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Abstract

Missegregation of chromosomes during meiosis leads to formation of

aneuploid eggs. Estimates suggest that in humans, about 10-30% of

fertilised eggs and one-third of all miscarriages are aneuploid. Ac-

curate chromosome segregation depends on the coordination between

stepwise cohesion resolution and attachments of homologous chromo-

somes through kinetochores to microtubules, emanating from opposite

poles of the cell. The Spindle Assembly Checkpoint (SAC) monitors

microtubule-kinetochore attachments and prevents resolution of co-

hesin complexes by inhibiting the ubiquitin ligase APC/CCdc20 until

all aberrant microtubule-kinetochore attachments have been rectified

by an Aurora Kinase-dependent error correction machinery. During

meiosis, these pathways work in seamless coordination to achieve bal-

anced segregation of the genome at the first meiotic division.

The cross-talk between different cell cycle pathways requires mem-

bers with shared affiliations. During my DPhil studies, I worked on

understanding the role of two such proteins, namely Bub1 (budding

uninhibited by benzimidazoles 1) and Sgol2 (Shugoshin-like protein

2) in mouse oocytes.

During the first meiotic division, Bub1 maintains the SAC, and through

its kinase activity, Bub1 recruits Sgol2 to kinetochores to protect cen-

tromeric cohesion. This recruitment is essential for two rounds of

chromosomes segregation in meiosis. Thus, Bub1 localisation at kine-

tochores can coordinate the timing of anaphase with the centromeric

cohesion protection.



During the first meiotic division, Sgol2 protects centromeric cohesion

by recruiting PP2A to kinetochores, accelerates cohesin resolution by

silencing the SAC through its interaction with PP2A and Mad2, and

also promotes biorientation and congression of homologous chromo-

somes by its interaction with MCAK and through dephosphorylation

of Aurora B/C kinase substrates at kinetochores.

This research revealed that Bub1 and Sgol2 can regulate anaphase

by linking multiple cell cycle pathways that work together to achieve

faithful chromosomes segregation in mammalian meiosis.
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Chapter 1

Introduction

1.1 The Functional Unit Of Life

In 1665 with the newly invented microscope, the English physicist and natural

philosopher, Robert Hooke observed that slices of cork are made up of lots of

tiny compartments fitted closely together. To Robert Hook the inner structure

of cork resembled the walled compartments of a monastery and possibly due to

this resemblance, he called these structures cells [1]. A contemporary of Hooke,

Anton van Leeuwenhoek (1632-1723), was the first person to observe living mi-

croorganisms such as bacteria and protozoa [2] using a monocular microscope

of his own design [3]. Extending on these observations, the English naturalist

Robert Brown in 1831 made the fundamental discovery that morphologically dif-

ferent types of plants when observed under a microscope are all made of cells.

He further observed that inside each plant cell, there is a dark circular opaque

structure, which he called nucleus [4]. Upon learning of Graham’s observations a

few years later, in 1839, two German scientists Theodor Schwann and Matthias

Schleiden observed that like plants, animal tissues are composed of cells and that

both plant and animal cells have a nucleus. The realisation that the cell is the

structure that unites all life forms was codified by Schwann and Schleiden [5, 6, 7].

By the mid-nineteen hundreds, the cell had been accepted as the structural unit

of life. Yet, to be accepted as the structural and functional building block of life,
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a cell had to show certain characteristics unique to the living organism, one of

them being the ability to reproduce. Through the works of Robert Remak and

Rudolph Carl Virchow, it was established that cells propagate by division. This

idea was popularised by the epigraph Omnis cellula e cellula (“every cell origi-

nates from another existing cell like it.”) coined by Virchow in 1858. Their work

finally established the cell as the structural and functional unit of life [8, 6, 7].

A momentous discovery in the history of cell biology, namely the cell cycle, came

in the year 1881 with the publication of a book by the German Zoologist Walther

Flemming [9]. Flemming for the first time described the process of cell division

in great detail using samples from tadpole tails, as he was aware that the tail

of a tadpole divides quite rapidly. With the help of a powerful new microscope

and novel dye staining techniques, he identified structures, which he called chro-

mosomes. He observed that during cell division, chromosomes undergo dynamic

changes and that they divide into two identical parts, one for each daughter cell.

Flemming called this process mitosis [9].

1.2 Information Transfer In Living Organisms

From early times, it has been appreciated that “Like begets like”. However,

the mechanism responsible for the transmission of traits or characteristics from

one generation to another remained unclear. A landmark discovery by an Aus-

trian friar, Gregor Johann Mendel, provided a mathematical understanding of

the passage of traits. In the middle of the 19th century, he performed his fa-

mous experiments with the garden pea, Pisum sativum, in his abbey in Brno,

in todays Czech Republic. Mendel’s success relied on two key factors. Firstly,

he selected well-defined and easily recognisable characteristics (traits or pheno-

types), and secondly, he used careful quantifications on thousands of inbred peas

that he meticulously tracked over many generations. After years of observation

and analysis, he came to the conclusion that genetic information is present in

two copies and that during reproduction one and only one copy (allele) from each

parent is transmitted randomly to the offspring, giving it two copies. His results,
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published in 1866, went largely unnoticed until their rediscovery by Carl Correns,

Hugo de Vries, and Erich Tschermak at the beginning of the 20th century [10].

At the time of the rediscovery of Mendel’s work, Oscar Hertwig and Hermann

Fol had already established that fertilisation resulted from the union of two ga-

metes, sperm and eggs [11]. What was unclear was why these cells are the only

cells in the body that are capable of forming new life. The answer came in 1883

from the work of the Belgian zoologist Edouard Van Beneden. While studying

a species of round worm, he observed that all its cells contained four chromo-

somes; the only exceptions being the gametes which had only two. He further

demonstrated that when two gametes came together, a full set of four chromo-

somes appeared in the fertilised egg [11]. But the question remained, why do only

germ cells have half the number of chromosomes compared to other somatic cells?

In 1890, while studying the behaviour of chromosomes German biologist August

Weismann noted that two cell divisions were necessary to reduce the number of

chromosomes in germ cells. He found that at the first round of division, the two

homologous chromosomes pair up, and unlike in mitosis, these chromosomes do

not split but instead the homologs separate at the first division [12]. Later it was

observed that the reduction in chromosome number in germ cells is achieved by

one round of DNA replication followed by two rounds of DNA segregation. In

1905, Farmer and Moore termed this specialised form of reductional cell division

meiosis (Greek word meaning “reduction”) [11]. The discovery of this reductional

division provided the key insight into how only one copy of Mendel’s factors is

transmitted during reproduction.

The observations of Van Beneden and August Weismann suggested that Mendel’s

traits could be transmitted by the chromosomes. However, the proof came from

the elegant experiments performed in 1889 by Theodor Boveri. He discovered

that when he fertilised enucleated eggs (without chromosomes) of one sea urchin

species with sperm from another sea urchin species, the resulting embryos only re-

sembled the species from which the sperm was obtained [13]. This provided clear

experimental evidence that genetic information (or Mendelian factors) resides
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within the nucleus, and not the cytoplasm. Independently, in 1903 an American

scientist and physician, Walter Sutton, pointed out the parallelism between the

behaviour of chromosomes and Mendelian factors [14]. He also explained that

the random distribution of traits (traits are passed with a certain probability

according to Mendel’s theory) can be accounted for by the fact that different ho-

mologous chromosome pairs orient at random on the meiotic spindle. The insight

provided by the works of Boveri and Sutton was aptly named by E.B Wilson as

the “Sutton-Boveri theory of chromosomal inheritance” [8].

