fig. 5.2F), often found at the ends of the structures. Surprisingly, Ase1 

localization to the spindle was not affected in the cdc14-1 mutants (Fig. 5.2C,D), which 

occurred with wild type timing, although Ase1 was localized to microtubules in a higher 

percentage of cells. Thus, the ectopic activation of Cdc14 does not appear to affect the 

timing of Ase1 localization to microtubules in cdc55mn cells, but may still have an 

effect due to the abnormal localizations observed. In addition, it does not appear that 
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Fig. 5.2 Ase1 localizes with normal timing to microtubules in Cdc55-depleted cells even without 

spindle formation. 

Wild type (A, AM7162), cdc55mn (B, AM7163), cdc14-1 (C, AM7308) and cdc14-1 cdc55mn (D, 

AM7309) cells carrying ASE1-9MYC, GAL-NDT80 and pGPD1-GAL4(848).ER were sporulated and 

released from a pachytene arrest. Samples were taken at the indicated times for tubulin and Ase1 

immunofluorescence. The percentages of cells with the indicated spindle morphologies and Ase1 

localization on microtubules were counted. Example images of Ase1 immunofluorescence are shown 

in (E,F). 
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Cdc14 has an important role in affecting Ase1 localization to the spindle in meiosis as it 

does in mitosis. 

 

5.2.2 Deletion of ASE1, FIN1, and depletion of Ipl1 in Cdc55-depleted 
cells does not rescue the spindle formation phenotype 

Three proteins that are known to be dephosphorylated by Cdc14 were considered as 

candidates for downstream effectors of Cdc14 that might affect spindle assembly in 

meiosis. Cdc14 dephosphorylates Ase1, Fin1 and Sli15, resulting in the relocalization of 

these proteins. Premature dephosphorylation of these proteins in a cdc55mn mutant 

might be the reason for the failed spindle assembly, and so this was tested by 

inactivation of these proteins in cdc55mn strains. Wild type, cdc55mn, fin1Δ, fin1Δ 

cdc55mn, ipl1mn, ipl1mn cdc55mn, ase1Δ, and ase1Δ cdc55mn cells were inoculated 

into sporulation medium, and samples taken at regular intervals for tubulin 

immunofluorescence, and spindle morphology was analyzed (Sli15 targets Ipl1 to the 

spindle). None of these mutations rescued spindle assembly in the cdc55mn strains 

compared to the CDC55 strains (Fig. 5.3), and therefore it appears that none of the 

proteins, at least individually, cause the impaired spindle assembly in Cdc55-depleted 

cells due to the ectopic activation of Cdc14. 

 

5.3 Discussion 

My results here have not revealed a definitive target of Cdc14 that explains the spindle 

assembly defect observed in cdc55mn cells. In the meiosis I – II transition, high CDK 

activity arrests the cells in meiosis I, and Cdc14 activity is required to lower CDK 

activity enough for timely meiosis I exit (Marston et al., 2003; Buonomo et al., 2003). 

Cdc14 is also required for the downregulation of CDK activity at mitotic exit, which is 

thought to promote spindle breakdown, although how these two activities are linked are 

not fully understood (Sullivan and Morgan, 2007). Surprisingly, I found that in cdc55mn 

cells, ectopic release of Cdc14 does not result in Clb1 degradation, and in fact Clb1 
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Fig. 5.3 Deletion of ASE1, FIN1 or depletion of Ipl1 does not restore spindle assembly to Cdc55-

depleted cells.  

Wild type (A), cdc55mn (B), fin1  (C), fin1  cdc55mn (D), ipl1mn (E), ipl1mn cdc55mn (F), ase1  

(G) and ase1  cdc55mn (H) cells carrying 3HA-CDC14 were sporulated and the percentages of bi- 

and tetranucleate cells (upper graph) and spindles of the indicated morphology (lower graph) were 

determined at the indicated time points. 
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levels appear to be stabilized throughout meiosis in the mutant (Fig. 5.1). However, I 

have not tested the activity of the Cdc28 kinase in the mutant, and it may be possible 

that although Clb1 levels are stabilized, Cdc28 kinase activity is inhibited. In mitosis, 

deletion of CDC55 in cells arrested in nocodazole results in stable Clb2 levels, although 

CDK kinase activity was not maintained as high as in wild type cells (Minshull et al., 

1996). Depletion of Cdc55 in meiosis might lead to a similar phenotype. In addition, I 

have only looked at one of the B-type cyclins in meiosis (Clb1) and it is possible that 

ectopically released Cdc14 acts on one of the other Clbs to exert its effects. 

 

Multiple spindle midzone proteins that regulate spindle stability in anaphase have been 

identified as Cdc14 targets, and I have analyzed the role of some of these in the spindle 

assembly defect observed in cdc55mn cells. Deletion of ASE1, FIN1, and depletion of 

IPL1 do not appear to rescue the spindle assembly defect in the cdc55mn mutant (Fig. 

5.3). However, this does not exclude the possibility that redundant mechanisms may act 

in regulating spindle assembly. Deletion of FIN1 and ASE1 individually result in viable 

cells, with no or little spindle defects, but a double mutant is lethal (Woodbury and 

Morgan, 2007). In addition, spindle disassembly in mitosis operates through several 

pathways, which may act redundantly (Woodruff et al., 2010). Further analysis is 

required to determine if Cdc14 acts through these microtubule-binding proteins in 

meiosis. In particular, Cdc14 is also known to dephosphorylate another microtubule 

regulator, Ask1, in mitosis, and if this is also true in meiosis, it is possible that 

precocious Cdc14 release prevents spindle assembly through dephosphorylation of 

Ask1. 

 

Ase1 is a critical Cdc14 target in mitosis, as Ase1 acts as a coordinator of spindle 

midzone proteins and motor proteins in mitosis (Khmelinski et al., 2007). I found that 

depleting Cdc55 or inactivating Cdc14 had no effect on the timing of Ase1 localization 

to microtubules. However, in cdc55mn cells lacking spindles, Ase1 was still localized to 

the microtubule structures found in the cell (Fig. 5.2), and its association did not decline 

over the time course, as it does in wild type, cdc14-1 and cdc14-1 cdc55mn cells that 
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disassemble their spindles. Ase1 was often found at the tips of microtubule structures in 

the mutant, and proper midzone localization was only observed in the few cells that 

formed anaphase spindles. This may be due directly to depletion of Cdc55, rather than 

precocious release of Cdc14, as a nonphosphorylatable mutant of Ase1 (Ase17A ) does 

not have major defects in its pattern of localization in mitosis (Khmelinski et al., 2007). 

Ase1 phosphorylation is important prior to anaphase onset in mitosis to stabilise the 

spindle, as the non-phosphorylatable Ase1 mutant rapidly elongates the anaphase spindle 

and frequently breaks it (Khmelinski et al., 2007). Although Ase1 localizes to 

microtubules with wild type timing in cdc55mn cells, premature dephosphorylation of 

Ase1 by Cdc14 in cdc55mn mutants may prevent a stable spindle from forming in 

meiosis I, and only in cells which resequester Cdc14 prior to meiosis II might Ase1 be 

phosphorylated and lead to stable spindle assembly for meiosis II.  
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6 Final Discussion 

Meiosis is a specialised form of cell division that results in the production of haploid 

gametes from diploid cells. This requires that two chromosome segregation events take 

place in meiosis without an intervening S phase, and this process needs to be highly 

regulated to allow for the proper distribution of genetic material to the gametes. The first 

meiotic division in particular features several unique features to enable this: homologous 

chromosomes are physically linked by chiasmata, which contribute to their cohesion in 

meiosis I; centromeric cohesin is protected from cleavage, thus holding sister chromatids 

together and preventing precocious sister separation; and sister kinetochores are 

modified to enable microtubule attachment from only one spindle pole, to prevent 

erroneous biorientation of sisters at meiosis I. Errors in meiosis can result in aneuploidy, 

and this has been linked to infertility and birth defects, and most chromosome 

segregation defects take place in meiosis I (Hassold and Hunt, 2001). Understanding 

how meiosis is regulated is important in understanding the causes of human infertility 

and disease. 

 

In this study, I studied the role of the protein Cdc55, a regulatory subunit of the protein 

phosphatase 2A (PP2A) in meiosis in the budding yeast Saccharomyces cerevisiae. 

Previous work in mitosis has looked at the role of Cdc55 in the control of sister 

chromatid segregation and mitotic exit. Here, and in recent published work, Cdc55 has 

been found to be essential for the proper execution of meiosis in budding yeast. Cdc55 

may also be important for early events in meiosis: DNA replication was found to be 

delayed in cdc55Δ cells (Nolt et al., 2011), although similar analysis of cdc55mn cells 

showed no defect in DNA replication (Kerr et al., 2011). In addition, deletion of CDC55 

results in early expression of some early sporulation genes, and intergenic recombination 

is severely affected in cdc55Δ cells (Nolt et al., 2011). These discrepancies could be 

explained because of  the effects of CDC55 deletion on the mitotic cycle preceding 

meiosis; alternatively, it is possible that a low level of expression of CDC55 from the 

CLB2 promoter is sufficient for DNA replication and early meiotic events. 
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My work and a recent study (Kerr et al., 2011) has found roles for Cdc55 in ensuring 

proper meiotic chromosome segregation. cdc55mn cells exhibit a very delayed and 

inefficient single meiotic division with randomly segregated chromosomes (Fig. 3.2). 

This was not due mainly to the presence of unresolved linkages between chromosomes, 

as removal of chiasmata, monopolin and/or cohesin did not rescue the delay in 

chromosome segregation or the missegregation of chromosomes (Fig 3.4, 3.5, 3.8). 

Instead, Cdc55 is important in ensuring the assembly of a meiosis I spindle. I identified 

Cdc14 as the crucial downstream target of Cdc55. Cdc14 is released from the nucleolus 

early in cdc55mn cells, and remains released at high levels (Fig. 4.2, 4.3, Movies 1-3). 

Inactivation of Cdc14 (cdc14-1) in cdc55mn cells allows for the formation of spindles, 

and allows for proper reductional segregation of homologous chromosomes (Fig. 4.5). In 

mitosis, Cdc55 dephosphorylates Net1, which keeps Cdc14 sequestered in the nucleolus 

(Queralt et al., 2006). It is likely that Cdc55 regulates Cdc14 localization in the same 

manner in meiosis, and it was shown that Net1 is hyperphosphorylated in cdc55mn cells 

(Kerr et al., 2011). In addition, Clb1 levels are high in cdc55mn cells (Fig. 5.1), which 

provides the potential for keeping Net1 phosphorylated (Azzam et al., 2004), and 

preventing Cdc14 sequestration in the nucleolus.  

 

In addition to its requirement for building a meiotic spindle, Cdc55 is also required for 

the efficient loss of cohesion between chromosomes. In cdc55mn cells with Cdc14 

inactivated, and thus with meiotic spindles assembled, sister chromatid separation occurs 

at high levels following the reductional division. cdc14-1 cells undergo two meiotic 

divisions on a single spindle axis, in which some homologous chromosomes may get 

trapped in the first division by improper resolution of linkages between them, and 

subsequently separate their sisters in the second division (Fig. 1.4; section 1.3.4). The 

high level of sister chromatid separation in cdc55mn cdc14-1 cells suggested that inter-

homolog linkages are not efficiently resolved, and this was supported by the observation 

of a high proportion of lagging chromosomes in these cells. I found that this was due to 

the persistence of Rec8 cohesin on chromosomes in cdc55mn cells, in a manner 

dependent on its protection from phosphorylation by PP2ARts1. Depletion of Cdc55 
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results in an abundance of PP2A isoforms bound to Rts1, and PP2ARts1 was enriched on 

chromosome arms and centromeres at levels higher than in wild type. Fig. 4.15 shows 

how Cdc55 coordinates chromosome segregation by coupling spindle assembly and the 

loss of cohesin between chromosomes, and Fig. 6.1 summarises the interactions of 

Cdc55 in meiosis. 

 

 

Cdc55 is important for the proper assembly of the spindle in meiosis, and this may be 

conserved in higher organisms: in mouse oocytes, PP2A localizes on the meiotic 

spindle, and inactivation of PP2A with okadaic acid  abolished the formation of spindles 

(Lu et al., 2002). Why is spindle assembly defective in Cdc55-depleted cells?  

The answer may lie in examining the role of Cdc14 in spindle assembly in meiosis. 

Cdc14 is important in the recruitment of several proteins that act to regulate spindle 

dynamics in mitosis. Ask1 is dephosphorylated by Cdc14 in mitosis, which reduces 

microtubule turnover at the kinetochore. Precocious dephosphorylation of Ask1 in 

cdc55mn mutants may prevent the proper microtubule attachments necessary to build a 

spindle, and this can be examined by looking at the phosphorylation state of Ask1 in 

cdc55mn meiosis, and by investigating the effect on spindle formation by introducing a 

phosphomimetic mutant into cdc14-1 cdc55mn cells. Ase1 is dephosphorylated by 

Cdc14 and focused to the spindle midzone in mitosis. I have looked at the localization of 

Ase1 in cdc55mn cells in meiosis and find it inappropriately localized to astral 

Figure 6.1 PP2ACdc55 controls the levels of active Cdc14 and PP2ARts1 in meiosis 

PP2ACdc55 dephosphorylates Net1 in meiosis, which sequesters Cdc14 to the nucleolus. In addition, 

Cdc55 and Rts1 compete for binding to PP2A, thus limiting the amounts of PP2A bound to each 

subunit in meiosis. 
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microtubules. Early Ase1 dephosphorylation could lead to the formation of unstable 

spindles, as the non-phosphorylatable Ase17A does in mitosis (Khmelinski et al., 2007). 

Deletion of Ase1, and other Cdc14 targets, did not rescue the spindle formation defect of 

cdc55mn cells; however, this does not rule out the possibility of redundancy in the 

activities of these proteins. Mutation of the Cdk phosphorylation sites on Ase1 (Ase17D) 

leads to anaphase spindle stability in mitosis (Khmelinski et al., 2007), and if Cdc14 

dephosphorylates Ase1 in meiosis expression of the phosphomimetic mutant might 

rescue the spindle assembly defect in cdc55mn cells. In addition, Ase1 

dephosphorylation recruits the kinesin Cin8 to the spindle midzone (Khmelinski et al., 

2009), which drives interpolar microtubule sliding. Analysing mutants in Cin8 and other 

motor proteins in cdc55mn cells may uncover a mechanistic reason for the failure of a 

stable spindle to form. 

 

Spindle disassembly in mitosis is preceded by Cdc14 inactivation of Cdks and 

dephosphorylation of Cdk targets, and lowering of Cdk activity in meiosis I is required 

for spindle disassembly and exit from meiosis I. My analysis of Clb1 in meiosis of 

cdc55mn and cdc14-1 cells revealed the surprising result that Clb1 levels are not 

regulated by Cdc14 in meiosis I, and Clb1 is highly enriched in the nucleus and 

hyperphosphorylated in cdc55mn cells, which is associated with high Clb1-Cdk activity 

(Carlile and Amon, 2008). Whether or not Cdk activity is actually inhibited in cdc55mn 

remains to be checked, and this can be done by looking at kinase activity in the mutant 

during meiosis. If Cdk activity is high in cdc55mn cells, artificial inhibition of Cdc28 by 

the use of the conditional mutant cdc28-as1 (Bishop et al., 2000) in the cdc55mn mutant 

might rescue some of the defects in the mutant. In mitosis, PP2ACdc55 dephosphorylates 

Mih1, which promotes Cdc28 dephosphorylation and mitotic entry (Pal et al., 2008), and 

so depletion of Cdc55 may directly affect Cdk activity in meiosis. In addition, the 

regulation of the other B-type cyclins in meiosis (Clb3, 4 and 5) might be affected, and 

examination of the effect of Cdc14 release on the levels and associated Cdc28 activity of 

these cyclins can determine whether this is the case. 
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A surprising finding was that Cdc14 is not required for meiosis I anaphase spindle 

breakdown, as was previously reported (Marston et al., 2003). Live cell imaging of 

cdc14-1 and cdc14-1 cdc55mn cells revealed that the anaphase spindle can disassemble 

and reassemble in the absence of Cdc14 (Fig. 4.8, Movie 4,5); however, spindles that 

reassemble do so along the same axis. Thus, Cdc14 appears to be important for the 

duplication of the spindle axis, in a mechanism that is not known. There is evidence that 

Cdc14 is involved in regulating SPB separation in SAC activated cells (Chiroli et al., 

2009), and downregulation of human Cdc14A leads to defects in the separation of 

centrosomes in mitosis (Mailand et al., 2002). In future studies it would be interesting to 

examine spindle pole body dynamics through meiosis using live cell imaging.  

y work on Cdc55 has also uncovered a possible mechanism for the control of the relative 

amounts of PP2A isoforms in the cell. In cdc55mn cells, the levels of Rts1 bound to 

PP2A are much higher than in wild type (Fig. 4.13) and Rts1 is bound at high levels to 

the chromosome (Fig. 4.14). Thus, as well as providing substrate specificity to PP2A, 

the regulatory subunits may also control the relative levels of PP2A isoforms that can 

form. One prediction of this is that in cells depleted for Rts1, the levels of PP2ACdc55 

should rise in the cells, and this can be tested for by immunoprecipitation experiments. 

Studies of the role of PP2A in Wnt signalling in Xenopus laevis and Drosophila 

melanogaster show that overexpression of the regulatory subunits can lead to dominant 

phenotypes that could be explained by an imbalance in the levels of PP2A isoforms 

(Yang et al., 2003; Bajpai et al., 2004). In addition, mutation of the Drosophila Cdc55 

homolog, PR55, results in lagging chromosomes at anaphase (Mayer-Jaekel et al., 

1993), similar to my observations in cdc55mn cells where Cdc14 is inactivated. It would 

be interesting to know if this is also due to excess PP2A complexed with a cohesin-

protecting B’ regulatory subunit as I showed here for Rts1. Future work on PP2A 

functions need to take into account the effects on the levels of different isoforms of 

mutating or overexpressing PP2A subunits.  

 

Is Cdc55 regulated by separase in meiosis as it is in mitosis? Separase inhibits PP2ACdc55 

mediated Cdc14 release in mitosis, and Cdc55 can also inhibit separase downstream of 
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Sgo1 in response to a lack of tension between sister chromatids. I have shown that 

Cdc55 may also have separase-inhibiting functions in meiosis, as cdc5mn cdc55mn cells 

are able to cleave Rec8 cohesin (Fig. 3.1). During mitotic exit, separase appears to 

down-regulate PP2ACdc55 through the Zds1 and Zds2 proteins (Queralt and Uhlmann, 

2008; Rossio and Yoshida, 2011). Whether this is also true in meiosis requires further 

investigation. 

 

 

Cdc55 appears to be important mainly in regulating the first meiotic division, as live cell 

imaging shows that in some cdc55mn cells, Cdc14 is able to be resequestered into the 

nucleolus, and these cells are able to form a spindle and segregate chromosomes (Fig. 

4.3, Movie 3). In mitosis, Cdc14 release is controlled via the FEAR and MEN pathways, 

which can act redundantly to release Cdc14, but in meiosis I, Cdc14 release is only 

regulated by the FEAR network (Kamieniecki et al., 2005). Is Cdc55 also important in 

meiosis II exit? It is difficult to analyse the impact of depleting Cdc55 on meiosis II 

events due to the defective meiosis I division; however, in cdc14-1 cdc55mn  cells that 

undergo two divisions on a single spindle axis, it takes longer for the second division to 

take place than in cdc14-1 cells (Fig. 4.8), and in cdc55mn cells that sequester and 

rerelease Cdc14, chromosome segregation is highly delayed after Cdc14 rerelease 

compared to wild type (Fig. 4.3). One way of determining the importance of Cdc55 in 

meiosis II is to control the timing of its depletion in meiosis. An auxin-based degron 

system has been described that allows for the quick depletion of proteins in yeast 

(Nishimura et al., 2009), and this system can be utilised to degrade Cdc55 at the time of 

meiosis II. In addition, this system can be used to determine whether the defects 

associated with cdc55Δ cells in early meiotic events (Nolt et al., 2011) affect its role in 

meiosis I, by using the pachytene-block release method of synchronising yeast diploids 

(Carlile and Amon, 2008): Cdc55 can be depleted concurrently with releasing the cells 

from the pachytene block, allowing for a more accurate analysis of meiosis I-defects of 

cdc55mn cells.  
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In summary, my work has uncovered the importance of Cdc55 in the coordination of 

meiotic divisions in budding yeast, and also identified a new role for a PP2A regulatory 

subunit in controlling the homeostasis of PP2A isoforms. Further work is required to 

uncover the molecular mechanisms that regulate spindle assembly in meiosis, and to 

elucidate the generality of the phenomenon whereby the PP2A regulatory subunits 

control the relative levels of PP2A isoforms. 
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Appendix 

A.1 Mass spectrometry hits for Cdc55-TAP interactors 

Accession 

number 

Mass 

[Da] 

Peptides Score Description 

YAL016W 71262 32 2273 TPD3 Regulatory subunit A of the heterotrimeric protein 

phosphatase 2A, which also contains regulatory subunit 

Cdc55p and either catalytic subunit Pph21p or Pph22p; 

required for cell morphogenesis and for transcription by 

RNA polymerase III 

YGL190C 59910 30 1893 CDC55 Non-essential regulatory subunit B of protein 

phosphatase 2A, which has multiple roles in mitosis and 

protein biosynthesis; involved in regulation of mitotic exit; 

found in the nucleus of most cells, also at the bud neck and 

at the bud tip 

YDL229W 66732 18 1331 SSB1 Cytoplasmic ATPase that is a ribosome-associated 

molecular chaperone, functions with J-protein partner 

Zuo1p; may be involved in folding of newly-made 

polypeptide chains; member of the HSP70 family; interacts 

with phosphatase subunit Reg1p 

YDL188C 43533 18 1326 PPH22 Catalytic subunit of protein phosphatase 2A, 

functionally redundant with Pph21p; methylated at C 

terminus; forms alternate complexes with several 

regulatory subunits; involved in signal transduction and 

regulation of mitosis 

YMR273C 103296 14 747 ZDS1 Protein that interacts with silencing proteins at the 

telomere, involved in transcriptional silencing; has a role in 

localization of PKA subunit Bcy1p; implicated in mRNA 

nuclear export; involved in mitotic exit through regulation 

of Cdc14p 

YCL028W 42554 4 368 RNQ1 [PIN(+)] prion, an infectious protein conformation 

that is generally an ordered protein aggregate 
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YGL076C 27621 6 349 RPL7A Protein component of the large (60S) ribosomal 

subunit, nearly identical to Rpl7Bp and has similarity to E. 

coli L30 and rat L7 ribosomal proteins; contains a 

conserved C-terminal Nucleic acid Binding Domain 

(NDB2) 

YML109W 105546 5 308 ZDS2 Protein that interacts with silencing proteins at the 

telomere, involved in transcriptional silencing; implicated 

in the mitotic exit network through regulation of Cdc14p 

localization; paralog of Zds1p 

YNL007C 37567 5 291 SIS1 Type II HSP40 co-chaperone that interacts with the 

HSP70 protein Ssa1p; not functionally redundant with 

Ydj1p due to due to substrate specificity; shares similarity 

with bacterial DnaJ     proteins 

YJR045C 70585 4 287 SSC1 Mitochondrial matrix ATPase, subunit of the 

presequence translocase-associated protein import motor 

(PAM) and of SceI endonuclease; involved in protein 

folding and translocation into the matrix; phosphorylated; 

member of HSP70 family 

YDL134C 42424 4 282 PPH21 Catalytic subunit of protein phosphatase 2A, 

functionally redundant with Pph22p; methylated at C 

terminus; forms alternate complexes with several 

regulatory subunits; involved in signal transduction and 

regulation of mitosis 

YML008C 43631 3 213 ERG6 Delta(24)-sterol C-methyltransferase, converts 

zymosterol to fecosterol in the ergosterol biosynthetic 

pathway by methylating position C-24; localized to both 

lipid particles and mitochondrial outer membrane 

YKL060C 39881 2 198 FBA1 Fructose 1,6-bisphosphate aldolase, required for 

glycolysis and gluconeogenesis; catalyzes conversion of 

fructose 1,6 bisphosphate to glyceraldehyde-3-P and 

dihydroxyacetone-P; locates to mitochondrial outer surface 

upon oxidative stress 
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YKR097W 61515 3 183 PCK1 Phosphoenolpyruvate carboxykinase, key enzyme in 

gluconeogenesis, catalyzes early reaction in carbohydrate 

biosynthesis, glucose represses transcription and 

accelerates mRNA degradation, regulated by Mcm1p and 

Cat8p, located in the cytosol 

YGR027C 12032 3 171 RPS25A Protein component of the small (40S) ribosomal 

subunit; nearly identical to Rps25Bp and has similarity to 

rat S25 ribosomal protein 

YLR340W 33696 3 168 RPP0 Conserved ribosomal protein P0 similar to rat P0, 

human P0, and E. coli L10e; shown to be phosphorylated 

on serine     302 

YJL177W 20539 3 167 RPL17B Protein component of the large (60S) ribosomal 

subunit, nearly identical to Rpl17Ap and has similarity to 

E. coli L22 and rat L17 ribosomal proteins 

YER065C 62711 2 149 ICL1 Isocitrate lyase, catalyzes the formation of succinate 

and glyoxylate from isocitrate, a key reaction of the 

glyoxylate cycle; expression of ICL1 is induced by growth 

on ethanol and repressed by growth on glucose 

YMR242C 20424 2 143 RPL20A Protein component of the large (60S) ribosomal 

subunit, nearly identical to Rpl20Bp and has similarity to 

rat L18a ribosomal protein 

YGR282C 34325 2 131 BGL2 Endo-beta-1,3-glucanase, major protein of the cell 

wall, involved in cell wall maintenance 

YKL152C 27592 2 119 GPM1 Tetrameric phosphoglycerate mutase, mediates the 

conversion of 3-phosphoglycerate to 2-phosphoglycerate 

during glycolysis and the reverse reaction during 

gluconeogenesis 

YML024W 15836 2 119 RPS17A Ribosomal protein 51 (rp51) of the small (40s) 

subunit; nearly identical to Rps17Bp and has similarity to 

rat S17 ribosomal protein 

YKR059W 44840 2 113 TIF1 Translation initiation factor eIF4A, identical to Tif2p; 

DEA(D/H)-box RNA helicase that couples ATPase activity 

to RNA binding and unwinding; forms a dumbbell 

structure of two compact domains connected by a linker; 

interacts with eIF4G 
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YPL004C 38048 2 113 LSP1 Primary component of eisosomes, which are large 

immobile patch structures at the cell cortex associated with 

endocytosis, along with Pil1p and Sur7p; null mutants 

show activation of Pkc1p/Ypk1p stress resistance pathways 

YPR191W 40510 2 109 QCR2 Subunit 2 of the ubiquinol cytochrome-c reductase 

complex, which is a component of the mitochondrial inner 

membrane electron transport chain; phosphorylated; 

transcription is regulated by Hap1p, Hap2p/Hap3p, and 

heme 

YJL034W 74479 3 108 KAR2 ATPase involved in protein import into the ER, also 

acts as a chaperone to mediate protein folding in the ER 

and may play a role in ER export of soluble proteins; 

regulates the unfolded protein response via interaction with 

Ire1p 

YDR012W 39095 2 97 RPL4B Protein component of the large (60S) ribosomal 

subunit, nearly identical to Rpl4Ap and has similarity to E. 

coli L4 and rat L4 ribosomal proteins 

YBR196C 61261 1 97 PGI1 Glycolytic enzyme phosphoglucose isomerase, 

catalyzes the interconversion of glucose-6-phosphate and 

fructose-6-phosphate; required for cell cycle progression 

and completion of the gluconeogenic events of sporulation 

YOL127W 15748 2 94 RPL25 Primary rRNA-binding ribosomal protein 

component of the large (60S) ribosomal subunit, has 

similarity to E. coli L23 and rat L23a ribosomal proteins; 

binds to 26S rRNA via a conserved C-terminal motif 

YFL037W 51233 2 91 TUB2 Beta-tubulin; associates with alpha-tubulin (Tub1p 

and Tub3p) to form tubulin dimer, which polymerizes to 

form     microtubules 

YAL018C 37083 2 88 YAL018C Putative protein of unknown   function 

YJL076W 128568 1 88 NET1 Core subunit of the RENT complex, which is a 

complex involved in nucleolar silencing and telophase exit; 

stimulates transcription by RNA polymerase I and regulates 

nucleolar   structure 
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YDR025W 17852 2 86 RPS11A Protein component of the small (40S) ribosomal 

subunit; identical to Rps11Bp and has similarity to E. coli 

S17 and rat S11 ribosomal proteins 

YLR325C 8821 1 84 RPL38 Protein component of the large (60S) ribosomal 

subunit, has similarity to rat L38 ribosomal protein 

YEL024W 23635 1 81 RIP1 Ubiquinol-cytochrome-c reductase, a Rieske iron-

sulfur protein of the mitochondrial cytochrome bc1 

complex; transfers electrons from ubiquinol to cytochrome 

c1 during respiration 

YPL131W 33751 1 78 RPL5 Protein component of the large (60S) ribosomal 

subunit with similarity to E. coli L18 and rat L5 ribosomal 

proteins; binds 5S rRNA and is required for 60S subunit 

assembly 

YDR099W 31099 1 77 BMH2 14-3-3 protein, minor isoform; controls proteome at 

post-transcriptional level, binds proteins and DNA, 

involved in regulation of many processes including 

exocytosis, vesicle transport, Ras/MAPK signaling, and 

rapamycin-sensitive signaling 

YLR094C 56664 1 74 GIS3 Protein of unknown function 

YGL030W 11408 1 72 RPL30 Protein component of the large (60S) ribosomal 

subunit, has similarity to rat L30 ribosomal protein; 

involved in pre-rRNA processing in the nucleolus; 

autoregulates splicing of its     transcript 

YLR075W 25573 1 71 RPL10 Protein component of the large (60S) ribosomal 

subunit, responsible for joining the 40S and 60S subunits; 

regulates translation initiation; has similarity to rat L10 

ribosomal protein and to members of the QM gene family 

YMR202W 24993 1 69 ERG2 C-8 sterol isomerase, catalyzes the isomerization of 

the delta-8 double bond to the delta-7 position at an 

intermediate step in ergosterol biosynthesis 

YBR009C 11361 1 68 HHF1 Histone H4, core histone protein required for 

chromatin assembly and chromosome function; one of two 

identical histone proteins (see also HHF2); contributes to 

telomeric silencing; N-terminal domain involved in 

maintaining genomic integrity 
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YPR183W 30514 1 68 DPM1 Dolichol phosphate mannose (Dol-P-Man) synthase 

of the ER membrane, catalyzes the formation of Dol-P-

Man from Dol-P and GDP-Man; required for glycosyl 

phosphatidylinositol membrane anchoring, O 

mannosylation, and protein glycosylation 

YNL096C 21621 1 63 RPS7B Protein component of the small (40S) ribosomal 

subunit, nearly identical to Rps7Ap; interacts with Kti11p; 

deletion causes hypersensitivity to zymocin; has similarity 

to rat S7 and Xenopus S8 ribosomal proteins 

YLR441C 28783 1 61 RPS1A Ribosomal protein 10 (rp10) of the small (40S) 

subunit; nearly identical to Rps1Bp and has similarity to rat 

S3a ribosomal protein 

YPL078C 26965 2 60 ATP4 Subunit b of the stator stalk of mitochondrial F1F0 

ATP synthase, which is a large, evolutionarily conserved 

enzyme complex required for ATP synthesis; 

phosphorylated 

YHR008C 25815 1 58 SOD2 Mitochondrial superoxide dismutase, protects cells 

against oxygen toxicity; phosphorylated 

YPR149W 19240 1 57 NCE102 Protein of unknown function; contains 

transmembrane domains; involved in secretion of proteins 

that lack classical secretory signal sequences; component of 

the detergent-insoluble glycolipid-enriched complexes 

(DIGs) 