1.3 The Cell Cycle

Following the discovery of the cell as the fundamental unit of life and chromo-

somes as carriers of genetic information, microscopists dedicated their efforts on

the details of the mechanics by which the cell duplicates its contents and then

distributes them into the daughter cells. The description of cell replication, sum-

marised below, led to our current understanding of the cell division cycle. Most

of the discussion below will be focused on mitosis and at the end of this section,

I will point to a few important differences between the two chromosome segrega-

tion mechanisms in mitosis and meiosis.

The mitotic cell cycle, the series of events by which a somatic cell duplicates

itself, is divided into distinct phases that are defined on the basis of chromosome

duplication [15]. S phase is the period during which chromosomes duplicate, and

during M phase those duplicated chromosomes, or sister chromatids, are segre-

gated to opposite poles of the cell and then packaged into genetically identical

daughter cells. Throughout the cell cycle, not only the chromosomes, but all es-

sential components of the cell duplicate. In most cases, by the time a cell divides

at the end of M phase, the resulting daughter cells are about the same size as the

parental cell [16].

M phase is a particularly eventful phase of the cell cycle during which chro-

mosomes are segregated (mitosis) and distributed by cell division (cytokinesis).

The process of chromosome segregation depends on a dynamic molecular ma-

4



chine, called the mitotic spindle, a bipolar array of microtubule polymers that

forms as the cell enters mitosis. During mitosis microtubules emanating from

opposite poles of the cell becomes attached to duplicated chromosome pairs. The

attachment of microtubules to chromosomes is mediated by kinetochores, large

protein complexes that provide microtubule binding sites on the surface of the

chromosomes [16].

M phase is further divided into four distinct phases on the basis of chromosome

condensation and arrangement. These are prophase, metaphase, anaphase, and

telophase. Prophase is distinguished from the previous cell cycle state by two

major landmarks. Firstly, chromosomes inside the cell nucleus begin to condense

from their normally disperse state, into compact, rod-like structures. Secondly,

the two microtubule-organising centres move apart from one another along the

surface of the nucleus to begin the formation of a mitotic spindle. At the end

of prophase, the nuclear envelope dissolves, allowing the microtubules emerging

from the organising centres to gain access to the duplicated sister chromatid

pairs inside the nucleus. This mechanism, with support from an error-correction

machinery (discussed below), results in the formation of stable associations be-

tween microtubules and kinetochores on the surface of chromosomes. When

the cell reaches metaphase, paired sister chromatid are attached to the mitotic

spindle, in a bi-oriented fashion whereby corresponding sister chromatids attach

to microtubules emanating from opposite poles. After the formation of stable

microtubule-kinetochore attachments, chromosome segregation occurs in which

the cohesion between sister chromatids is removed resulting in the separation of

sister chromatids and their movement to opposite poles of the mitotic spindle.

At telophase, sister chromatids are packaged into individual daughter nuclei, and

this is followed by cytokinesis that partitions the genetic information into two

daughter cells [16].
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1.3.1 Linking the Physical Process of Cell Division to the

Biochemical Machinery of the Cell

Microscopic description of the cell cycle revealed that its events always occur

in a particular order with appropriate timing and coordination. This was quite

puzzling for biologists as this implied that there must be a regulatory system(s)

that guides the cell through the stages of the division cycle.

Early cell-fusion experiments with mammalian cells and the slime mold Physarum

polycephalum, clearly demonstrated that G2 cells can be accelerate into mitosis if

fused with M phase cells while G1 cells will progress into DNA replication upon

fusion with S phase cells. These experiments suggested the existence of factors,

named M phase-promoting factor (or MPF) and S phase-promoting factor (or

SPF), that accumulate in cells at appropriate cell cycle stages. Furthermore,

MPF activity was capable of initiating mitosis when injected into non-mitotic

cells [17, 18, 19, 20]. Such experiments indicated the existence of factors present

in cells at specific cell cycle stages that would drive cells through different stages

of the cycle. However, the identity of these factors could not be revealed using

cell fusion techniques [15].

Major discoveries about the regulatory system that controls and guides the cell

through the cell cycle came from researchers studying very simple eukaryotic

organisms: the budding yeast Saccharomyces cerevisiae and the fission yeast

Schizosaccharomyces pombe. These yeasts offered a number of experimental ad-

vantages including ease of culture and their short generation times. Most impor-

tantly, researchers were able apply methods of classical genetics to these organ-

isms to isolate mutant genes that allowed the analysis of the principles and the

components involved in cell cycle control [15].

Budding yeast, as the name implies, divides by budding. At the end of G1

phase when this cell enters the cell cycle, it starts growing a bud on the side of

the mother cell. As the cell progresses through the cell cycle, the bud increases in

size. Therefore, in budding yeast, the size serves as good indicator of the position
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of a cell in the cell cycle. This morphological characteristic allowed the isolation

of mutants that arrested at specific cell cycle stages. Using this approach, Lee

Hartwell and his colleagues in the late 1960s and early 1970s isolated a number

of mutants in various genes that arrested cells at a particular cell cycle stage

[21, 22, 23, 24]. These mutants were conditional temperature-sensitive mutants,

i.e. at room temperature their gene products were functional, but at high tem-

perature, 37◦C, the mutant gene products were inactivated and as a consequence

the cell arrested at a specific cell cycle stage when that gene product was required

in the cell cycle [21].

By isolation and characterising a large number of cdc mutants, yeast geneticists

working in budding yeast and also in fission yeast built the foundations of the

understanding of cell cycle control. The budding yeast group identified a protein

kinase called Cdc28 to be required for entry into the cell cycle. In fission yeast,

a highly related protein kinase called Cdc2 was identified as an important kinase

for the progression into mitosis [21, 22, 23, 24, 25, 26]. These two protein kinases,

Cdc2 and Cdc28, were later found to be orthologs (reviewed in [15]).

The other major discovery about cell cycle control came from a completely differ-

ent line of inquiry, i.e. protein synthesis and degradation, and from a very different

model system, namely the sea urchin. Following fertilisation, the eggs from sea

urchins divide rapidly and synchronously. Using fertilised sea urchin eggs, Tim

Hunt identified a protein called Cyclin whose levels oscillate during the cell cycle.

He noticed that this protein rises during mitosis and falls thereafter, suggesting

it might be an important regulatory molecule in cell cycle control [27]. Evidence

from yeast genetics and protein dynamics in sea urchin merged in the 1980s when

it was realised that molecules discovered in these three different organisms by

multiple approaches are part of MPF, the elusive molecule responsible for driving

the cell cycle. It was found that MPF is, in fact, a serine/threonine protein kinase

composed of Cdc28 (budding yeast) or Cdc2 (fission yeast), and cyclins. Hence,

this kinase, called Cyclin-Dependent Kinase or CDK, was discovered to be the

essential molecule that guides the cell through different stages of the cell cycle [15].
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It was soon established that Cdks are inactive until they associate with their

cyclin regulatory partners, resulting in the activation of the Cdk-cyclin complex.

Active Cdk-cyclin complexes phosphorylate a large number of substrates in the

cell, which initiates specific cell cycle events. Cdk-cyclin complexes phosphorylate

and thereby regulate the activities of various proteins involved in DNA replica-

tion, chromosome segregation, and cell division. We now know that there are

different types of Cdk/cyclin complexes each of which is responsible for driving

specific events of the cell division cycle. For instance, the complex of Cdk with

an S-phase cyclin forms in late G1, and this complex triggers the onset of DNA

replication. Likewise, during mitotic M-phase, Cdk-cyclin activity initiates mi-

totic entry. Therefore, through this series of Cdk-cyclin complexes, the events

of the cell cycle are triggered in an appropriate order and at the right time [16].

Furthermore, it has been demonstrated recently that the temporal ordering of

cell-cycle events can be imposed by manipulating the activity of a single Cdk-

cyclin complex, arguing that the events of the cell cycle depend not on the specific

regulatory cyclins, but on the level of activity of Cdk-cyclin complexes [28].

Since the discovery of Cdks, it has become clear that the regulation of Cdks

is more complex than just the association of the cyclin regulatory subunits. It

has emerged that the Cdk-cyclin complexes are regulated by phosphorylation on

the Cdk1 subunit and also by inhibitory proteins that associate with Cdks at

certain cell cycle stages to restrain their activity. Hence, the up and down regula-

tion of Cdk activity during the cell cycle depends on a wide variety of regulatory

mechanisms [16].

The discovery of cyclins by Tim Hunt clearly showed that as a cell exits from

M phase, cyclin levels drop precipitously [29]. Furthermore, cells expressing a

version of cyclins that cannot be degraded, failed to get out of anaphase and to

exit into the following G1 phase, arguing that cyclin destruction is required for

exit from mitosis [30]. This led to a quest for the mechanism responsible for cy-

clin destruction. Biochemical assays and yeast genetics identified a large protein

complex, now known to be composed of 15 different subunits, that is responsible

for the destruction of cyclins [29]. This protein complex was named Anaphase
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Promoting Complex or Cyclosome (APC/C). APC/C is a ubiquitin ligase (E3

ligase), which catalyses the attachment of a small protein, called ubiquitin, onto

its substrates. By attaching a large number of ubiquitins, APC/C targets the

substrates for proteolysis by the proteasome. APC/C is, therefore, capable of

triggering the destruction of its target proteins. During M phase, the activity of

APC/C rises at the metaphase-to-anaphase transition and this results in degra-

dation of key cell cycle proteins, including the cyclins. (reviewed in [29, 31, 32]).

During mitosis the ubiquitinylation activity of APC/C requires its association

with one of two activators, Cdh1 and Cdc20 [33]. The association of these acti-

vators with the APC/C core at specific cell cycle stages results in the formation

of the active APC/CCdc20 or APC/CCdh1 holoenzyme. The association of the

APC/C core with the cofactor is thought to direct APC/C’s ubiquitinylation

activity towards specific substrates that possess short recognition motifs, called

the KEN- or the D-box [29, 31, 32]. It has been proposed that activators, Cdc20

and Cdh1, recognise these destruction boxes on the substrates and this promotes

substrate recruitment to the APC/C holoenzyme [34, 35, 36].The two activators

have different substrate specificities: Cdc20 can target few substrates to the core

complex, whereas, Cdh1 can direct a diverse set of substrates for degradation.

The differential recognition of substrates by APC/C cofactors is presumed to

be due to subtle differences in D-box and KEN sequences, or sequence context,

which could influence substrate recognition by cofactors of APC/C [29, 31, 32].

The binding of APC/C to its cofactors is regulated by phosphorylation of the

core complex and the cofactors by Cdk1 and polo kinase. The Cdk1 phosphory-

lation of APC/C subunits during mitosis promotes the association of Cdc20. By

contrast, Cdh1 can only associate with the APC/C core when the kinase activity

of Cdk1 has subsided [31]. APC/CCdc20 decreases the Cdk1 activity by initiating

cyclin destruction and this results in a dephosphorylation of Cdk1 substrates,

including Cdh1 and the APC/C core complex. The other major target of the

APC/C is a protein called securin. Securin is a tight binding inhibitor of sepa-

rase. When securin is destroyed in mitosis by APC/CCdc20, it releases separase

from its inhibitory complex with securin. The active separase then cleaves a sin-
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gle subunit of a protein complex called cohesin, which holds sister chromatids

together. Through simultaneous destruction of cohesin and Cdk, APC/CCdc20

brings about sister chromatid disjunction at anaphase (reviewed by [37, 29]) (Fig-

ure 1.2). At telophase, the dephosphorylated APC/C and Cdh1 can associate to

form APC/CCdh1, which can then ubiquitinate a wide range of cell cycle targets,

including cyclins and proteins that are not recognised by Cdc20, such as Aurora

kinases A and B [37].

In summary, the cell cycle control system is a series of biochemical switches made

up of cyclin-dependent kinases that turn-on multiple events of the cell cycle, and

through APC/C phosphorylation prepares for its own destruction and exit from

mitosis. As the cell reaches metaphase with chromosomes aligned on the mitotic

spindle, proteolytic activity of APC/C closes the cycles and prepares the cell for

the next round of division.

1.4 The Cohesin Complex

For the balanced segregation of the genome, the replicated sister chromatids must

resist the pulling forces generated by the mictotubule-kinetochore attachments,

until all chromosomes have aligned on the metaphase plate [38]. The cohesion be-

tween sister chromatids was thought to provide the counteracting force required

to balance the pulling forces. This idea also implied that the molecule/mechanism

that holds replicated chromatids together must be removed at anaphase, as sister

chromatids move to opposite poles during this phase of the cell cycle [39]. One

of the proposed mechanisms for the cohesion between sisters was the intercate-

nation of DNA, since sister chromatids were known to be connected by DNA

concataemers, which are formed as a byproduct of replication [40]. In this model,

the resolution of sister chromatid cohesion at anaphase was brought about by the

type II topoisomerase [41, 42]. This model proposed an interesting mechanism

for the establishment of cohesion by coupling it to replication and suggested that

sisters would be joined as soon as they are formed. Nevertheless, this model could

not explain how the concatenation between sisters is only removed at anaphase,
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since the activity of type II topoisomerase is not cell cycle regulated. Thus, de-

spite a fairly accurate description of the requirement of sister chromatid cohesion,

the nature of the glue, as well as the molecular basis of the machinery that re-

moves cohesion at anaphase, remained unclear.

By the late 1990’s it was already known that APC/C is responsible for sister

chromatid separation at anaphase and in S. cerevisiae this function of APC/C is

independent of cyclin degradation. This finding suggested that the glue holding

sister chromatids together might be a protein, which is targeted for degradation

by the APC/C at anaphase. The break-through finally came in 1997 when two

groups independently reported components of sister chromatid cohesion by using

genetic screening in S. cerevisiae. They identified four genes, namely, Scc1 (Sister

chromatid cohesion 1, also called Mcd1 and Rad21), Scc2, Scc3, Smc1 and Smc3

(Structural Maintenance of Chromosomes 1 and 3), that were essential for sister

chromatid cohesion and together these proteins were called cohesins [43, 44]. Four

of the identified proteins, namely, Smc1, Smc3, Scc1, and Scc3, were purified as

stable 14S cohesion complex from Xenopus laevis egg extracts [45, 46], and in

yeast these subunits were reported to associate with DNA from S-phase until the

onset of anaphase [47]. Therefore, Smc1, Smc3, Scc1, and Scc3 were called ”core”

cohesin components.