YDL143W 57967 1 56 CCT4 Subunit of the cytosolic chaperonin Cct ring 

complex, related to Tcp1p, required for the assembly of 

actin and tubulins in vivo 

YDR086C 8995 1 56 SSS1 Subunit of the Sec61p translocation complex 

(Sec61p-Sss1p-Sbh1p) that forms a channel for passage of 

secretory proteins through the endoplasmic reticulum 

membrane, and of the Ssh1p complex (Ssh1p-Sbh2p-

Sss1p); interacts with Ost4p and   Wbp1p 

181



 

YLR048W 28002 1 54 RPS0B Protein component of the small (40S) ribosomal 

subunit, nearly identical to Rps0Ap; required for 

maturation of 18S rRNA along with Rps0Ap; deletion of 

either RPS0 gene reduces growth rate, deletion of both 

genes is lethal 

YIL136W 44553 1 53 OM45 Protein of unknown function, major constituent of 

the mitochondrial outer membrane; located on the outer 

(cytosolic) face of the outer membrane 

YFR053C 53933 1 52 HXK1 Hexokinase isoenzyme 1, a cytosolic protein that 

catalyzes phosphorylation of glucose during glucose 

metabolism; expression is highest during growth on non-

glucose carbon sources; glucose-induced repression 

involves the hexokinase Hxk2p 

YHR010W 15522 1 50 RPL27A Protein component of the large (60S) ribosomal 

subunit, nearly identical to Rpl27Bp and has similarity to 

rat L27 ribosomal protein 

Q0250 28777 1 49 COX2 Subunit II of cytochrome c oxidase, which is the 

terminal member of the mitochondrial inner membrane 

electron transport chain; one of three mitochondrially-

encoded subunits 

YGR034W 14226 1 49 RPL26B Protein component of the large (60S) ribosomal 

subunit, nearly identical to Rpl26Ap and has similarity to 

E. coli L24 and rat L26 ribosomal proteins; binds to 5.8S 

rRNA 

YOL126C 40990 1 48 MDH2 Cytoplasmic malate dehydrogenase, one of three 

isozymes that catalyze interconversion of malate and 

oxaloacetate; involved in the glyoxylate cycle and 

gluconeogenesis during growth on two-carbon compounds; 

interacts with Pck1p and Fbp1 

YJR145C 29449 1 45 RPS4A Protein component of the small (40S) ribosomal 

subunit; mutation affects 20S pre-rRNA processing; 

identical to Rps4Bp and has similarity to rat S4 ribosomal 

protein 
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YHR174W 46942 1 43 ENO2 Enolase II, a phosphopyruvate hydratase that 

catalyzes the conversion of 2-phosphoglycerate to 

phosphoenolpyruvate during glycolysis and the reverse 

reaction during gluconeogenesis; expression is induced in 

response to glucose 

YOR133W 93686 1 42 EFT1 Elongation factor 2 (EF-2), also encoded by EFT2; 

catalyzes ribosomal translocation during protein synthesis; 

contains diphthamide, the unique posttranslationally 

modified histidine residue specifically ADP-ribosylated by 

diphtheria toxin 

YML028W 21690 1 40 TSA1 Thioredoxin peroxidase, acts as both a ribosome-

associated and free cytoplasmic antioxidant; self-associates 

to form a high-molecular weight chaperone complex under 

oxidative stress; deletion results in mutator phenotype 

YMR230W 12731 1 40 RPS10B Protein component of the small (40S) ribosomal 

subunit; nearly identical to Rps10Ap and has similarity to 

rat ribosomal protein S10 

YEL026W 13731 1 37 SNU13 RNA binding protein, part of U3 snoRNP involved 

in rRNA processing, part of U4/U6-U5 tri-snRNP involved 

in mRNA splicing, similar to human 15.5K protein 

YBL045C 50254 1 35 COR1 Core subunit of the ubiquinol-cytochrome c 

reductase complex (bc1 complex), which is a component of 

the mitochondrial inner membrane electron transport chain 

YOR063W 43844 1 33 RPL3 Protein component of the large (60S) ribosomal 

subunit, has similarity to E. coli L3 and rat L3 ribosomal 

proteins; involved in the replication and maintenance of 

killer double stranded RNA virus 

YLL002W 50293 1 32 RTT109 Histone acetyltransferase critical for cell survival 

in the presence of DNA damage during S phase; acetylates 

H3-K56 and H3-K9; involved in non-homologous end 

joining and in regulation of Ty1 transposition; interacts 

physically with Vps75p 

YLR389C 118018 1 30 STE23 Metalloprotease involved, with homolog Axl1p, in 

N-terminal processing of pro-a-factor to the mature form; 

member of the insulin-degrading enzyme family 
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YBL002W 14229 1 29 HTB2 Histone H2B, core histone protein required for 

chromatin assembly and chromosome function; nearly 

identical to HTB1; Rad6p-Bre1p-Lge1p mediated 

ubiquitination regulates transcriptional activation, meiotic 

DSB formation and H3 methylation 

YBL072C 22590 1 29 RPS8A Protein component of the small (40S) ribosomal 

subunit; identical to Rps8Bp and has similarity to rat S8 

ribosomal protein 

YCR015C 36769 1 29 YCR015C Putative protein of unknown function; 

YCR015C is not an essential gene 

YDR050C 26893 1 29 TPI1 Triose phosphate isomerase, abundant glycolytic 

enzyme; mRNA half-life is regulated by iron availability; 

transcription is controlled by activators Reb1p, Gcr1p, and 

Rap1p through binding sites in the 5' non-coding region 

YBL087C 14578 1 28 RPL23A Protein component of the large (60S) ribosomal 

subunit, identical to Rpl23Bp and has similarity to E. coli 

L14 and rat L23 ribosomal proteins 

YLR174W 46590 1 27 IDP2 Cytosolic NADP-specific isocitrate dehydrogenase, 

catalyzes oxidation of isocitrate to alpha-ketoglutarate; 

levels are elevated during growth on non-fermentable 

carbon sources and reduced during growth on glucose 

YLR419W 163741 1 27 YLR419W Putative helicase with limited sequence 

similarity to human Rb protein; the authentic, non-tagged 

protein is detected in highly purified mitochondria in high-

throughput studies; YLR419W is not an essential gene 

YGL135W 24698 1 26 RPL1B N-terminally acetylated protein component of the 

large (60S) ribosomal subunit, nearly identical to Rpl1Ap 

and has similarity to E. coli L1 and rat L10a ribosomal 

proteins; rpl1a rpl1b double null mutation is lethal 

YJL151C 15247 1 26 SNA3 Integral membrane protein localized to vacuolar 

intralumenal vesicles, computational analysis of large-scale 

protein-protein interaction data suggests a possible role in 

either cell wall synthesis or protein-vacuolar targeting 
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YMR305C 40730 1 26 SCW10 Cell wall protein with similarity to glucanases; 

may play a role in conjugation during mating based on 

mutant phenotype and its regulation by Ste12p 

YBR230C 14885 1 25 OM14 Integral mitochondrial outer membrane protein; 

abundance is decreased in cells grown in glucose relative to 

other carbon sources; appears to contain 3 alpha-helical 

transmembrane segments; ORF encodes a 97-basepair 

intron 
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A.2 Movie legends 

Movie 1. Movie of a wild type cell (top left at start of video; AM6935) carrying CDC14-

GFP::LEU2, his3::pHIS3-GFP-TUB1-HIS3 (both green), and homozygous 

ura3::tetOx224-URA3 leu2::pURA3-tetR-tdTomato::LEU2 (red), induced to sporulate at 

30°C, corresponding to the still images shown in Figure 4.3A. Images were analyzed by 

time-lapse microscopy (Deltavision Core system; Applied Precision). Images were taken 

every 10 minutes for 410 minutes. Metaphase I spindle forms at 40mins, followed by 

release of Cdc14 from the nucleolus at 50mins and anaphase I at 1hr. Cdc14 is 

relocalized at 70mins, and rereleased at 1hr:50mins before anaphase II. 

 

Movie 2. Movie of a cdc55mn cell (AM6942) carrying CDC14-GFP::LEU2, 

his3::pHIS3-GFP-TUB1-HIS3 (both green), and homozygous ura3::tetOx224-URA3 

leu2::pURA3-tetR-tdTomato::LEU2 (red), induced to sporulate at 30°C corresponding to 

the still images shown in Figure 4.3B. Images were analyzed by time-lapse microscopy 

(Deltavision Core system; Applied Precision). Images were taken every 10 minutes for 

550 minutes. Cdc14 is released from the nucleolus at 2hrs, and the cell does not form a 

spindle or divide its nucleus. 

 

Movie 3. Movie of Cdc14-GFP localization in a cdc55mn cell AM6942) carrying 

CDC14-GFP::LEU2, his3::pHIS3-GFP-TUB1-HIS3 (both green), and homozygous 

ura3::tetOx224-URA3 leu2::pURA3-tetR-tdTomato::LEU2 (red), induced to sporulate at 

30°C,corresponding to the still images shown in Figure 4.3C. Images were analyzed by 

time-lapse microscopy (Deltavision Core system; Applied Precision). Images were taken 

every 10 minutes for 550 minutes. Cdc14 is released from the nucleolus at 2h:30mins, 

with no proper spindle formation. Cdc14 is relocalised at 5hrs and released again at 6hrs, 

followed by nuclear division at 8hrs:40mins. 

 

Movie 4. Movie of heterozygous ura3::tetOx224-URA3 leu2::pURA3-tetR-

tdTomato::LEU2 dots (red), his3::pHIS3-GFP-TUB1-HIS3 (green) cdc14-1 cells 

(AM7866) induced to sporulate at 30°C, corresponding to the still images shown in 
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Figure 4.8A. Images were analyzed by time-lapse microscopy (Deltavision Core system; 

Applied Precision). Images were taken every 10 minutes for 580 minutes. The cell 

performs anaphase I with reductional chromosome V segregation at 1hr, followed by 

spindle breakdown. 

 

Movie 5. Movie of heterozygous ura3::tetOx224-URA3 leu2::pURA3-tetR-

tdTomato::LEU2 dots (red), his3::pHIS3-GFP-TUB1-HIS3 (green)cdc14-1 cdc55mn 

cells (AM7867) induced to sporulate at 30°C, corresponding to the still images shown in 

Figure 4.8B. Images were analyzed by time-lapse microscopy (Deltavision Core system; 

Applied Precision). Images were taken every 10 minutes for 590 minutes. The cell 

performs anaphase I at 2hrs:30mins with reductional chromosome V segregation, 

followed by spindle breakdown and nuclear fusion after 3hrs. The spindle reforms for 

meiosis II along the same axis and the nucleus performs ‘anaphase II’ after 5hrs:30mins 

with equational chromosome V segregation. 
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Introduction
Meiosis produces haploid gametes from diploid cells through 
two consecutive nuclear divisions without an intervening DNA 
replication phase. The first division, meiosis I, which is termed 
reductional, separates the paternal and maternal chromosomes 
or homologues. Meiosis II, which is reminiscent of mitosis, is 
called equational because the identical sister chromatids are 
separated. Compared with mitosis, three changes to the chromo
somes ensure sequential reductional and equational segrega
tion in meiosis (Marston and Amon, 2004). First, uniquely in 
meiosis I, sister chromatids attach to microtubules emanating 
from the same spindle pole (monoorientation), rather than oppo
site poles (biorientation) as in mitosis and meiosis II. In budding 
yeast, the monopolin complex, which associates with kineto
chores during meiosis I, is thought to fuse sister kinetochores 
together to ensure monoorientation, though its function is not con
served (Tóth et al., 2000; Hauf and Watanabe, 2004; Yokobayashi 
and Watanabe, 2005; Petronczki et al., 2006; Gregan et al., 
2007; MonjeCasas et al., 2007; Sakuno and Watanabe, 2009;   
Corbett et al., 2010). Second, homologues are linked during 
meiosis I, most commonly by chiasmata, the products of meiotic 
recombination, to allow the generation of tension upon the attach
ment of homologues to opposite poles. Third, sister chromatid 

cohesion is lost in two steps during meiosis. During meiosis I, 
separasedependent cleavage of the meiosisspecific Rec8 sub
unit of cohesin on chromosome arms resolves chiasmata and 
triggers the reductional segregation of homologues, but centro
meric cohesin is protected until separase is reactivated during 
meiosis II. Centromeric cohesin is protected because Shugoshin 
(Sgo1) recruits protein phosphatase 2A (PP2A), a trimeric en
zyme consisting of a scaffold (A), regulatory (B), and catalytic 
(C) subunit to centromeres, and this antagonizes Rec8 phos
phorylation, which is a prerequisite for its cleavage (Clift and 
Marston, 2011). Although alternative PP2A A, B, and C sub
units allow for the assembly of several distinct holoenzymes 
(Virshup and Shenolikar, 2009), only PP2A containing the B regu
latory subunit (Rts1 in budding yeast) protects centromeric Rec8 
(Kitajima et al., 2006; Riedel et al., 2006; Tang et al., 2006).

Furthermore, modified cell cycle controls ensure that two 
rounds of nuclear division occur without an intervening S phase 
during meiosis. One essential feature of meiosis is the sequen
tial assembly of meiosis I and meiosis II spindles within the 
same cell, but how this is orchestrated is unknown. During mi
tosis, spindle elongation is followed by cell cycle exit, which is 
characterized by inactivation of Cdks, spindle disassembly, and 

During meiosis, two consecutive nuclear divisions 
follow a single round of deoxyribonucleic acid 
replication. In meiosis I, homologues are segre-

gated, whereas in meiosis II, sister chromatids are segre-
gated. This requires that the sequential assembly and 
dissolution of specialized chromosomal factors are coordi-
nated with two rounds of spindle assembly and disassem-
bly. How these events are coupled is unknown. In this 
paper, we show, in budding yeast, that the protein phos-
phatase 2A regulatory subunit Cdc55 couples the loss of 

linkages between chromosomes with nuclear division by 
restraining two other phosphatases, Cdc14 and PP2ARts1. 
Cdc55 maintains Cdc14 sequestration in the nucleolus 
during early meiosis, and this is essential for the assembly 
of the meiosis I spindle but not for chromosomes to separate. 
Cdc55 also limits the formation of PP2A holocomplexes 
containing the alternative regulatory subunit Rts1, which  
is crucial for the timely dissolution of sister chromatid  
cohesion. Therefore, Cdc55 orders passage through the 
meiotic divisions by ensuring a balance of phosphatases.