Smc1 and Smc3 belong to the Structural Maintenance of Chromosomes (SMC)

superfamily of proteins. Member of the SMC family of proteins play an impor-

tant role in different aspects of chromosome structure and dynamics, including

cohesion (Smc1 and Smc3), chromosome condensation (Smc2 and Smc4), and

double strand break repair (Smc5 and Smc6). These SMC proteins share a char-

acteristic five-domain structure; the N- and C-terminal globular domains contain

a canonical nucleotide-binding motifs, known as the Walker A and Walker B mo-

tifs. The two terminal domains are separated by a long alpha-helical stretch.

Between these long helices, there is an additional globular domain, the hinge do-

main. The N- and C-globular domains fold back on themselves, this aligns the

antiparallel intramolecular coiled-coil domains. In its final conformation, the N-

and C- terminal globular domains are in close proximity, such that the N-terminal
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Walker A motif and the C-terminal Walker B together form an ABC-like (ATP-

binding cassette) ATPase domain. This structure is called the SMC head. The

two SMC molecules (in the case of cohesin; Smc1 and Smc3) bind to each other

through interactions at their hinge domains, forming a V-shaped structure with

the ATPase heads are located at the apices. The two heads of the dimers are

bridged by proteins of the kleisin superfamily, and in the case of cohesin, the N-

and C-terminal domains of the α-kleisin protein Scc1 interact with the Smc3 and

Smc1 heads, respectively [48, 49, 50]. The interactions between these three sub-

units form a tripartite ring-like structure, with Scc1 and hinge domains joining

Smc1 and Smc3. [51, 52]. The fourth subunit, Scc3, associates with the complex

through its interaction with the Scc1 subunit [52] (Figure 1.1).

The finding that the cohesin complex forms a ring-like structure suggested an in-

teresting model in which cohesin holds sister chromatids together by topologically

entrapping them within its ring. According to this model, the ring opens up at

anaphase to allow sister chromatid segregation. However, the first, and probably

the most convincing, in vivo proof of cohesin’s role in providing sister chromatid

cohesion came from experiments, in which endogenous Scc1 was replaced with

a modified version that carried recognition sites for the exogenous site-specific

Tobacco Etch mosaic Virus (TEV) protease. It showed that cleavage of Scc1 by

TEV protease was sufficient to trigger sister chromatid separation and anaphase

chromosome movements in yeast without APC/C activity [53]. These results

have now been confirmed in Drosophila embryos and mouse oocytes [54, 55].

The TEV-induced separation of chromatids provided direct evidence that cohesin

cleavage is sufficient to trigger sister chromatid separation. But how this complex

is disassembled (or destroyed) during a normal cell cycle at anaphase remained

unclear. However, it was expected that the machinery responsible for the cohesin

cleavage had to be cell cycle-regulated. Biochemical assays in budding yeast

revealed that Scc1 was proteolytically destroyed at the metaphase-to-anaphase

transition by the cell-cycle regulated thiol-protease Esp1, now most commonly

called separase [56]. Biochemical assays combined with genetics showed that

the protease separase is kept inactive in a complex with its inhibitor Pds1 (also
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called securin) until the metaphase-to-anaphase transition [57]. At the end of

metaphase, Cdc20-activated APC/C ubiquitinates securin and thereby targets

it for degradation [58, 59]. Destruction of securin relieves the inhibition of sep-

arase, which then cleaves the Scc1 subunit of the cohesin complex. Cleavage

of Scc1 destroys the cohesin ring and this allows sister chromatids to separate

[56]. The discovery of cohesin and its proteolytic destruction by separase at the

metaphase-to-anaphase transition have explained how sister chromatids are ini-

tially tightly linked to each other and how sister chromatid cohesion is suddenly

and synchronously removed at a specific stage of the cell cycle. In addition, it

also provided insight into the mechanism that ensures that each daughter inherits

a complete set of chromosomes.
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Smc3 Smc1

Scc1 Scc3Scc3

Hinge dimerisation domains

 Coiled coils

 ABC like 
ATPase heads

Figure 1.1: Molecular architecture of the cohesin complex. Hinge domains on Smc1 and Smc3 fold
back forming antiparallel intramolecular coiled-coil domains. This brings together the N- and C-termini to form
ABC-like ATPase head domains. Scc3/SA binds to the C-terminal part of Scc1.

Separase

Securin

APC/CCdc20

Cohesin Complex

Figure 1.2: Sister chromatid separation during mitosis. Counteracting forces generated by microtubule-
kinetochore attachments and sister chromatid cohesion align the chromosomes. At the onset of anaphase, APC/C
destroys securin thereby liberating separase from its inhibitory complex; active separase then cleaves the Scc1
subunit of cohesin, bringing about sister chromatid separation.
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1.4.1 Loading, Establishment, Maintenance, and Nonpro-

teolytic Removal of Sister Chromatid Cohesion

Cohesin is loaded onto the chromatin by a conserved Scc2/Scc4 loading complex

in an ATP hydrolysis-dependent reaction [43, 60, 61, 62, 63]. In Saccharomyces

cerevisiae, the cohesin rings bind to DNA in late G1 phase [43, 61], while in

vertebrates, cohesin loading commences in telophase of the preceding cell divi-

sion [64, 65, 66, 67]. In vivo studies have shown that all subunits of the cohesin

complex are required for its association with DNA, suggesting that the entire

ring might be loaded as a preassembled complex onto chromatin [43, 47]. These

cohesin complexes do not associate homogeneously along the length of chromo-

somes but are preferentially loaded at pericentromeric regions of the DNA, at

least in budding yeast cells [68, 69].

The cohesin complexes loaded during the G1 phase of the cell cycle provide

sister chromatid cohesion after DNA replication. Fluorescence recovery after

photobleaching (FRAP) experiments using fluorescently tagged cohesin subunits

demonstrated that its association with unreplicated chromatin (in G1 phase) is

highly dynamic, whereas about half of chromatin-associated cohesin remains sta-

bly bound to chromatin after DNA replication [66]; this suggests that replication

somehow modifies cohesin’s association with the chromatin. Consistent with this

hypothesis, in unperturbed yeast cells, cohesin molecules loaded after DNA repli-

cation, during the G2 phase, fail to provide sister chromatid cohesion [70, 71].

Experimental work has shown that replication is associated with the acetylation

of two conserved lysine residues in the Smc3 head domain. This modification

requires the activity of an acetyl-transferase, called Eco1 (establishment of cohe-

sion) [72, 73, 74]. Interestingly, acetylation activity of Eco1 is required during

DNA replication, but not in G2 phase, when sister chromatid cohesion has been

established [75, 76, 47]. Further evidence suggests that Eco1, through acetylation

of lysine residues in the Smc3 head domain, locks the Smc3-Scc1 interface, which

allows cohesin molecules to physically entrap the DNA strands [72, 73, 77, 74, 78].