Cdc55 coordinates spindle assembly and 
chromosome disjunction during meiosis

Farid Bizzari and Adele L. Marston
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segregation (Fig. 1 D). To examine homologue segregation in 
cdc55mn cells, we used strains with CEN5GFP on both copies 
of chromosome V (homozygous CEN5GFP). Although GFP 
label was found in both nuclei in 100% of wildtype binucleate 
cells, homologue segregation in cdc55mn cells was essentially 
random, as 50% of Cdc55depleted binucleate cells lacked 
any GFP label in one of the nuclei (Fig. 1 E).

Impaired nuclear division in Cdc55depleted cells is  
not caused by unresolved linkages between chromosomes be
cause ablating linkages genetically did not restore nuclear  
division. SPO11, which is required for chiasmata formation 
(Keeney et al., 1997), MAM1, encoding a monopolin subunit 
(Tóth et al., 2000), and REC8, encoding a meiosisspecific 
cohesin subunit (Klein et al., 1999), were deleted in cdc55mn 
cells alone and in combination. However, none of these dele
tions improved nuclear division in cdc55mn cells nor did they 
radically alter the frequency (30%) of binucleate cells with 
heterozygous CEN5GFP in both nuclei or homozygous 
CEN5GFP in one nucleus (50%; Fig. S1). Only deletion of 
REC8 slightly increased the percentage of spo11 cdc55mn 
binucleate cells with either heterozygous or homozygous 
CEN5GFP foci in both nuclei (Fig. S1). This indicates that 
only cohesindependent linkages contribute to the segregation 
pattern of cdc55mn cells.

Cdc55 controls the nucleolar localization 
of Cdc14 phosphatase during meiosis
During mitosis, Cdc55 promotes the nucleolar sequestration of 
Cdc14 (Queralt et al., 2006). We monitored Cdc14 localization 
during meiosis using a pachytene block–release protocol to ob
tain synchronized cultures (Fig. 1, F and G; Carlile and Amon, 
2008). In wildtype cells, Cdc14 was released from the nucleo
lus in two waves, coinciding with the appearance of anaphase I 
and anaphase II spindles (Fig. 1 F; Buonomo et al., 2003; Marston 
et al., 2003). In cdc55mn cultures, however, Cdc14 release oc
curred prematurely, before spindle assembly (Fig. 1 G). Indeed, 
meiosis I spindle assembly was extremely delayed in cdc55mn 
cells, and meiosis II spindles were rarely observed (Fig. 1 G).

We analyzed Cdc14 localization (Cdc14GFP) and spindle 
morphology (GFPTub1) in live cells undergoing meiosis (Matos 
et al., 2008). To restrict our analysis to cells with a known history, 
we examined cells with GFPTub1 localization typical of pro
phase I at the start of filming and in which Cdc14 was released 
from the nucleolus at least once during the observation period. In 
the wildtype example in Fig. 1 H (arrows indicate sequestered 
Cdc14GFP; also see Video 1), a metaphase I spindle forms, and 
nucleolar Cdc14GFP signal disappears immediately preceding 
anaphase I spindle elongation. Cdc14GFP nucleolar foci reap
pear in the daughter nuclei and, subsequently, dissipate just before 
anaphase II (Fig. 1 H). In contrast, cdc55mn cells in which Cdc14
GFP release occurred after prophase I exhibited several kinds of 
behaviors (Fig. 1, I–K). In the majority of cells (330/563; Fig. 1 I 
and Video 2), Cdc14GFP was released from its bright nucleolar 
spot and remained released until the end of filming, though nei
ther spindle assembly nor nuclear division occurred. The remain
der of cells attempted to make a spindle, resequestered Cdc14GFP, 
or divided their nuclei (Fig. 1 K). Interestingly, 80/90 cdc55mn 

cytokinesis (Sullivan and Morgan, 2007). It is thought that at the 
meiosis I to meiosis II transition, only a partial downregulation of 
Cdks occurs to allow spindle disassembly but not complete cell 
cycle exit, but the mechanism may differ between organisms 
(Marston and Amon, 2004).

A key regulator of the meiosis I to meiosis II transition in 
budding yeast is the Cdc14 phosphatase (Buonomo et al., 2003; 
Marston et al., 2003). Cdc14 function is best understood in mi
tosis, in which it plays an essential role in mitotic exit through 
dephosphorylation of key substrates to promote Cdk inactiva
tion and coordinate late mitotic events (Stegmeier and Amon, 
2004). Before anaphase, Cdc14 is bound to its inhibitor Cfi1/
Net1 in the nucleolus, an interaction promoted by the dephos
phorylation of Cfi1 by PP2A containing the Cdc55 B regulatory 
subunit (Queralt et al., 2006). At anaphase onset, separase acti
vation, as part of the nonessential Cdc14 early anaphase release 
network (Rock and Amon, 2009), downregulates PP2ACdc55 
(Queralt et al., 2006; Queralt and Uhlmann, 2008), allowing 
Cdks to phosphorylate Cfi1. This disrupts the Cfi1–Cdc14 inter
action, triggering Cdc14 release from the nucleolus (Azzam et al., 
2004). Sustained Cdc14 release and Cdk inactivation require 
the activity of a second essential network called the mitotic exit 
network (Shou et al., 1999; Visintin et al., 1999). Because sepa
rase both triggers cohesin loss and downregulates PP2ACdc55, 
Cdc14 early anaphase release–dependent Cdc14 release couples 
chromosome segregation to mitotic exit (Queralt et al., 2006).

We have explored the roles of PP2ACdc55 in meiosis. We find 
that Cdc55depleted cells undergo a very delayed and inefficient 
single meiotic division, in which chromosome segregation is 
near random. The misregulation of two other phosphatases, 
Cdc14 and PP2ARts1, accounts for this phenotype. Cdc55 is re
quired to prevent ectopic Cdc14 release early in meiosis to  
allow spindle assembly. Cdc55 additionally limits the cellular 
levels of PP2A containing the alternative B regulatory subunit 
Rts1, thereby ensuring the timely cleavage of Rec8 by separase. 
Our findings show that, by maintaining a balance of phospha
tases, Cdc55 is a key coordinator of the meiotic program.

Results
Cells lacking Cdc55 undergo a single mixed 
meiotic division
We analyzed a strain in which CDC55 is under control of the 
meiotically repressed CLB2 promoter (cdc55mn for cdc55 mei-
otic null), resulting in Cdc55 depletion during meiosis (Clift et al., 
2009). Although wildtype cells completed both meiotic divi
sions efficiently (90% tetranucleate cells; Fig. 1 A), a single 
nuclear division occurred in only 20% of cdc55mn cells, and 
tetranucleate cells were not observed (Fig. 1 B). A cdc55 
strain behaved similarly (Fig. 1 C). We used strains that produce 
tetracycline repressor–GFP and in which tetO arrays are inte
grated close to the centromere of one copy of chromosome V  
(heterozygous CEN5GFP) to examine the segregation of sister 
chromatids. Heterozygous CEN5GFP foci were found in the 
same nucleus of virtually all wildtype binucleate cells, whereas 
35% of binucleate cdc55mn or cdc55 cells had CEN5GFP 
foci in both nuclei, indicating equational (meiosis II–like) 
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Cdc14 resequestration, suggesting that nuclear division may  
occur at the usual time of meiosis II.

Cohesin loss from chromosomes in the 
absence of spindle assembly in  
cdc55mn cells
We asked whether failed spindle assembly in cdc55mn cells pre
vents the loss of linkages between chromosomes. During meiosis, 

cells that divided their nuclei resequestered Cdc14 before this di
vision (Fig. 1 J and Video 3). In these 80 cdc55mn cells that under
went two rounds of Cdc14GFP release, both the first (Fig. 1 L) 
and second (Fig. 1 M) round of release, though not the period of 
resequestration (Fig. 1 N), were on average extended compared 
with wild type. These observations confirmed that Cdc55 is essen
tial to prevent Cdc14 release until after spindle formation. When 
spindles form in cdc55mn cells, this is commonly preceded by 

Figure 1. Impaired nuclear division, random chromosome segregation, and ectopic Cdc14 release in cdc55mn cells. (A–D) Meiosis was induced in strains 
carrying heterozygous CEN5-GFP, PDS1-18MYC, and otherwise wild type (AM4796), cdc55mn (AM4891), or cdc55 (AM5338). The percentages 
of binucleate and tetranucleate cells (n = 200; A–C) or the pattern of GFP foci in binucleate cells (n > 800; D) is shown for a representative experiment.  
(E) Wild-type (AM6040) and cdc55mn (AM5936) strains carrying homozygous CEN5-GFP were analyzed as described in D. (F and G) Wild-type (AM6633) 
and cdc55mn (AM6626) cells carrying 3HA-CDC14, GAL-NDT80, and pGPD1-GAL4(848).ER were induced to sporulate and released from a pachytene 
block at 6 h. The percentages of cells with the indicated spindle morphology and with Cdc14 released from the nucleolus are shown for a representative  
experiment. (H–K) Wild-type (AM6935) and cdc55mn (AM6942) cells carrying CDC14-GFP, GFP-TUB1, and homozygous tetR-tdTomato were filmed.  
(H–J) Still images from Videos 1 (wild-type; H), 2 (cdc55mn; I), and 3 (cdc55mn; J). Arrows indicate Cdc14 sequestered in the nucleolus. Bars, 1 µm. (K) Behavior 
of cdc55mn cells that were in prophase I (as judged by spindle morphology) at the start of filming and released Cdc14 from the nucleolus (563/1,203 
prophase I cells). Examples of extruding microtubules are shown in fixed cells in Fig. S2. Times are given in minutes. (L–N) The time elapsed between the 
first Cdc14 release to Cdc14 resequestration (L), the second Cdc14 release to nuclear division (M), or Cdc14 resequestration and rerelease (N) are shown 
for cells that were in prophase I at the start of filming and in which two rounds of Cdc14 release were observed (wild type, n = 95; cdc55mn, n = 80). 
Box boundaries represent the bottom quartile and top quartile. The red line indicates the median, diamonds indicate the mean, and error bars represent 
the minimum and maximum values observed except for in the case of N in which two outliers (triangles) were excluded from the analysis. Because images 
were captured at 10-min intervals, the time elapsed between two observed events is subject to an error of 20 min.
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Figure 2. Impaired spindle assembly in cdc55mn cells is caused by ectopic Cdc14 activation. (A–F) Wild-type (AM6142; A), cdc55mn (AM6131; B), 
cdc14-1 (AM7549; C), cdc14-1 cdc55mn (AM7550; D), mad2 (AM7547; E), and mad2 cdc55mn (AM7548; F) strains carrying REC8-3HA, PDS1-
18MYC, GAL-NDT80, and pGPD1-GAL4(848).ER were cultured as described in Fig 1 (F and G). The percentages of binucleate and tetranucleate cells, 
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whether or not Cdc55 was present (7 h; Fig. 2, E and F). For 
reasons that are unclear, the percentage of Pds1positive cells in 
the pachytene arrest (6 h) were higher in cdc55mn cultures,  
independent of MAD2 or CDC14. Nevertheless, these findings 
indicate that ectopic Cdc14 activation in cdc55mn cells prevents 
spindle assembly, which leads to activation of the SAC.

Although inactivation of Cdc14 or Mad2 alleviated the 
delay to the first wave of Pds1 destruction and Rec8 cleavage in 
cdc55mn cells, fulllength Rec8 was present at later time points 
in cultures in which Cdc55 was depleted (Fig. 2, C–F). This 
suggested that Cdc55 might also have Cdc14independent roles 
in ensuring timely cleavage of cohesin during meiosis II.

Inactivation of Cdc14 in cdc55mn cells 
rescues homologue, but not  
sister, segregation
We took advantage of the cdc14-1 background to ask whether 
defective spindle assembly alone accounted for the missegrega
tion of chromosomes in cdc55mn cells. Examination of homo
zygous CEN5GFP dots showed that homologue segregation in 
the cdc55mn strain was rescued by inactivation of Cdc14 be
cause the GFP label was found in both nuclei of virtually all 
cdc14-1 cdc55mn binucleate cells (Fig. 3 A). Analysis of hetero
zygous CEN5GFP foci revealed that, surprisingly, inactivation 
of Cdc14 did not reduce the frequency of equational segre
gation in cdc55mn cells (Fig. 3 B). We found previously that the 
cdc14-1 mutant undergoes a normal reductional meiosis I  
but that, subsequently, a fraction (10–15%) of sister chromatids 
segregate equationally on the same axis during meiosis II  
(Marston et al., 2003). We asked whether a similar increase in 
equational segregation occurs over time in cdc14-1 cdc55mn 
cells. As expected, virtually all wildtype binucleate cells from 
all time points analyzed had a heterozygous CEN5-GFP label in 
just one nucleus (Fig. 3 C), whereas 30% of binucleate cdc55mn 
cells had a GFP label in both nuclei (Fig. 3 D). Consistent with 
previous results (Marston et al., 2003), the first binucleate cells 
to appear in cdc14-1 cultures had a GFP label in one nucleus 
and only later were up to 10% of cells observed with a GFP 
label in both nuclei (Fig. 3 E). In cdc14-1 cdc55mn cells, segre
gation of CEN5GFP to the same nucleus was also observed 
first; however, the frequency of subsequent segregation to op
posite nuclei was greatly increased, up to 50% (Fig. 3 F). 
These results indicate that Cdc55 has effects on chromosome 
segregation that are independent of its role in controlling Cdc14.

The spindle assembly defect in cdc55mn 
cells is not caused by premature  
Clb1 degradation
We investigated how ectopically activated Cdc14 prevents spin
dle assembly in cdc55mn cells. During exit from mitosis, Cdc14 
triggers the inactivation of Cdks, largely by promoting cyclin 

the separase inhibitor securin (Pds1) is destroyed in two 
waves during anaphase I and anaphase II, liberating separase 
to cleave the chromosomal arm and centromeric cohesin (Rec8), 
respectively. We compared the timing of Pds1 degradation and 
Rec8 cleavage with spindle assembly in cdc55mn cells. In wild
type cells, as expected, the first round of Pds1 degradation 
coincided with a reduction in fulllength Rec8, appearance of 
a shorter cleavage product, and the accumulation of anaphase I 
spindles and binucleate cells (Fig. 2 A). In cdc55mn cells, bulk 
Pds1 degradation was delayed, and although Rec8 cleavage oc
curred soon afterward, neither anaphase I spindles nor nuclear 
division formed at this time (Fig. 2 B), although extruding and 
fragmented microtubules were observed (Fig. S2). Nuclear di
vision was instead coupled to the second round of Pds1 degra
dation in cdc55mn cells (Fig. 2 B). Consistent with the two 
waves of Pds1 degradation, Rec8 was lost from chromosome 
arms first and then centromeres later in cdc55mn cells (Fig. S2). 
These results indicate that the stepwise loss of cohesin is pre
served in cdc55mn cells but uncoupled from spindle formation, 
which occurs only at the time expected for meiosis II. Because 
linkages between chromosomes are already lost at the time of 
nuclear division, this explains the nearrandom segregation of 
cdc55mn cells.