In yeast, cohesion established between sister chromatids during S-phase holds
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chromosomes together until anaphase at which point separase cleaves the Scc1

subunit, which is both necessary and sufficient for sister chromatid separation

[56]. Analogous to yeast, in most eukaryotic cells, separase is necessary for sis-

ter chromatid separation at anaphase. However, unlike in yeast where separase

removes most of the cohesin, in most other eukaryotes, separase removes only

about 10% of the cohesin from the centromeres at anaphase and the majority of

cohesin loaded onto the arms of chromosomes is removed during prophase/pro-

metaphase in a separase-independent pathway. Additionally, this removal does

not even require cleavage of Scc1. This cleavage-independent release of cohesin,

named prophase dissociation pathway [46, 79, 80, 81], requires the Wapl protein

[82, 83], the activity of Polo-like kinase, and Aurora B [80, 79], and involves

Scc3/SA and Scc1 phosphorylation. Apart from the components of the prophase

pathway, the molecular details of the non-proteolytic dissociation of cohesin from

chromatin and the interplay between different anti-establishment factors working

in the prophase pathway remains unclear. However, it is well established that the

persistence of cohesin at centromeres until anaphase depends on a protein called

shugoshin (Japanese for guardian spirit) [84]. Shugoshin physically interacts with

the protein phosphatase PP2A and recruits it to kinetochores. This interaction is

thought to counteract cohesin phosphorylation [85, 86], and hence protects cen-

tromeric cohesion until anaphase when separase cleaves the Scc1 subunit.

1.5 Ensuring Faithful Transmission of Informa-

tion

Characterisation of the role of Cdk-cyclins, APC/C, and cohesin complexes in

the cell cycle linked the physical (microscopic) details of the cell cycle with the

biochemical events in the cell. These findings, nevertheless, could not explain

how the cell ensures faithful segregation of the sister chromatids. In other words,

does the cell cycle engine always function in a precise order or does it need help

from a feedback mechanism that prevents error propagation?

16



The early studies from yeast genetics and frog embryonic cells led to opposing

views regarding the cell cycle control. Analysis of various cdc mutants showed

that if a cdc mutant arrested at a specific cell cycle stage, then in many cases

it also blocked progression through subsequent stages of the mitotic cycle. For

instance, a cdc mutant that arrested cells prior to DNA replication also prevented

the onset of M phase. These results, therefore, argued that there are dependency

relationships between the events of the cell division cycle, such that preceding

events must be completed in order for later events to begin. This implied that

the cell has an intrinsic program: the Cdk-cyclin kinase guides the cell through

mitosis, but some events in the cell cycle can signal back and block the program

to prevent further progression [16].

An alternative view came from studies with early embryos of the frog. In frog

embryos, it was observed that if DNA replication was blocked, or even if the nu-

cleus was completely removed from the cell, the following events of the cell cycle

occurred normally. Therefore, the results from early embryos indicated that the

cell cycle was controlled by a program that initiates cell cycle events at a certain

time irrespective of whether preceding events were completed. Crucially, the pro-

gram in this case was found to be independent of the events of the cell cycle [16].

Later work reconciled the two models by showing that both the model were

at least partially correct. There is, indeed, an intrinsic biochemical program (op-

erated by Cdk-cyclin kinase), in all eukaryotic cells that guides the cell through

cell division cycle, but in many cells the events of the cell cycle can block onward

progression and adjust the program of cell cycle or arrest progression through

certain stages, if necessary [16].

There are three major transitions or so-called checkpoints in the cell cycle where

the cell cycle can be arrested if conditions are not appropriate. For example, if

the cell initiates S phase but for some reason DNA synthesis fails and a chromo-

some fails to duplicate, then this will send a message to block progression through

the G2/M checkpoint, and will prevent entry into mitosis. Likewise, there are

similar mechanisms in operation at the metaphase-anaphase transition and at
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the start of the cell cycle [16]. At all of these checkpoints or transition points,

the onward progression of the cell cycle is blocked if preceding events have not

been completed successfully. The key questions in the cell cycle field has been to

understand the molecular details of cell cycle checkpoints and how the relevant

proteins are assembled together into a functional regulatory system. Below, I will

discuss one such checkpoint, which ensures that each daughter cell receives an

equal number of chromosomes at cell division.

1.5.1 Spindle Assembly Checkpoint

Discovery of cell division as an essential process of life and chromosomes as its

messenger led to the realisation that the process of cell division must be car-

ried out with great fidelity. Insightfully, Theodor Boveri, while studying sea

urchin embryos fertilised by multiple sperms, suggested that abnormal chromo-

some segregation might lead to uncontrolled proliferation of cells, resulting in

cancer formation [87, 88]. However, the mechanism by which a cell ensures accu-

rate transmission of genetic information remained unclear.

In the early 20th century, it was observed that drugs such as colchicine and cold

treatment can arrest cells in mitosis. It was later found that the target of these

chemicals are the spindle microtubules, a polymer of α- and β-tubulins. Cytolog-

ical studies combined with chemical treatments showed that the attachment and

movement of chromosomes along the spindle depend on the attachment of micro-

tubules to a layer of protenaceous material built on the centromeric DNA, called

the kinetochore. This microtubule-kinetochore attachment forms a key part of

the functional spindle. These attachments are essential for the proper alignment

of chromosomes to the metaphase plate, and, therefore, for accurate segregation

of chromosomes at cell division [89].

Using high resolution microscopes and injecting fluorescently labelled tubulin

into live cells, biologists showed that the attachment of microtubules to kine-

tochores is a somewhat random process. However, just before anaphase, cells
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can form stable bioriented microtubule-kinetochore attachments; corresponding

kinetochores on each chromosome attached to microtubules emanating from the

opposite poles [90].

By the late 1950s, it was thought, but not tested, that microtubules can at-

tach to kinetochores at random but only the bioriented attachments of the sister

chromatids generate tension between the two kinetochores and this tension leads

to a stabilisation of the bipolar attachments [91]. In 1969, elegant experiments

by Bruce Nicklas using the newly designed micro-manipulator, showed that chro-

mosomes (specifically meiotic chromosomes) could detach artificially generated

unipolar attachments, and kinetochores with unipolar attachment can reorient

into the bipolar configuration within several minutes. Furthermore, Nicklas’ ex-

periments also showed that the experimentally produced unipolar attachment

can be stabilised by pulling on the incorrectly attached chromosome, using a

glass needle. He demonstrated that as a result of the externally applied ten-

sion, the improperly attached chromosomes remained in a unipolar orientation

for many hours, and did not achieve the correct bipolar orientation [92]. Nick-

las’ results convincingly showed that cells are able to detect and correct improper

microtubule-kinetochore attachments and that tension stabilises the attachments.

Yet the molecular machinery responsible for this error correction remained elusive

for about thirty years.

A hunt for the molecular mechanism responsible for gain and loss of chromosomes

in budding yeast identified the Ipl1 (increase-in-ploidy) kinase [93, 94]. Subse-

quent research showed that Ipl1 promotes the turnover of microtubule-kinetochore

attachments in the absence of tension, suggesting that it might function in the er-

ror correction machinery observed in Nicklas’ experiment. Crucially, in yeast, Ipl1

kinase can generate unattached kinetochores in response to lack of tension, which

is an essential requirement for correcting the lateral and unipolar attachments

[95, 96]. Furthermore, in vertebrates, inactivation of the Ipl1-ortholog, Aurora

B kinase, using small molecules or inhibitory antibodies led to stabilisation of

incorrect attachments and removing the inhibitor resulted in correction of malat-

tached microtubule-kinetochore interactions, possibly by selective destabilisation
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of the non-bipolar attachments [97, 98]. Together, these studies demonstrate that

Ipl1/Aurora B can provide biochemical insight into the error correction mecha-

nism.

Applying force across kinetochores suggested that the error correction machin-

ery is able to sense tension. Therefore, based on this assumption, Aurora kinase

should, either directly or indirectly, respond to tension at kinetochores. Indeed,

recent experiments have suggested that the ability of Aurora Kinase to phospho-

rylate its substrates at kinetochore depends on the interkinetochore stretch. A

FRET-based reporter assay by placing the biosensor close to the Aurora Kinase,

i.e. at inner kinetochores, showed that the Aurora Kinase is constitutively active

at that site and that the kinase activity per se does not respond to tension. How-

ever, if positioned at the outer kinetochores, i.e. more distant from the kinase and

closer to the microtubule-kinetochore binding site, the FRET biosensor started

to show tension-dependent dephosphorylation [99]. Indeed, endogenous Aurora

B substrates at the outer kinetochore are also dephosphorylated when kineto-

chores bi-orient [100, 101]. Moreover, if Aurora B is artificially targeted to the

outer kinetochore, the outer kinetochore substrates of Aurora are constitutively

phosphorylated, and microtubule kinetochore attachments cannot be stabilised

[99]. Together, these findings suggest that the tension generated at kinetochores

changes the localisation of Aurora B relative to its substrates at the outer kine-

tochore and this increased distance stabilises the bipolar attachments.

Aurora kinase functions as an enzymatic component of the chromosome pas-

senger complex (CPC), which also includes the inner centromere protein (IN-

CENP), Survivin, and Borealin (also known as Dasra or CSC-1). Together, these

proteins are thought to mediate the tension sensing and error correction machin-

ery by modulating the phosphorylation of various kinetochore substrates [102].

Recent work has shown that Aurora kinase is recruited to kinetochores by the

conserved phosphorylation of histone H3 at threonine-3 (H3T3) by the Haspin

kinase [103, 104, 105].

The discovery of error correction and tension sensing mechanisms partly explained
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how cells ensure balanced segregation of the genome. What it did not account

for was how the cell cycle machinery can as a whole respond to incorrect attach-

ments. Studies using chemicals, which destabilise microtubules, clearly showed

that cells treated with such chemicals can not only delay separation of sister

chromatids but can also block inactivation of Cdk1/cyclin B kinases. However,

the mechanism that blocked anaphase in the presence of spindle toxins remained

unclear. The breakthrough finally came when two independent genetic screens

isolated mutants that escaped cell cycle arrests induced by the spindle poisons

benomyl and benzimidazole. These screens identified the three MAD (mitotic ar-

rest deficient) genes and the three BUB (budding uninhibited by benzimidazole)

genes [106, 107]. Later studies also added the protein kinases Mps1 to the list

[108, 109]. These genes collectively form the Spindle Assembly Checkpoint (SAC).

In an unperturbed yeast cell cycle, the components of the SAC are not essential

for survival. Their functions are nevertheless required to prevent an increased

rate of chromosome loss [106, 107]. By contrast, in mammals, SAC components,

namely Mad1, Mad2, BubR1 (Mad3), Bub1, and Bub3, are essential for viability

[110, 111].

After the identification of components of the SAC, biochemical studies addressed

the mechanism by which this surveillance machinery can detect and prevent error

propagation. It is now established that checkpoint proteins can actively bind to

unattached kinetochores, which provide a platform for the assembly of checkpoint

components. Two of the checkpoint proteins, Mad2 and BubR1 (Mad3), interact

directly with APC/CCdc20 and form the Mitotic Checkpoint Complex (MCC).

This interaction inhibits the ubiquitinylation activity of APC/CCdc20 by inter-

fering with substrate recognition [112, 113, 114, 115, 116, 117, 118]. Structural

studies combined with biochemical assays have shown that Mad2 can exist in two

conformational states, either as a closed form (C-Mad2) or in an open conforma-

tion (O-Mad2). In its closed conformation (C-Mad2), the C-terminal domain of

Mad2, referred to as the safety belt, can bind to either Mad1 or Cdc20, and in

its open conformation (O-Mad2) Mad2 is not engaged with either of its binding

partners [119, 120]. The unattached kinetochore promotes the formation of a
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Mad1-Mad2 complex, and this complex at kinetochores functions as a template

for the assembly of further complexes of Mad2 with APC/CCdc20 [121, 120]. It is

proposed that Mad2-Cdc20 complexes could further amplify the SAC signal via

a positive feedback loop that generates further complexes [120]. This model sug-

gests an interesting mechanism by which a signal generated by a single unattached

kinetochore can be amplified to delay sister chromatid separation until the error

correction machinery rectifies incorrect attachments.

Early in vitro biochemical assays suggested that MCC sequesters Cdc20, prevent-

ing its binding to the APC/C. This model was supported by observations that

binding of checkpoint components reduced the affinity of Cdc20 for the APC/C

[117, 118]. Nevertheless, it could not explain how certain proteins such as cyclin

A and Nek2A are degraded by APC/CCdc20 as soon as the nuclear envelope dis-

integrates, i.e. when the SAC is bound to Cdc20 [122, 123, 124, 125]. Recent

studies have been able to explain these observations by showing that SAC com-

ponents interact with Cdc20 bound to APC/C and this interaction of SAC with

APC/CCdc20 blocks access of certain substrates such as Cyclin B and Securin to

the core complex and hence preventing their degradation until all chromosomes

have aligned on the metaphase plate [126]. Additionally, recent evidence has

pushed APC/CCdc20 from its passive role in the SAC, in which SAC dictates the

terms of inhibition, to an active participant in which its ubiquitinylation activity

can dissemble the MCC [127, 128, 129, 130, 131, 132, 133, 134, 135, 136, 137].

This suggests a dynamic system with a double negative feedback loop, in which

both SAC and APC/C can mutually inhibit each other. This double negative

feedback loop, possibly with assistance from the Mad2-binding protein, p31comet

[138, 139, 140, 130, 141, 142, 133, 143, 144, 145, 126], could explain how check-

point can be rapidly inactivated when all microtubule kinetochore interactions

have passed the quality assurance monitored by the SAC and the error correction

machinery.

Overall, the emerging picture appears to suggest that an incorrect or unattached

kinetochore, probably through perturbed inter-kinetochore tension, activates Au-

rora Kinase, which then works locally by destabilising incorrect attachments
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through phosphorylation of substrates at microtubule-kinetochore attachments.

The activated Aurora, either by itself or by detaching erroneously attached kine-

tochores, generates a signal that results in Mad1-Mad2 complex formation, and

consequently SAC activation. Together error correction and SAC pathway ensure

faithful segregation of the genome.

1.6 Meiosis

To produce haploid gametes, with half the number of chromosomes from diploid

germ cells, there are certain key features that are unique to meiosis. Most im-

portantly, meiosis involves two consecutive rounds of chromosome segregation,

meiosis I and meiosis II, preceded by only one round of DNA replication. During

meiosis I, homologous chromosomes of maternal and paternal origins segregate,

while in meiosis II sister chromatids segregate to opposite poles (Figure 1.3). To

achieve this reductional division at meiosis I, the following modifications to the

mitotic mechanism are essential [11].

1.6.1 Creation of Bivalent Chromosomes

The proper alignment and segregation of homologous chromosomes during the

first meiotic division depends on a physical linkage between maternal and pa-

ternal homologous. This linkage begins with the introduction of DNA double-

strand breaks (DSBs), generated by the topo-like transesterase sporulation pro-

tein (Spo11) [146]. The DSBs are generated after pre-meiotic S-phase [147, 148],

at which time cohesin is loaded onto the chromosome and links the sister chro-

matids together, supporting interhomolog interactions [149, 150, 151, 70].