Premature Cdc14 activation prevents 
spindle assembly in cdc55mn cells
To determine whether ectopic Cdc14 release is the reason for 
delayed and inefficient spindle formation in cdc55mn cells, we 
introduced the temperaturesensitive cdc14-1 allele into cdc55mn 
cells. At the restrictive temperature (30°C), cdc14-1 mutants as
semble robust meiosis I spindles and undergo nuclear division 
to produce binucleate cells, though tetranucleate cells are not 
produced because of a failure to properly exit meiosis I (Marston 
et al., 2003). Nevertheless, Pds1 undergoes two cycles of accu
mulation and destruction, and Rec8 cleavage is stepwise in 
cdc14-1 cells, with nuclear division and the appearance of ana
phase I spindles being coupled to the first round of Pds1 degra
dation (Fig. 2 C; Marston et al., 2003). Remarkably, metaphase I 
spindles assembled with normal timing in cdc14-1 cdc55mn 
cells, and the first round of Pds1 destruction and Rec8 cleavage 
were coupled to the appearance of anaphase I spindles (Fig. 2 D). 
Therefore, spindle assembly fails in cdc55mn cells as a result of 
the ectopic activation of Cdc14.

Inactivation of Cdc14 not only rescued the spindle assem
bly defect of cdc55mn cells but also partially alleviated the delay 
in Pds1 destruction. Pds1 stabilization in cdc55mn cells might 
occur because the absence of a spindle would inevitably result 
in unattached kinetochores that could engage the spindle assem
bly checkpoint (SAC). Indeed, in cells lacking MAD2, which is 
required for a functional SAC (Shonn et al., 2000), Pds1 degra
dation and Rec8 cleavage were initiated with similar timing 

Pds1-positive cells, and cells with the indicated spindle morphology were determined. Anti-HA and anti-Myc immunoblots showing the positions of full-length  
Rec8-3HA, cleaved Rec8-3HA, and Pds1-18Myc (arrowheads) are shown with protein molecular mass markers in black (anti-HA) or gray (anti-Myc).  
Arrows indicate a reduction in Pds1-positive cells in the first and second meiotic division. Blots are representative (A and B) or were performed once (C–F). 
Numbers at the top of the blots indicate time in hours.
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in the cdc14-1 cdc55mn mutant, loss of Clb1 nuclear enrichment 
and conversion to the faster migrating form occurred with simi
lar kinetics to wild type (Fig. 4 D). Therefore, the critical role of 
Cdc14 in meiosis I exit appears not to be the nuclear export of 
Clb1. Moreover, the spindle assembly defect of cdc55mn cells is 
not caused by a failure to concentrate Clb1 in the nucleus.

Spindle midzone proteins do not prevent 
spindle assembly in cdc55mn cells
We considered whether three proteins, Ase1, Fin1, and Sli15 
(INCENP), which are known to be dephosphorylated by 
Cdc14 during anaphase and affect spindle stability, prevent 
spindle assembly in cdc55mn cells. Dephosphorylation by 
Cdc14 during anaphase causes Ase1 to focus to the spindle 
midzone, Fin1 to associate with microtubules, and Sli15 to be 
recruited to the spindle midzone (Pereira and Schiebel, 2003; 
Woodbury and Morgan, 2006; Khmelinskii et al., 2007). We 
reasoned that ectopic Cdc14 in cdc55mn cells could result in 

destruction, and this is a prerequisite for spindle disassembly 
(Sullivan and Morgan, 2007). During meiosis, metaphase I spin
dle assembly correlates with the appearance of Cdk activity  
associated with the cyclins Clb1 and Clb4 (Carlile and Amon, 
2008), and Clb1 is retained in the nucleus of cdc14-1 cells dur
ing meiosis (Marston et al., 2003). We tested whether ectopically 
released Cdc14 in cdc55mn cells prevents Clb1 nuclear accumu
lation. In wildtype cells, the presence of a meiosis I–specific 
slower migrating Clb1 form, thought to represent the active  
kinaseassociated form (Carlile and Amon, 2008), correlated 
with Clb1 nuclear localization (Fig. 4 A). In cdc14-1 cells, Clb1  
export from the nucleus was delayed, though it lost its nuclear 
enrichment and converted to the faster migrating form as cells 
entered anaphase I, indicating that Cdc14, surprisingly, is not re
quired for these changes (Fig. 4 B). In cdc55mn cells, Clb1 ex
port from the nucleus and conversion to the faster migrating 
form was abolished (Fig. 4 C), arguing against the idea that ec
topically active Cdc14 inactivates Clb1 in cdc55mn cells. Indeed, 

Figure 3. The cdc14-1 mutation rescues homologue seg-
regation in cdc55mn cells but does not prevent equational 
segregation on the same axis. (A) Segregation of homozy-
gous CEN5-GFP foci in ≥1,000 binucleate cells of wild-type 
(AM6040), cdc55mn (AM5936), cdc14-1 (AM6902), and 
cdc14-1 cdc55mn (AM6908) strains were determined as de-
scribed in Fig. 1 D. (B–F) Segregation of heterozygous CEN5-
GFP in wild-type (AM4796), cdc55mn (AM4891), cdc14-1 
(AM6910), and cdc14-1 cdc55mn (AM6934) cells. (B) Seg-
regation in binucleate cells was determined as described in A. 
(C–F) The total percentage of binucleate and tetranucleate 
cells and the percentage of binucleate cells that have GFP 
foci in one, both, or between the two nuclei are shown for a 
representative experiment.
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binucleate cells (Fig. 5, G and H), arguing that the majority of 
sister kinetochores monoorient in cdc55mn cells. Furthermore, 
binucleate cells with partially divided nuclei and GFP foci 
trapped in the middle were prevalent in the cdc14-1 mam1 
cdc55mn but not in the cdc14-1 mam1 culture (Fig. 5, G and H). 
These observations indicate that Cdc55 is not required for  
kinetochore monoorientation but rather suggest that Cdc55 pro
motes the timely resolution of sister chromatids at meiosis II.

Two rounds of spindle assembly in cdc14-1 
cells depleted for Cdc55
The finding that Cdc55 is required for the timely separation of 
sister chromatids at meiosis II suggested that persistent link
ages between sister chromatids might be the cause of the in
creased equational segregation caused by depletion of Cdc55 
in cdc14-1 cells. To gain a clearer picture of the timing of 
equational segregation, we examined heterozygous GFP dot 
segregation in cdc14-1 and cdc14-1 cdc55mn cells in synchro
nized cells. In cdc14-1 cells, anaphase I spindles appeared  
after 7.25 h; however, binucleate cells with CEN5GFP in both 
nuclei did not accumulate until 8.5 h (Fig. 6 A). In cdc14-1  
cdc55mn cells, surprisingly, after the anaphase I peak declined, it 
gave way to a second metaphase I peak followed by a second 
anaphase I peak, which correlated with the equational segrega
tion of CEN5GFP (Fig. 6 B). The unexpected two rounds of 
spindle assembly and disassembly in cdc14-1 cdc55mn cells 
were also observed in other synchronized experiments and 
were reflected as a transient decline in the numbers of binucle
ate cells at the time expected for meiosis I exit (e.g., Figs. 2 D 
and 4 D). Interestingly, two similar, but less pronounced, peaks 
were observed in synchronized cultures of the cdc14-1 single 
mutant, although anaphase I spindles tended to disassemble 
into spindles with metaphase II–like morphology, which prob
ably represent two halfspindles (Fig. 6 A; also see Figs. 2 C 
and 4 B). These findings infer that, contradicting the interpre
tation of experiments with poorly synchronized cultures in 
which meiosis I and meiosis II cannot be resolved (Buonomo 
et al., 2003; Marston et al., 2003), spindle disassembly does 
occur after meiosis I in the absence of Cdc14 function, only to 
reassemble along the same axis.

To visualize the relationship between spindle behavior 
and equational segregation in real time, we filmed live cdc14-1 
and cdc14-1 cdc55mn cells carrying GFPTub1 and hetero
zygous URA3–tandem dimer Tomato (tdTomato; 35 kb from 
CEN5; Fig. 6, C–E). In the majority (64%) of cdc14-1 cells in 
which nuclear division was observed after prophase I, only a 
single division occurred, after which two short spindles appeared, 
as shown in the example in Fig. 6 C and Video 4. However, 
cdc14-1 cdc55mn cells performed two nuclear divisions on the 
same axis with a high frequency (82%; Fig. 6 D and Video 5). 
Remarkably, as inferred from the fixed samples (Fig. 6 B), spin
dles underwent elongation followed by disassembly, reassem
bly, and reelongation that correlated with nuclear division, 
refusion, and then redivision, respectively (Fig. 6 D and Video 5). 
This behavior was also observed in cdc14-1 cells with a 
lower frequency (36%). Although we cannot rule out the possi
bility that cdc14-1 cells retain residual Cdc14 activity that is 

the premature conversion of Ase1, Fin1, or Sli15 to the un
phosphorylated form with the potential to interfere with spin
dle assembly. If this were true, inactivation of ASE1, FIN1, or 
SLI15 would be expected to rescue the spindle assembly de
fect of cdc55mn cells, provided that these mutations did not by 
themselves preclude spindle assembly during meiosis. How
ever, deletion of ASE1 or FIN1 did not rescue spindle forma
tion or nuclear division in cdc55mn cells, whereas both ase1 
and fin1 cells built metaphase I spindles efficiently (Fig. S3). 
Because Sli15 targets the Aurora B kinase (Ipl1 in budding 
yeast) to the spindle, we examined a strain depleted for Ipl1 in 
meiosis (ipl1mn). Although spindle assembly was impaired in 
Ipl1-depleted cells as seen in other systems (Sampath et al., 
2004; Colombié et al., 2008), codepletion of Cdc55 resulted in 
a more severe spindle assembly defect (Fig. S3). Therefore, 
mistargeting one of the Cdc14 substrates, Ase1, Fin1, or the 
Sli15associated kinase Ipl1, does not prevent spindle assem
bly in cdc55mn cells.

Kinetochores are monooriented in 
cdc55mn cells, but sister  
segregation is delayed
Next, we asked why depletion of Cdc55 increases equational 
segregation in the cdc14-1 background. One explanation could 
be that during meiosis I, sister kinetochores fail to attach to 
microtubules from the same spindle pole body (monoorienta
tion) and attach to microtubules from opposite poles (biorienta
tion) instead. This would lead to the equational segregation of 
sister chromatids only once centromeric cohesion is lost at mei
osis II. Indeed, CDC55 was previously identified in a screen to 
uncover new components of the monopolin complex that speci
fies monoorientation during meiosis I (Rabitsch et al., 2003). 
However, analysis of the monopolin subunit Mam1 on spread 
meiotic nuclei indicated that it was recruited to and disappeared 
from kinetochores with similar timing to that in wild type in  
cdc55mn cells (Fig. 5, A–D). We monitored the splitting of hetero
zygous CEN5GFP foci that occurs only when sister kinetochores 
are bioriented in metaphase I–arrested cells (by depletion of the 
anaphasepromoting complex activator Cdc20; Lee and Amon, 
2003). Because the absence of spindles in cdc55mn cells pre
cludes CEN5GFP separation even when sister kinetochores are 
bioriented (Fig. S4), we conducted this experiment in the cdc14-1 
background. In cdc20mn cdc14-1 control cells, little sister cen
tromere separation was observed, as sister kinetochores are  
monooriented, whereas deletion of MAM1 resulted in CEN5GFP 
separation in up to 50% of cells (Fig. S4). Similarly, a high fre
quency of sister centromere separation was observed in cdc14-1 
mam1 cdc55mn cells (although not to the same level as a 
cdc14-1 mam1 for unknown reasons; Fig. S4). The frequency 
of centromere splitting was lower in cdc14-1 cdc55mn cells 
with intact MAM1, indicating that kinetochore monoorientation 
is at least partially functional in cdc55mn cells (Fig. S4). To fur
ther address this issue, we assessed the contribution of monopo
lin to the segregation pattern of cdc55mn cells with a spindle 
(Fig. S4 and Fig. 5, E–H). Deletion of MAM1 in either the 
cdc14-1 or cdc14-1 cdc55mn strain resulted in the equational 
segregation of heterozygous CEN5GFP foci in the majority of 
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Figure 4. Ectopic Cdc14 activation does not cause premature degradation of the meiotic cyclin Clb1. (A–D) Wild-type (AM6770; A), cdc14-1 (AM7815; B),  
cdc55mn (AM6961; C), and cdc14-1 cdc55mn (AM7816; D) cells carrying CLB1-9MYC, GAL-NDT80, and pGPD1-GAL4(848).ER were released  
from a pachytene arrest. The percentages of cells with the indicated spindle morphology (top) or Clb1-9Myc localization (middle) were determined at the 
indicated time points. The anti-Myc immunoblot (bottom) is shown with the anti-Pgk1 immunoblot as a loading control and the positions of molecular mass 
markers indicated. Western blots are representative (A and C) or were performed once (B and D). Numbers at the top of the blots indicate time in hours.
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nuclei to recoalesce, which increases the probability of equa
tional segregation at the time of meiosis II.

What could be the nature of the persistent linkages be
tween chromosomes that cause nuclei to refuse in cdc14-1  
cdc55mn cells? Removal of chiasmata by deletion of SPO11 
abolishes the second peak of anaphase I spindles and equational 
segregation in cdc14-1 cells, suggesting that residual linkages 
between homologues could be responsible (Fig. 6 G; Marston et 
al., 2003). However, we found that deletion of SPO11 did not 
abolish the second anaphase I peak and only partially decreased 
the incidence of equational segregation in cdc14-1 cdc55mn cells 
(Fig. 6 H). This suggests that both interhomologue and intersister 

sufficient for spindle breakdown, the ability of these cells to 
build robust meiosis I spindles in the cdc55mn background sug
gests that this is unlikely. Importantly, in both cdc14-1 and 
cdc14-1 cdc55mn strains, in which a single division was ob
served, it was usually reductional, whereas when a second divi
sion occurred, it was most often equational and was preceded by 
a reductional division (Fig. 6 E). This confirms that reductional 
and equational segregations occur sequentially on the same axis 
in cdc14-1 cells. Interestingly, the time taken for the second di
vision tended to be longer in cells depleted for Cdc55 (Fig. 6 F). 
This raises the possibility that difficulty in resolving linkages 
between chromosomes in cdc55mn cells causes partially divided 

Figure 5. Kinetochores are monooriented during 
meiosis I in cdc55mn cells. (A–D) Wild-type (AM5900; 
A and C) and cdc55mn (AM5771; B and D) cells car-
rying MAM1-9MYC, NDC10-6HA, GAL-NDT80, and 
pGPD1-GAL4(848).ER were released from a pachytene 
block, and the localization of Mam1-9Myc was deter-
mined using Ndc10-6HA as a marker for kinetochores. 
(C and D) The percentages of binucleate and tetranu-
cleate cells determined at the indicated time points are 
shown for a representative experiment. (E–H) Strains 
carrying heterozygous CEN5-GFP dots and otherwise 
cdc14-1 (AM6910), cdc14-1 cdc55mn (AM6934),  
cdc14-1 mam1 (AM7355), and cdc14-1 mam1 cdc55mn  
(AM7328) were analyzed as described in Fig. 3 (C–F).
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suggesting that it is the unphosphorylated form that is resistant to 
separasedependent cleavage. Cohesin is protected by the recruit
ment of PP2A complexed with the alternative regulatory subunit 
Rts1 (PP2ARts1) to the pericentromere by Sgo1 (Clift and Marston, 
2011). Consistent with the persistence of Rec8 at centromeres 
(Fig. S2), we found that Sgo1 removal from centromeres was de
layed in cdc55mn cells (Fig. 7, A–F). To ask whether overprotec
tion of Rec8 by Sgo1 causes equational segregation in cdc14-1 
cdc55mn cells, we depleted Sgo1 in meiotic cells and analyzed 
the segregation of heterozygous CEN5GFP in binucleate cells. 
Remarkably, CEN5GFP segregation was reductional in virtually 

linkages play a part in nuclear refusion and in increasing the 
frequency of equational segregation in cdc14-1 cdc55mn cells.

Persistent centromeric cohesion increases 
equational segregation in cdc55mn cells
Two lines of evidence indicate that the overprotection of cohesin 
could provide the persistent linkages between sister chromatids 
in cdc55mn cells. First, Rec8 is slow to be removed from centro
meres in cdc55mn cells (Fig. S2). Second, fulllength, faster mi
grating Rec8 persists after the second round of securin degradation 
in cdc14-1 cdc55mn and mad2 cdc55mn cells (Fig. 2, D and F), 

Figure 6. Equational segregation occurs on a newly assembled spindle in cdc14-1 mutants and is elevated by Cdc55 depletion. (A and B) Strains carrying 
heterozygous CEN5-GFP, GAL-NDT80, pGPD1-GAL4(848).ER, and either cdc14-1 (AM8044; A) or cdc14-1 cdc55mn (AM8045; B) were released from 
a pachytene block, and the percentages of cells with the indicated spindle morphology (top graph) and pattern of CEN5-GFP localization in the binucleate 
cells (bottom graph) were determined. (C–F) cdc14-1 (AM7866) and cdc14-1 cdc55mn (AM7867) cells carrying URA3-tdTomato (red) and GFP-TUB1 
(green) were imaged at 10-min intervals for a total of 9 h and 46 min and 9 h and 56 min, respectively. (C) Example of a cdc14-1 cell that completes a 
single meiotic division. (D) Example of a cdc14-1 cdc55mn cell that completes two divisions on the same axis. Times at the top are given in minutes. Bars, 
1 µm. (E) Behavior of cdc14-1 and cdc14-1 cdc55mn cells that were initially in prophase I and which performed at least one division during the course of 
filming. red, reductional; equ, equational. (F) The frequency of cdc14-1 and cdc14-1 cdc55mn cells that performed the second division within the indicated 
time period. Also see Videos 4 and 5. (G and H) Strains carrying heterozygous CEN5-GFP dots GAL-NDT80, pGPD1-GAL4(848).ER, and either spo11 
cdc14-1 (AM8046; G) or spo11 cdc14-1 cdc55mn (AM8047; H) were treated as described in A and B.
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loss of linkages between chromosomes to spindle assembly. We 
postulate that, as in mitosis (Queralt et al., 2006), separase both 
cleaves cohesin and downregulates Cdc55, thereby triggering 
Cdc14 release. The essential role of Cdc14 in meiosis I exit is 
generation of a new spindle axis for meiosis II. In this way, sepa
rase activation couples meiosis I chromosome segregation to the 
formation of two separate spindles for meiosis II.

Regulation of Cdc14 function is essential 
for meiosis
These findings have established the importance of Cdc14 control 
during meiosis and demonstrated a crucial regulatory role of 
Cdc55. Cdc55 is essential for Cdc14 sequestration during early 
meiosis, in contrast to mitosis, in which inappropriate release of 
Cdc14 was observed only in metaphasearrested cdc55 cells 
(Queralt et al., 2006). This difference could be because active 
Clb1–Cdk and Clb2–Cdk complexes, which can phosphorylate 
Cfi1/Net1 to promote Cdc14 release (Azzam et al., 2004), accu
mulate late in mitosis (Grandin and Reed, 1993). Although Clb2 
is not present in meiosis, Clb1–Cdk activity accumulates soon 
after exit from pachytene (Carlile and Amon, 2008). Consistent 
with this interpretation, Cdc14 release (Fig. 1 G) in cdc55mn 
cells correlates with Clb1 accumulation in the nucleus (Fig. 4 C). 
Therefore, during early meiosis, the potential for Cdc14 release 
exists because of the presence of active Clb1–Cdk, and this places 
a critical requirement on PP2ACdc55 to restrain Cdc14 activity.

Premature release of Cdc14 in cdc55mn cells prohibits 
meiosis I spindle assembly; similarly, treatment of mouse oo
cytes with okadaic acid, an inhibitor of PP2A, also prevented 
spindle assembly (Lu et al., 2002). Although Cdc14 homologues 
are not required for mitotic exit in mammals (Mocciaro and 
Schiebel, 2010), they are important for the meiosis I to meiosis II 
transition in mouse oocytes (Schindler and Schultz, 2009). There
fore, PP2ACdc55dependent regulation of Cdc14 might also ensure 
timely spindle assembly in mouse meiosis. The mechanism of 
spindle assembly is not well understood but is known to be driven 
by Cdk activity (Sullivan and Morgan, 2007). Accordingly, in 
budding yeast, Cdc14 is thought to promote spindle breakdown 
at mitotic exit both by the reversal of Cdkdependent phosphory
lation and by promoting Cdk inactivation (Sullivan and Morgan, 
2007; Woodruff et al., 2010). Although Clb1 regulation appears 
to be independent of Cdc14 during meiosis, further investigation 
is required to determine whether Cdc14 controls spindle dynam
ics through Cdk regulation in meiosis too.

Although ectopically released Cdc14 prevents spindle as
sembly, surprisingly, the SAC is only transiently activated, and 
securin is degraded after a delay. Unregulated Cdc14 in cdc55 
mitotic cells similarly allows cell cycle progression upon treat
ment with microtubuledepolymerizing drugs (Yellman and 
Burke, 2006). This could be because Cdc14 is part of a mecha
nism to silence the SAC during anaphase of mitosis (Mirchenko 
and Uhlmann, 2010). Therefore, ectopically released Cdc14 is 
potentially doubly dangerous during meiosis because it may 
both prevent spindle assembly and turn off the checkpoint de
signed to halt the cell cycle in response to this failure.

Paradoxically, we found that spindle breakdown at meiosis I 
exit does not require Cdc14; instead, it is essential for duplication 

all cdc14-1 sgo1mn cdc55mn binucleate cells (Fig. 7 G). Deple
tion of Sgo1 prevents equational segregation caused by the abol
ishment of cohesin protection rather than some other function of 
Sgo1 because replacement of Rec8 by the mitotic cohesin Scc1, 
which is refractory to Sgo1PP2ARts1 protection (Tóth et al., 
2000), also abolished equational segregation in cdc14-1 cdc55mn 
cells (Fig. 7 H). Furthermore, the accumulation of metaphase I 
spindles in cdc14-1 cdc55mn cells was abolished by either Sgo1 
depletion or replacement of Rec8 by Scc1 (Fig. S5). We conclude 
that overprotection of cohesin precludes the timely resolution of 
linkages to allow equational segregation on the same axis during 
meiosis I in cdc14-1 cdc55mn mutants.

An imbalance of PP2A isoforms in 
cdc55mn cells
Why is the deprotection of cohesin delayed in Cdc55depleted 
cells? Because Cdc55 and Rts1 are alternative regulatory (B) 
subunits for PP2A, we considered that the absence of Cdc55 
might lead to an excess of PP2A scaffold (A) and catalytic (C) 
subunits available to associate with Rts1. This, in turn, could re
sult in the recruitment of high levels of PP2ARts1 to centromeres 
and the persistence of unphosphorylated, noncleavable cohesin. 
Indeed, more Rts1 coimmunoprecipitated with the PP2A A sub
unit Tpd3 in extracts from cdc55mn cells than from wildtype 
cells undergoing meiosis (Fig. 7 I). We used chromatin immuno
precipitation followed by quantitative PCR (qPCR) to measure 
the levels of Rts1 associated with four sites on chromosome IV 
in metaphase I–arrested cells (cdc20mn). Although we ob
served a moderate enrichment of Rts1 at the centromereproximal 
site in wildtype cells, levels did not significantly rise over back
ground at other sites examined (Fig. 7 J). In cdc55mn cells, 
however, Rts1 was highly enriched at all sites tested (Fig. 7 J), 
including a site on the chromosome arm (95 kb to left) where 
cohesin would not normally be protected during meiosis I (Kiburz 
et al., 2005). Similar observations were made for Sgo1 (unpub
lished data). We conclude that depletion of Cdc55 during meio
sis causes an increase in the amount of PP2ARts1 at centromeres, 
which overprotects cohesion.

Discussion
Cdc55 coordinates meiosis by regulating 
two other phosphatases
Cdc55 is a member of a conserved family of regulatory (B) sub
units for PP2A (Shi, 2009). We have shown that Cdc55 plays a 
critical role in the coordination of the meiotic divisions in bud
ding yeast. In the absence of Cdc55, nuclear division is impaired, 
and chromosomes segregate randomly. This phenotype is ex
plained by the misregulation of two other phosphatases, Cdc14 
and PP2A, in complex with the alternative regulatory subunit 
Rts1 (B). Cdc55 is required to prevent the unscheduled release 
of Cdc14 from the nucleolus, and this, in turn, prevents spindle 
assembly during meiosis I but not the events triggering loss of 
linkages between chromosomes. Also, in the absence of Cdc55, 
Rts1 is highly enriched at centromeres, and this dominantly in
hibits the separation of sister chromatids at meiosis II. The model 
in Fig. 8 illustrates how these two activities of Cdc55 couple the 
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Figure 7. Overprotection of cohesin in a cdc55mn cell during meiosis. (A–F) Wild-type (AM7228; A, C, and E) and cdc55mn (AM7229; B, D, and F) 
cells carrying GAL-NDT80 and pGPD1-GAL4(848).ER were released from the pachytene block, and Sgo1 localization at kinetochores (A and B) or the 
percentages of binucleate and tetranucleate cells (C and D) were determined in a single experiment. (E and F) Examples of Sgo1 localization are shown. 
Bars, 2 µm. (G and H) Depletion of Sgo1 (G) or replacement of Rec8 by Scc1 (H) abolishes equational segregation in cdc14-1 cdc55mn cells. Strains 
carrying heterozygous CEN5-GFP and with the indicated genotypes were treated as described in Fig. 1. n = 680–2,000. Strains used were wild type 
(AM4796), cdc55mn (AM4891), sgo1mn (AM4911), sgo1mn cdc55mn (AM7286), cdc14-1 (AM6910), cdc14-1 cdc55mn (AM6934), cdc14-1 sgo1mn 
(AM7360), cdc14-1 sgo1mn cdc55mn (AM7421), spo11 rec8 pREC8-SCC1 (AM5501), spo11 rec8 pREC8-SCC1 cdc55mn (AM5502), spo11 
rec8 pREC8-SCC1 cdc14-1 (AM7361), and spo11 rec8 pREC8-SCC1 cdc14-1 cdc55mn (AM7362). (I) Tpd3-6HA was immunoprecipitated using 
anti-HA antibodies from meiotic extracts of wild-type and cdc55mn cells carrying RTS1-3PK and either TPD3-6HA (AM8028 and AM8014) or no tag 
(AM8012 and AM8029). Anti-V5 (PK) and anti-HA immunoblots of input and immunoprecipitated samples from strains of the indicated genotypes are 
shown, with protein molecular mass markers shown in black or red, respectively. An Rts1-3PK degradation product is indicated by the gray arrowhead, 
and the asterisk indicates residual 3HA-Cdc55. (J) qPCR analysis of chromatin immunoprecipitated using anti-V5 (PK) antibodies from cdc20mn (AM3560), 
cdc20mn RTS1-3PK (AM7902), cdc20mn cdc55mn (AM7903), and cdc20mn cdc55mn RTS1-3PK (AM7904) strains. The mean of three experiments is 
shown with error bars indicating standard deviation.
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many human cancers, but the role of regulatory subunits has been 
difficult to dissect because both positive and negative effects 
have been previously described (Westermarck and Hahn, 2008; 
Eichhorn et al., 2009). Our study has highlighted the need to 
consider dominant effects caused by an imbalance of PP2A iso
forms to understand the mechanism of tumorogenesis. Protein 
kinases and phosphatases form an extensive interaction network 
(Breitkreutz et al., 2010). The interplay between phosphatases 
that we find to coordinate meiosis likely represents a general par
adigm in cellular regulation. Understanding the nature of their 
regulatory interactions is an important goal for the future.

Materials and methods
Yeast strains
The strains used in this study are listed in Table S1 and are all derivatives 
of SK1. pCLB2-3HA-CDC55 (cdc55mn) and cdc55 were previously de-
scribed in Clift et al. (2009). CEN5-GFP dots, pREC8-SCC1-3HA, NDC10-
6HA, MAM1-9MYC, and PDS1-18MYC were previously described in Tóth 
et al. (2000). CLB1-9MYC was previously described in Buonomo et al. 
(2003). cdc20mn and ubr1 were previously described in Lee and Amon 
(2003). pCLB2-3HA-SGO1 (sgo1mn) and mam1 were previously de-
scribed in Lee et al. (2004). spo11, rec8, and REC8-3HA were previ-
ously described in Klein et al. (1999). 3HA-CDC14, cdc14-1, REC8-13MYC, 
and SGO1-9MYC were previously described in Marston et al. (2003). GAL-
NDT80 and pGPD1-GAL4(848).ER were previously described in Benjamin 
et al. (2003). tetR-tdTomato, tetO-URA3, GFP-TUB1, and CDC14-GFP were 

of the spindle axis. The critical function of Cdc14 is unknown, 
though it appears to be independent of spindle pole body dupli
cation (unpublished data). Remarkably, the failure to build a 
new spindle axis allows segregated DNA masses to refuse when 
division is aborted as a result of unresolved linkages between 
chromosomes, only to undergo a second round of segregation 
on a new spindle built on the same axis.

Regulation of PP2A isoforms
An intriguing finding of our work is the importance of phospha
tase regulatory subunits in maintaining the cellular homeostasis 
of PP2A isoforms. Alternate regulatory subunits confer a high 
degree of substrate specificity to PP2A enzymes (Virshup and 
Shenolikar, 2009), and our findings indicate that they also control 
the balance of the different isoforms. The interdependence of 
PP2A regulatory subunits described here for meiosis is probably 
widespread in other systems. Overexpression of PP2A regulatory 
subunits in Xenopus laevis and Drosophila melanogaster induces 
effects that could be attributed to competition with other subunits 
(Yang et al., 2003; Bajpai et al., 2004). Furthermore, mutations in 
the gene encoding the Drosophila B/PR55 subunit result in lag
ging chromosomes during anaphase (MayerJaekel et al., 1993), 
which is similar to our observations upon depletion of its bud
ding yeast homologue, Cdc55, during meiosis. PP2A is altered in 

Figure 8. Model for coordination of the meiotic program by Cdc55. (A) In wild-type cells during metaphase I, PP2ACdc55 both maintains Cdc14 sequestra-
tion in the nucleolus by dephosphorylating Cfi1 and restricts the amount of PP2A scaffold (A) and catalytic (C) subunits available to form a complex with 
Rts1 (B). The level of PP2ARts1 defines the domain of cohesion that will be protected during meiosis I. Once chromosomes are correctly aligned, separase 
activation leads to both the cleavage of unprotected arm cohesin and, through PP2ACdc55 down-regulation, Cdc14 release. Cdc14 release during anaphase 
I ensures that a second spindle axis will assemble in meiosis II after its resequestration. (B) In cdc55mn cells, ectopic Cdc14 release interferes with spindle 
assembly, and excess PP2ARts1 extends the domain of protected cohesin. This prevents nuclear division except in a low number of cells in which Cdc14 is 
relocalized to the nucleolus through an unknown mechanism (?). P indicates Cdk-dependent phosphorylation of Cfi1/Net1.
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antibody was used. qPCR was performed using the SYBR green reagent 
(EXPRESS; Invitrogen) on the LightCycler (Roche). Primers for the sites  
“95 kb to left” are AM782, 5-AGATGAAACTCAGGCTACCA-3, and 
AM783, 5-TGCAACATCGTTAGTTCTTG-3; “9 kb to left” are AM1319, 
5-ATGATTCAATGGATTTAGCC-3, and AM1320, 5-GTCAGTCTTATGCT-
GTTCCC-3; “6 kb to left” are AM1325, 5-AATCCTGTATGAAAGCCCTA-3, 
and AM1326, 5-AAATAGGAAGGACTTAGGGAA-3; and “150 bp 
right” are AM794, 5-CCGAGGCTTTCATAGCTTA-3, and AM795, 
5-ACCGGAAGGAAGAATAAGAA-3.