The DSBs generated during meiotic prophase are repaired using the homolo-

gous, non-sister chromatid as a template [152]. This repair, at least in budding

yeast and mammals, requires recruitment of meiosis-specific proteins onto the

chromosome, resulting in the formation of a structure called the synaptonemal
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Figure 1.3: Chromosome segregation during meiosis. Homologous chromo-
somes are held together by sister chromatid cohesion distributed along arms and cen-
tromeres. At the first meiotic division, separase selectively cleaves cohesin complexes
along chromosome arms. This leads to resolution of bivalents into a pair of dyads, with
sister centromeres linked by centromeric cohesion. Meiosis I is followed by the sec-
ond nuclear division, meiosis II. During the second round of division, separase cleaves
centromeric cohesin producing single chromatids.
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complex (SC). Some DSBs can generate reciprocal crossovers between the non-

sister homologous chromatids, at least one event per chromosome. This results

in the formation of bivalent chromosomes (bivalents) that are connected at the

site of crossovers (cytologically known as chiasmata) and at the arm, distal to

the chiasmata, by meiosis-specific cohesin complexes [152, 11].

1.6.2 Meiosis-Specific Cohesion

As in mitosis, sister chromatids of bivalent chromosomes are held together by

cohesin complexes. However, several subunits of the canonical cohesin complex

are replaced by their meiotic counterparts. The most conserved modification of

the meiotic complex is the substitution of the α-kleisin subunit, Scc1/Rad21, by

its meiotic counterpart, Rec8 [153, 154, 155]. The presence of this meiosis-specific

α-kleisin is essential for the successful completion of meiosis, as its deletion or

replacement with its mitotic counterpart results in defects in homologous recom-

bination, co-orientation (in fission yeast), and a failure to protect centromeric

cohesion at the first meiotic division [156, 157, 158, 159, 160, 152].

In several organisms, there are a number of different cohesin subunits which are

specific to meiosis. In mice, for example, Smc1β is expressed solely in the germ

cells. This subunit replaces Smc1α, and is essential for both male and female

fertility [161, 162]. Similarly, SA1/ SA2 (Scc3 homologues) are replaced by their

meiotic counterpart, STAG3, which in spermatocytes immunoprecipitates with

Smc1β and Smc3 [163]. Recently, in addition to Rec8, a new meiosis specific

α-kleisin subunit has been identified in mammalian germ cells, called RAD21L

[164, 165, 166, 167, 168]. Similar variations have been reported in Caenorhab-

ditis elegans germ cell in which two meiosis-specific α-kleisin subunits, namely

COH-3 and COH-4, have been identified [169]. The coexistence of multiple co-

hesin complexes, in some cases, has been found to be essential for meiosis-specific

functions along chromosomes. In the fission yeast, for example, Rec11, a meiosis-

specific Scc3 subunit, is required for the arm cohesion and recombination, whereas

canonical Scc3 is required for centromeric cohesion and not for recombination
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[170]. Thus, additional subunits may diversify cohesin functions along meiotic

chromosomes.

1.6.3 Mono-orientation

Unlike in mitosis and meiosis II where sister kinetochores attach to microtubules

from opposite poles, sister kinetochores in meiosis I attach to microtubules from

the same pole. This monopolar attachment of sister kinetochores ensures their

co-segregation at the first meiotic division [11].

Classical studies by Paliulis and Nicklas demonstrated that homologous pairs

from an oocyte if transferred, by micromanupulation, into an egg (cell in meio-

sis II), can still establish monopolar attachments and segregate as in meiosis I,

indicating that monopolar attachment is a property of chromosomes and is not

dependent on any specific features of microtubules or of the cell cycle state [171].

Microscopic studies have shown that sister kinetochores are fused into a single

unit by sister chromatid cohesion during meiosis I [172, 173]. Therefore, not sur-

prisingly, it has been reported that sister chromatid cohesion is essential for the

co-orientation of sister kinetochores in both budding and fission yeast. In the ab-

sence of REC8, homologous chromosomes fail to co-orient and sister chromatids

segregate randomly at the first meiotic division [150, 153].

The molecular machinery responsible for this important modification in kineto-

chore orientation is, perhaps, best understood in budding yeast, where molecules

responsible for the monopolar alignment are best characterised. Identified through

genetic screens, Mam1 (monopolar microtubule attachment during meiosis I),

Hrr25 (casein kinase 1δ/ε of budding yeast), Csm1 (chromosome segregation in

meiosis I), and Lrs4 (loss of rDNA silencing-4), together form a complex, called

monopolin [174, 175, 176]. In budding yeast, the monopolin complex is required

for sister kinetochore mono-orientation and in the absence of any one of the sub-

units of monopolin, sister kinetochores attach to microtubules in a bipolar manner

in meiosis I [174, 175]. Consistent with its role in kinetochore mono-orientation,

Mam1 localises to kinetochores in the first meiotic division, but dissociates at the
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onset of anaphase I [174]. Csm1 and Lrs4, unlike Mam1, are not meiosis-specific

and these subunits are also present during the mitotic cell cycle, where they reside

in the nucleolus [175]. Only during the meiotic cell cycle, Csm1 and Lrs4 leave

the nucleolus and associate with kinetochores, where they interact with Mam1

[175]. Structural and microscopic studies have shown that monopolin complex,

by cross-linking kinetochore components, is able to suppress the biorientation of

sister kinetochores [177].

The presence of these factors in the mitotic cell, though trapped in the nucleolus,

raises a question of why they function only during meiosis I. Studies in budding

yeast showed that Cdc5, together with DDK, is required for the association of

monopolin complex with kinetochores and for the efficient phosphorylation of

monopolin subunits [178, 179, 180], Cdc5 activity is also required for the release

of Lrs4 and Csm1 from the nucleolus. This shows that during meiosis I, phos-

phorylations by Cdc5 and DDK regulate the function of the monopolin complex

[178, 179].

Molecular details of monopolar orientation in higher eukaryotes remains poorly

understood. Even among yeasts (the budding yeast and the fission yeast) it seems

that the pathway is not fully conserved. In fission yeast, Pcs1 (homolog of Csm1)

and Mde4 (homolog of Lsr4) are dispensable for the monoorientation of sister

kinetochores, and the fission yeast homologue of casein kinase 1 is not required

for the mono-orientation pathway [181, 175]. Moreover, the mono-orientation of

homologous chromosomes in fission yeast depends on Rec8-mediated sister chro-

matid cohesion, and if substituted by the mitotic kleisin Rad21/Scc1, sisters fail

to co-orient [182, 183]. In budding yeast , however, both Rec8- and Scc1- con-

taining cohesin complexes can support mono-orientation in meiosis I [156]. These

results suggest that the mono-orientation pathway might have diverged along dif-

ferent pathways in higher eukaryotes.
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1.6.4 Protection of Centromeric Cohesion

At anaphase I, APCCdc20 activates separase, which cleaves cohesin complexes

loaded during DNA replication. In meiosis, there is no intervening round of

DNA replication between the two meiotic divisions; therefore, cohesin complexes

unloaded at the first meiotic division cannot reestablish cohesion in the second

meiotic division. To achieve the two rounds of DNA segregation without an inter-

vening round of DNA replication, meiotic cells have evolved a mechanism, which

ensures that cohesin complexes holding meiotic chromosomes together are lost in

a stepwise manner. At the first meiotic division, homologous chromosomes linked

by arm cohesion and crossovers, are segregated by cleavage of cohesin along the

arms of chromosomes. This selective separase-mediated cleavage of the cohesin

subunit resolves chiasmata and, therefore, abolishes the linkage between homolo-

gous pairs and allows them to segregate to opposite poles of the meiosis I spindle.