Preparation of yeast lysates and protein immunoprecipitation
To prepare yeast lysates for immunoprecipitation, cells were induced to 
sporulate and harvested after 4 h. Pellets were washed once in cold double-
distilled H2O supplemented with 2 mM PMSF and then resuspended in 
20% cell pellet volume of water supplemented with a protease inhibitor 
cocktail (5 µg/ml pepstatin A, antipain, chymostatin, leupeptin, E-64, 
aprotinin, 2 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride,  
1 mM benzamidine, and 1 mM PMSF). Cells were drop frozen in liquid ni-
trogen, ground to powder in a mortar and pestle, resuspended in cold yeast 
lysis buffer (50 mM Tris-Cl, pH 7.6, 150 mM NaCl, 1% wt/vol Triton X-100, 
1 mM EDTA [Hombauer et al., 2007]) supplemented with the aforemen-
tioned protease inhibitor cocktail, and then centrifuged and filtered through 
a 1.6-µm filter.

To pull down Tpd3-6HA, lysate containing 3 mg total protein was in-
cubated with 7.5 µl anti-HA (12CA5) antibody with rotation for 30 min at 
4°C, and 15 µl protein G Dynabeads were added for a further 1 h of incu-
bation. The beads were then washed three times in cold yeast lysis buffer 
plus inhibitors and boiled in sample buffer for SDS-PAGE and Western blot-
ting. Tpd3-6HA is fully functional (spore viability of strain AM8013 was 
39/40); however, for unknown reasons, its presence increases the slower 
migrating forms of Rts1-3PK, and these preferentially coimmunoprecipitate 
with Tpd3-6HA (Fig. 7 I)

Online supplemental material
Fig. S1 shows that abolishing interchromosomal linkages does not rescue 
nuclear division or prevent equational segregation in cdc55mn cells. Fig. S2 
shows that Rec8 loss is stepwise in cdc55mn cells and provides examples 
of microtubule structures in cdc55mn cells. Fig. S3 shows that deletion 
of ASE1 or FIN1 or depletion of Ipl1 does not restore spindle assembly to 
cdc55mn cells. Fig. S4 shows that kinetochores are monooriented during 
meiosis I in cdc55mn cells. Fig. S5 shows that depletion of Sgo1 or replace-
ment of REC8 with SCC1 rescues the accumulation of short spindles in 
cdc14-1 cdc55mn cells. Video 1 shows an example of Cdc14 release in 
wild-type cells undergoing meiosis. Video 2 shows an example of a  
cdc55mn cell in which Cdc14 released by nuclear division does not occur. 
Video 3 shows an example of a cdc55mn cell in which Cdc14 is released 
and transiently resequestered before nuclear division occurs. Video 4 shows 
an example of a cdc14-1 cell that performs a single reductional chromo-
some segregation. Video 5 shows an example of a cdc14-1 cdc55mn cell 
that performs sequential reductional and equational segregation along the 
same spindle axis. Online supplemental material is available at http://
www.jcb.org/cgi/content/full/jcb.201103076/DC1.
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Figure S1.  Abolishing interchromosomal linkages does not rescue nuclear division or prevent equational segregation in cdc55mn cells. (A–E) Impaired nu-
clear division and segregation of sisters to opposite poles in cdc55mn cells even without chiasma. Strains carrying tetO arrays linked to one copy of CEN5 
express tetracycline repressor–GFP (heterozygous CEN5-GFP) and that are otherwise wild type (AM4796), cdc55mn (AM4891), spo11 (AM5218), and 
spo11 cdc55mn (AM5320) were induced to sporulate at 30°C. (A–D) The percentages of binucleate and tetranucleate cells after scoring 200 cells at 
each of the indicated time points are shown for a representative experiment. (E) The pattern of GFP foci was scored in ≥600 binucleate cells from the 4–10-h 
time points and is shown for a representative experiment. (F–H) mam1 does not rescue nuclear division or chromosome segregation in cdc55mn cells. 
Strains carrying heterozygous CEN5-GFP and otherwise wild type (AM4796), mam1 (AM4777), cdc55mn (AM4891), or mam1 cdc55mn (AM5324) 
were analyzed as described in A–E. (I) Loss of all linkages between chromosomes does not greatly alter the pattern of heterozygous CEN5-GFP segregation 
in cdc55mn cells. Strains used are as in C and D and, additionally, AM6572 (spo11 rec8), AM6404 (spo11 rec8 cdc55mn), AM6522 (spo11 
mam1 cdc55mn), and AM6523 (spo11 mam1 rec8 cdc55mn) and analyzed as described in E. (J) Random homologue segregation in cdc55mn 
cells is not rescued by removal of interchromosome linkages. Strains carrying homozygous CEN5-GFP and otherwise spo11 (AM6618), spo11 cd-
c55mn (AM6549), spo11 rec8 (AM6552), spo11 rec8 cdc55mn (AM6625), spo11 mam1 cdc55mn (AM6565), and spo11 rec8 mam1 
cdc55mn (AM6670) were analyzed as described in E. (K) Mean patterns of homozygous CEN5-GFP segregation are shown for all strains used in this pa-
per, with error bars corresponding to one standard deviation of the percentage of cells with CEN5-GFP foci in one nucleus for three replicates with ≥200 
cells counted per experiment. (L) Mean patterns of heterozygous CEN5-GFP segregation are shown for all strains used in this paper, with error bars corre-
sponding to one standard deviation of the percentage of equationally segregated chromosome V for three replicates with ≥200 cells counted per experi-
ment. For the cdc14-1 mam1 and cdc14-1 mam1 cdc55mn strains, cells with GFP dots in the middle of stretched nuclei are included with one standard 
deviation shown.
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Figure S2.  Rec8 loss is stepwise in cdc55mn cells. (A–F) Wild-type (AM6742; A, C, and E) and cdc55mn (AM6743; B, D, and F) cells carrying REC8-
13MYC, NDC10-6HA, GAL-NDT80, and pGPD1-GAL4(848).ER were induced to sporulate and released from the pachytene block . The percentages of 
binucleate and tetranucleate cells (A and B) and cells with the indicated Rec8 localization on chromosome spreads (C and D) were determined. E and F 
show examples of cells with full Rec8 localization, centromeric Rec8, or no Rec8 for wild type (E) and cdc55mn (F). A representative experiment is shown. 
Bars, 2 µm. (G–I) Examples of microtubule spindle structures observed throughout meiosis in wild-type (AM6142; G), cdc55mn (AM6131; H), and cdc14-1 
(AM7549; I) cells are shown. Bars, 1 µm.
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Figure S3.  Deletion of ASE1 or FIN1 or depletion of Ipl1 does not restore spindle assembly to cdc55mn cells. (A–H) Wild-type (AM695; A), cdc55mn 
(AM4995; B), fin1 (AM7701; C), fin1 cdc55mn (AM7702; D), ipl1mn (AM7704; E), ipl1mn cdc55mn (AM7699; F), ase1 (AM7722; G), and ase1 
cdc55mn (AM7723; H) cells carrying 3HA-CDC14 were induced to sporulate, and the percentages of bi- and tetranucleate cells (top graph) and spindles 
of the indicated morphology (bottom graph) were determined. This experiment was performed only once.
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Figure S4.  Kinetochores are monooriented during meiosis I in cdc55mn cells. (A–D) cdc14-1 (AM7553), cdc14-1 cdc55mn (AM7337), cdc14-1 mam1 
(AM7336), and cdc14-1 mam1 cdc55mn (AM7347) cells and controls with functional CDC14 (wild type, AM5310), cdc55mn (AM5311), mam1 
(AM5892), and mam1 cdc55mn (AM5938) carrying cdc20mn were induced to sporulate, and the percentages of separated CEN5-GFP dots (A and C) 
and metaphase I spindles (B and D) were determined. A representative experiment is shown. (E) Mean patterns of heterozygous GFP dot segregation are 
shown for the experiment in Fig. 5 (E–H). Strains are as described in Fig. 5 (E–H), and additionally, AM4796 (wild type), AM4891 (cdc55mn), and 
AM5324 (mam1 cdc55mn) are described.
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Figure S5.  Depletion of Sgo1 or replacement of REC8 with SCC1 rescues the accumulation of short spindles in cdc14-1 cdc55mn cells. The percentage of 
cells with the indicated spindle morphology was determined at each time point for the experiment shown in Fig. 7 (G [panels A–D] and H [panels E–H]).
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Video 1.  Example of Cdc14 release in wild-type cells undergoing meiosis. Video of wild type (AM6935) carrying CDC14-
GFP GFP-TUB1 (both green) and homozygous ura3::tetOx224-URA3 leu2::pURA3-tetR-tdTomato::LEU2 (URA3-tdTomato; red) 
induced to sporulate at 30°C. The cell at the top left at the start of the video corresponds to the still images shown in Fig. 1 H. 
Samples were analyzed by time-lapse microscopy (Deltavision Core system), and 42 frames were taken in total at intervals of 
10 min. In the cell at the top left at the start of the video, the metaphase I spindle forms at 40 min followed by release of Cdc14 
from the nucleolus at 50 min and anaphase I at 1 h. Cdc14 is relocalized at 1 h and 10 min and rereleased at 1 h and 50 
min before anaphase II.

Video 2.  Example of a cdc55mn cell  in which Cdc14 release by nuclear division does not occur. Video of a cdc55mn cell 
(AM6942) carrying CDC14-GFP GFP-TUB1 (both green) and homozygous URA3-tdTomato (red) induced to sporulate at 30°C, 
corresponding to the still images shown in Fig. 1 I. Samples were analyzed by time-lapse microscopy (Deltavision Core system), 
and 57 frames were taken in total at intervals of 10 min. Cdc14 is released from the nucleolus at 2 h, and the cell does not 
form a spindle or divide its nucleus during the time of observation.

Video 3.  Example of a cdc55mn cell in which Cdc14 is released and transiently resequestered before nuclear division occurs. 
Video of Cdc14-GFP localization in a cdc55mn cell (AM6942) carrying CDC14-GFP GFP-TUB1 (both green) and homozygous 
URA3-tdTomato (red) induced to sporulate at 30°C, corresponding to the still images shown in Fig. 1 J. Samples were analyzed 
by time-lapse microscopy (Deltavision Core system), and 57 frames were taken in total at intervals of 10 min. Cdc14 is released 
from the nucleolus at 2 h and 30 min with no proper spindle formation. Cdc14 is relocalized at 5 h and released again at 6 h 
followed by nuclear division at 8 h and 40 min.

Video 4.  Example of a cdc14-1 cell  that performs a single reductional chromosome segregation. Video of a cdc14-1 cell 
(AM7866) carrying heterozygous URA3-tdTomato (red; 35 kb from CEN5) and GFP-TUB1(green) and induced to sporulate at 
30°C, corresponding to the still images shown in Fig. 6 C. Samples were analyzed by time-lapse microscopy (Deltavision Core 
system), and 60 frames were taken in total at intervals of 10 min. The cell performs anaphase I with reductional chromosome V 
segregation at 1 h followed by spindle breakdown. No further division takes place during the observation period.

Video 5.  Example of a cdc14-1 cdc55mn cell that performs sequential reductional and equational segregation along the same 
spindle axis. Video of a cdc14-1 cdc55mn cell (AM7867) carrying heterozygous URA3-tdTomato (red; 35 kb from CEN5) 
and GFP-TUB1(green) and induced to sporulate at 30°C, corresponding to the still images shown in Fig. 6 D. Samples were 
analyzed by time-lapse microscopy (Deltavision Core system), and 61 frames were taken in total at intervals of 10 min. The 
cell performs anaphase I at 2 h and 30 min with reductional chromosome V segregation followed by spindle breakdown and 
nuclear fusion after 3 h. The spindle reforms for meiosis II along the same axis, and the nucleus performs anaphase II after 5 h 
and 30 min with equational chromosome V segregation.
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Table S1. Yeast strains used in this study

Strain number Relevant genotype

AM695 MATa/MAT 3HA-CDC14/3HA-CDC14
AM3560 MATa/MAT cdc20::kanMX6::pCLB2-3HA-CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20
AM4777 MATa/MAT mam1::TRP1/mam1::TRP1 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/

PDS1-18MYC::LEU2
AM4796 MATa/MAT leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2
AM4891 MATa/MAT cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 leu2::pURA3-tetR-GFP::LEU2/+ 

CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2
AM4911 MATa/MAT sgo1::kanMX6::pCLB2-3HA-SGO1/sgo1::kanMX6::pCLB2-3HA-SGO1 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::

tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2
AM4995 MATa/MAT cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 3HA-CDC14/3HA-CDC14
AM5218 MATa/MAT spo11::URA3/spo11::URA3 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/

PDS1-18MYC::LEU2
AM5310 MATa/MAT cdc20::kanMX6::pCLB2-3HA-CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20 leu2::pURA3-tetR-GFP::LEU2/+ 

CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2
AM5311 MATa/MAT cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 cdc20::kanMX6::pCLB2-3HA-

CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::
LEU2/PDS1-18MYC::LEU2

AM5320 MATa/MAT spo11::URA3/spo11::URA3 cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 
leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM5324 MATa/MAT mam1::TRP1/mam1::TRP1 cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 leu2::
pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM5338 MATa/MAT cdc55/cdc55 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::
LEU2

AM5501 MATa/MAT rec8::kanMX4::pREC8-SCC1-3HA/rec8::kanMX4::pREC8-SCC1-3HA spo11::URA3/spo11::URA3 leu2::
pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM5502 MATa/MAT cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 rec8::kanMX4::pREC8-SCC1-
3HA/rec8::kanMX4::pREC8-SCC1-3HA spo11::URA3/spo11::URA3 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::
HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM5771 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-
GAL4(848)-ER::URA3 cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 MAM1-9MYC::TRP1/
MAM1-9MYC::TRP1 NDC10-6HA::HIS3MX6/NDC10-6HA::HIS3MX6

AM5892 MATa/MAT mam1::TRP1/mam1::TRP1 cdc20::kanMX6::pCLB2-3HA-CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20 leu2::
pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM5900 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-
GAL4(848)-ER::URA3 MAM1-9MYC::TRP1/MAM1-9MYC::TRP1 NDC10-6HA::HIS3MX6/NDC10-6HA::HIS3MX6

AM5936 MATa/MAT cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 leu2::pURA3-tetR-GFP::LEU2/leu2::
pURA3-tetR-GFP::LEU2 CEN5::tetOx224::HIS3/CEN5::tetOx224::HIS3 PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM5938 MATa/MAT cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 mam1::TRP1/mam1::TRP1 
cdc20::kanMX6::pCLB2-3HA-CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::te-
tOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM6040 MATa/MAT leu2::pURA3-tetR-GFP::LEU2/leu2::pURA3-tetR-GFP::LEU2 CEN5::tetOx224::HIS3/CEN5::tetOx224::HIS3 PDS1-
18MYC::LEU2/PDS1-18MYC::LEU2

AM6131 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-
GAL4(848)-ER::URA3 cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 ubr1::kanMX4/ubr1::
kanMX4 REC8-3HA::URA3/REC8-3HA::URA3 PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM6142 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-
GAL4(848)-ER::URA3 ubr1::kanMX4/ubr1::kanMX4 REC8-3HA::URA3/REC8-3HA::URA3 PDS1-18MYC::LEU2/PDS1-
18MYC::LEU2

AM6404 MATa/MAT spo11::URA3/spo11::URA3 rec8::kanMX4/rec8::kanMX4 cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::
kanMX6::pCLB2-3HA-CDC55 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::
LEU2

AM6522 MATa/MAT spo11::URA3/spo11::URA3 mam1::TRP1/mam1::TRP1 cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::
kanMX6::pCLB2-3HA-CDC55 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::
LEU2

AM6523 MATa/MAT spo11::URA3/spo11::URA3 mam1::TRP1/mam1::TRP1 rec8::kanMX4/rec8::kanMX4 cdc55::kanMX6::
pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-
18MYC::LEU2/PDS1-18MYC::LEU2

AM6549 MATa/MAT spo11::URA3/spo11::URA3 cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 
leu2::pURA3-tetR-GFP::LEU2/leu2::pURA3-tetR-GFP::LEU2 CEN5::tetOx224::HIS3/CEN5::tetOx224::HIS3 PDS1-18MYC::
LEU2/PDS1-18MYC::LEU2

AM6552 MATa/MAT spo11::URA3/spo11::URA3 rec8::kanMX4/rec8::kanMX4 leu2::pURA3-tetR-GFP::LEU2/leu2::pURA3-tetR-
GFP::LEU2 CEN5::tetOx224::HIS3/CEN5::tetOx224::HIS3 PDS1-18MYC::LEU2/PDS1-18MYC::LEU2
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Table S1. Yeast strains used in this study (Continued)

Strain number Relevant genotype

AM6565 MATa/MAT spo11::URA3/spo11::URA3 mam1::TRP1/mam1::TRP1 cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::
kanMX6::pCLB2-3HA-CDC55 leu2::pURA3-tetR-GFP::LEU2/leu2::pURA3-tetR-GFP::LEU2 CEN5::tetOx224::HIS3/CEN5::
tetOx224::HIS3 PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM6572 MATa/MAT spo11::URA3/spo11::URA3 rec8::kanMX4/rec8::kanMX4 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::te-
tOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM6618 MATa/MAT spo11::URA3/spo11::URA3 leu2::pURA3-tetR-GFP::LEU2/leu2::pURA3-tetR-GFP::LEU2 CEN5::tetOx224::
HIS3/CEN5::tetOx224::HIS3 PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM6625 MATa/MAT spo11::URA3/spo11::URA3 rec8::kanMX4/rec8::kanMX4 cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::
kanMX6::pCLB2-3HA-CDC55 leu2::pURA3-tetR-GFP::LEU2/leu2::pURA3-tetR-GFP::LEU2 CEN5::tetOx224::HIS3/CEN5::
tetOx224::HIS3 PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM6626 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-
GAL4(848)-ER::URA3 cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 3HA-CDC14/3HA-
CDC14

AM6633 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-
GAL4(848)-ER::URA3 3HA-CDC14/3HA-CDC14

AM6670 MATa/MAT spo11::URA3/spo11::URA3 mam1::TRP1/mam1::TRP1 rec8::kanMX4/rec8::kanMX4 cdc55::kanMX6::
pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 leu2::pURA3-tetR-GFP::LEU2/leu2::pURA3-tetR-GFP::LEU2 CEN5::
tetOx224::HIS3/CEN5::tetOx224::HIS3 PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM6742 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-
GAL4(848)-ER::URA3 REC8-13MYC::kanMX6/REC8-13MYC::kanMX6 NDC10-6HA::HIS3MX6/NDC10-6HA::HIS3MX6

AM6743 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-
GAL4(848)-ER::URA3 cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 REC8-13MYC::kanMX6/
REC8-13MYC::kanMX6 NDC10-6HA::HIS3MX6/NDC10-6HA::HIS3MX6

AM6770 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-
GAL4(848)-ER::URA3 CLB1-9MYC::TRP1/CLB1-9MYC::TRP1

AM6902 MATa/MAT cdc14::kanMX6/cdc14::kanMX6 trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-
GFP::LEU2/leu2::pURA3-tetR-GFP::LEU2 CEN5::tetOx224::HIS3/CEN5::tetOx224::HIS3 PDS1-18MYC::LEU2/PDS1-
18MYC::LEU2

AM6908 MATa/MAT cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 cdc14::kanMX6/cdc14::kanMX6 
trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-GFP::LEU2/leu2::pURA3-tetR-GFP::LEU2 CEN5::
tetOx224::HIS3/CEN5::tetOx224::HIS3 PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM6910 MATa/MAT cdc14::kanMX6/cdc14::kanMX6 trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-
GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM6934 MATa/MAT cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 cdc14::kanMX6/cdc14::kanMX6 
trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-
18MYC::LEU2/PDS1-18MYC::LEU2

AM6935 MATa/MAT leu2::pURA3-tetR-tdTomato::LEU2/leu2::pURA3-tetR-tdTomato::LEU2 ura3::tetOx224-URA3/ura3::tetOx224-URA3 
his3::pHIS3-GFP-TUB1-HIS3/his3::pHIS3-GFP-TUB1-HIS3 CDC14-GFP::LEU2/+

AM6942 MATa/MAT cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 leu2::pURA3-tetR-tdTomato::LEU2/
leu2::pURA3-tetR-tdTomato::LEU2 ura3::tetOx224-URA3/ura3::tetOx224-URA3 his3::pHIS3-GFP-TUB1-HIS3/his3::pHIS3-GFP-
TUB1-HIS3 CDC14-GFP::LEU2/+

AM6961 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-
GAL4(848)-ER::URA3 cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 CLB1-9MYC::TRP1/CLB1-
9MYC::TRP1

AM7228 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-
GAL4(848)-ER::URA3 SGO1-9MYC::TRP1/SGO1-9MYC::TRP1 NDC10-6HA::HIS3MX6/NDC10-6HA::HIS3MX6

AM7229 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-
GAL4(848)-ER::URA3 cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 SGO1-9MYC::TRP1/
SGO1-9MYC::TRP1 NDC10-6HA::HIS3MX6/NDC10-6HA::HIS3MX6

AM7286 MATa/MAT cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 sgo1::kanMX6::pCLB2-3HA-SGO1/
sgo1::kanMX6::pCLB2-3HA-SGO1 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-
18MYC::LEU2

AM7328 MATa/MAT cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 mam1::TRP1/mam1::TRP1 
cdc14::kanMX6/cdc14::kanMX6 trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-GFP::LEU2/+ 
CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM7336 MATa/MAT mam1::TRP1/mam1::TRP1 cdc14::kanMX6/cdc14::kanMX6 trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::
TRP1::LEU2 cdc20::kanMX6::pCLB2-3HA-CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20 leu2::pURA3-tetR-GFP::LEU2/+ 
CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM7337 MATa/MAT cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 cdc14::kanMX6/cdc14::kanMX6 
trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 cdc20::kanMX6::pCLB2-3HA-CDC20/cdc20::kanMX6::pCLB2-3HA-
CDC20 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2
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Table S1. Yeast strains used in this study (Continued)

Strain number Relevant genotype

AM7347 MATa/MAT cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 mam1::TRP1/mam1::TRP1 
cdc14::kanMX6/cdc14::kanMX6 trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 cdc20::kanMX6::pCLB2-3HA-
CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::
LEU2/PDS1-18MYC::LEU2

AM7355 MATa/MAT mam1::TRP1/mam1::TRP1 cdc14::kanMX6/cdc14::kanMX6 trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::
TRP1::LEU2 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM7360 MATa/MAT sgo1::kanMX6::pCLB2-3HA-SGO1/sgo1::kanMX6::pCLB2-3HA-SGO1 cdc14::kanMX6/cdc14::kanMX6 
trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-
18MYC::LEU2/PDS1-18MYC::LEU2

AM7361 MATa/MAT rec8::kanMX4::pREC8-SCC1-3HA/rec8::kanMX4::pREC8-SCC1-3HA spo11::URA3/spo11::URA3 
cdc14::kanMX6/cdc14::kanMX6 trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-GFP::LEU2/+ 
CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM7362 MATa/MAT cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 rec8::kanMX4::pREC8-SCC1-3HA/
rec8::kanMX4::pREC8-SCC1-3HA spo11::URA3/spo11::URA3 cdc14::kanMX6/cdc14::kanMX6 trp1::cdc14-1::
TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/
PDS1-18MYC::LEU2

AM7421 MATa/MAT cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 sgo1::kanMX6::pCLB2-3HA-SGO1/
sgo1::kanMX6::pCLB2-3HA-SGO1 cdc14::kanMX6/cdc14::kanMX6 trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::
LEU2 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM7547 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-
GAL4(848)-ER::URA3 mad2::kanMX6/mad2::kanMX6 ubr1::kanMX4/ubr1::kanMX4 REC8-3HA::URA3/REC8-3HA::
URA3 PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM7548 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-
GAL4(848)-ER::URA3 cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 mad2::kanMX6/
mad2::kanMX6 ubr1::kanMX4/ubr1::kanMX4 REC8-3HA::URA3/REC8-3HA::URA3 PDS1-18MYC::LEU2/PDS1-
18MYC::LEU2

AM7549 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-
GAL4(848)-ER::URA3 cdc14::kanMX6/cdc14::kanMX6 trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 ubr1::
kanMX4/ubr1::kanMX4 REC8-3HA::URA3/REC8-3HA::URA3 PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM7550 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-
GAL4(848)-ER::URA3 cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 cdc14::kanMX6/
cdc14::kanMX6 trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 ubr1::kanMX4/ubr1::kanMX4 REC8-3HA::
URA3/REC8-3HA::URA3 PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM7553 MATa/MAT cdc14::kanMX6/cdc14::kanMX6 trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 cdc20::kanMX6::
pCLB2-3HA-CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-
18MYC::LEU2/PDS1-18MYC::LEU2

AM7699 MATa/MAT cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 ipl1::kanMX6::pCLB2-3HA-IPL1/
ipl1::kanMX6::pCLB2-3HA-IPL1 3HA-CDC14/3HA-CDC14

AM7701 MATa/MAT fin1::kanMX6/fin1::kanMX6 3HA-CDC14/3HA-CDC14
AM7702 MATa/MAT cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 fin1::kanMX6/fin1::kanMX6 3HA-

CDC14/3HA-CDC14
AM7704 MATa/MAT ipl1::kanMX6::pCLB2-3HA-IPL1/ipl1::kanMX6::pCLB2-3HA-IPL1 3HA-CDC14/3HA-CDC14
AM7722 MATa/MAT ase1::natMX6/ase1::natMX6 3HA-CDC14/3HA-CDC14
AM7723 MATa/MAT cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 ase1::natMX6/ase1::natMX6 

3HA-CDC14/3HA-CDC14
AM7815 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-

GAL4(848)-ER::URA3 cdc14::kanMX6/cdc14::kanMX6 trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 CLB1-
9MYC::TRP1/CLB1-9MYC::TRP1

AM7816 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-
GAL4(848)-ER::URA3 cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 cdc14::kanMX6/
cdc14::kanMX6 trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 CLB1-9MYC::TRP1/CLB1-9MYC::TRP1

AM7866 MATa/MAT leu2::pURA3-tetR-tdTomato::LEU2/+ ura3::tetOx224-URA3/+ his3::pHIS3-GFP-TUB1-HIS3/his3::pHIS3-GFP-TUB1-
HIS3 cdc14::kanMX6/cdc14::kanMX6 trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2

AM7867 MATa/MAT leu2::pURA3-tetR-tdTomato::LEU2/+ ura3::tetOx224-URA3/+ his3::pHIS3-GFP-TUB1-HIS3/his3::pHIS3-GFP-TUB1-
HIS3 cdc14::kanMX6/cdc14::kanMX6 trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 cdc55::kanMX6::pCLB2-
3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55

AM7902 MATa/MAT cdc20::kanMX6::pCLB2-3HA-CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20 RTS1-3PK::TRP1/RTS1-3PK::TRP1
AM7903 MATa/MAT cdc20::kanMX6::pCLB2-3HA-CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20 cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55
AM7904 MATa/MAT cdc20::kanMX6::pCLB2-3HA-CDC20/cdc20::kanMX6::pCLB2-3HA-CDC20 cdc55::kanMX6::pCLB2-3HA-

CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 RTS1-3PK::TRP1/RTS1-3PK::TRP1
AM8012 MATa/MAT RTS1-3PK::TRP1/RTS1-3PK::TRP1
AM8013 MATa/MAT TPD3-6HA::TRP1/TPD3-6HA::TRP1
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Table S1. Yeast strains used in this study (Continued)

Strain number Relevant genotype

AM8014 MATa/MAT cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 RTS1-3PK::TRP1/RTS1-3PK::TRP1 
TPD3-6HA::TRP1/TPD3-6HA::TRP1

AM8028 MATa/MAT RTS1-3PK::TRP1/RTS1-3PK::TRP1 TPD3-6HA::TRP1/TPD3-6HA::TRP1
AM8029 MATa/MAT cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 RTS1-3PK::TRP1/RTS1-3PK::TRP1
AM8044 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-

GAL4(848)-ER::URA3 cdc14::kanMX6/cdc14::kanMX6 trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::
pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM8045 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-
GAL4(848)-ER::URA3 cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 cdc14::kanMX6/
cdc14::kanMX6 trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::
HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM8046 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-
GAL4(848)-ER::URA3 spo11::URA3/spo11::URA3 cdc14::kanMX6/cdc14::kanMX6 trp1::cdc14-1::TRP1::LEU2/trp1::
cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-GFP::LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2

AM8047 MATa/MAT ndt80::TRP1::pGAL-NDT80/ndt80::TRP1::pGAL-NDT80 ura3::pGPD1-GAL4(848)-ER::URA3/ura3::pGPD1-
GAL4(848)-ER::URA3 cdc55::kanMX6::pCLB2-3HA-CDC55/cdc55::kanMX6::pCLB2-3HA-CDC55 spo11::URA3/spo11::
URA3 cdc14::kanMX6/cdc14::kanMX6 trp1::cdc14-1::TRP1::LEU2/trp1::cdc14-1::TRP1::LEU2 leu2::pURA3-tetR-GFP::
LEU2/+ CEN5::tetOx224::HIS3/+ PDS1-18MYC::LEU2/PDS1-18MYC::LEU2
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