Cohesion between sister chromatids is, however, protected from the proteolytic

activity of separase during meiosis I [184, 11]. The preservation of centromeric

cohesion is essential for the alignment of chromosomes on the meiosis II spindle

and hence for the two rounds of division.

There are two possibilities for how cohesin complexes could be differentially reg-

ulated during the two rounds of division, without a need for a special protec-

tion machinery. Firstly, there could be different α-kleisin subunits on arms and

centromeres. However, immunolocalisation studies demonstrated that Rec8 is lo-

calised along the entire chromosome and is selectively cleaved from the arms at

the first meiotic division [149, 150, 151, 185, 186]. Furthermore, Rec8 is essen-

tial for linking homologs as well as sisters [154, 55]. Crucially, in mouse strains

that express REC8 with target sites for the tobacco etch virus (TEV) protease,

microinjection of TEV protease induces separation of both homologs and sister

chromatids, showing that Rec8 cleavage is sufficient for sister chromatid separa-

tion in meiosis [55]. Another possible mechanism to allow for differential loss of

cohesin complexes from arms during the first meiotic would be to restrict the pro-

teolytic activity of separase to the second meiotic division, and to remove cohesin

from the arms through non-proteolytic mechanisms, as in the prophase pathway
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of mitotic cells [79, 80]. However, convincing experiments in yeast and mice have

shown that the chromosome segregation at the first meiotic division depends of

separase-mediated cleavage of Rec8 [155, 154, 187].

The fact that both rounds of meiotic division are brought about by the separase-

dependent cleavage of Rec8 led to a hunt for a molecular mechanism that could

confer the protection to cohesin complexes around centromeres. Importantly,

studies in yeasts showed that the substitution of Rec8 with Rad21 leads to the

loss of cohesins along the entire length of chromosomes at the first meiotic divi-

sion [174, 183]. This complete loss of cohesion could not be explained by defects

in monoorientation, since at least in budding yeast, Rad21 did not perturb mono-

orientation. Therefore, it was thought that Rec8 might be unique in its ability to

interact with protein(s) at kinetochores that might be important to protect the

centromeric Rec8 from separase activity in anaphase I.

1.6.4.1 Shugoshin-The Guardian Spirit

Genetic screens in yeast and fruitfly (Drosophila melanogaster) uncovered Bub1,

a component of SAC, and the Drosophila mei-S332 gene as protectors of cen-

tromeric cohesion [188, 189]. Mutations in these genes caused premature separa-

tion of sister chromatids in meiosis I. Bub1 was already known to be a conserved

component of the Spindle Assembly Checkpoint. However, due to poor sequence

conservation, the homologs of MEI-S332 could not be identified by sequence com-

parisons. Later, three different genetic screens in yeast discovered a coiled-coil

protein, shugoshin (Japanese word for Guardian Spirit) as a centromeric cohe-

sion protector in meiosis [190, 191, 192, 193]. These proteins were identified as

fungal orthologs of MEI-S332. Sequence alignment of these proteins with Mei-

S332 revealed that although these proteins have little sequence homology, they

share a conserved N terminal homodimeric coiled-coil domain and also a C ter-

minal domain rich in basic amino acids [191]. Based on these characteristics,

Shugoshin homologues have now been identified in almost all eukaryotes. How-

ever, not all the members are involved in centromeric cohesion protection in

meiosis [194, 195, 196]. For instance, in Schizosaccharomyces pombe there are

29



two orthologs of the shugoshin family, namely Sgo1 and Sgo2, but only Sgo1

protects centromeric cohesion against proteolytic activity of separase in meiosis I

[191, 193]. Likewise, mammals also have two Sgo-like proteins, Sgol1 and Sgol2,

but only Sgol2 protects centromeric cohesion during meiosis I. Sgol1 protects cen-

tromeric cohesion from the prophase pathway during mitosis (discussed above)

[194, 195]. After the discovery of shugoshins, it was soon established that Bub1

protects centromeric cohesion by recruiting shugoshins to kinetochores [191, 197].

Recent work in fission yeast has shown that this recruitment depends on the ki-

nase activity of Bub1, which phosphorylates histone H2A at a conserved residue

[198].

Following the discovery of shugoshins as a functionally conserved family of pro-

teins, efforts were directed to work out the molecular details of the centromeric

protection pathway. In other words, how do shugoshins protect sister chromatid

cohesion at centromeres? Initial mutagenesis studies in Drosophila MEI-S332

showed that a specific mutation in the homodimeric coiled-coil domain abolishes

MEI-S332’s ability to protect centromeric cohesin [199]. Studies, mainly from

yeast, indicated that shugoshin can stably associate with protein phosphatase 2A

(PP2A) with a regulatory subunit of the B’ type (Par1 in the fission yeast and

Rts1 in the budding yeast) and recruits it to kinetochores [85, 86]. The inter-

action between Sgo1 and PP2A depends on the conserved N-terminal coiled-coil

domain of Sgo1. Crystal structure of the human Sgol1 revealed that the con-

served N-terminal domain forms a parallel homodimeric coiled coil whose N- and

C-terminal ends interact with the C and B’ subunits of PP2A, respectively [200].

Importantly, a budding yeast shugoshin mutant defective solely in its ability to

bind to PP2A, precociously segregated sister chromatids at the first meiotic di-

vision [200]. Consistent with these findings, genetically engineered yeast cells

lacking the Rts1 (PP2A B’ subunit) subunit fail to protect centromeric cohesion

at meiosis I [86]. Together, these results show that shugoshin, through its in-

teraction with PP2A, protects centromeric Rec8 from the proteolytic activity of

separase.

The above mentioned results, firstly demonstrate that Rec8, and not Scc1, is
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able to resist the proteolytic activity of separase in meiosis and secondly, that

shugoshin’s ability to protect Rec8 requires its interaction with PP2A. This led

to the suggestion that phosphorylation of the Rec8 subunit of cohesin may be

required for its cleavage by separase [86], and by recruiting PP2A shugoshin

promotes the dephosphorylation of Rec8 thereby preventing its cleavage by sep-

arase. Consistent with this model, Rec8 is indeed phosphorylated at multiple

residues during meiosis I by casein kinase 1 (CK1) and Dbf4-dependent Cdc7

kinase [201, 202]. Critically, substitution of the serines and threonines on Rec8

by alanine greatly reduces its cleavage by separase and blocks chiasmata reso-

lution, whereas substitution with aspartate, mimicking phosphorylation, causes

premature loss of sister chromatid cohesion [201]. These observations suggest

that shugoshin, by recruiting PP2A, protects centromeric cohesion by opposing

CKδ/ε- and DDK-dependent phosphorylation of Rec8.

1.6.5 One Round of Replication Followed by Two Rounds

of Segregation

Meiosis creates haploid gametes from diploid precursor cells. This is achieved by

the two rounds of chromosome segregation without an intervening round of DNA

replication. To ensure that meiosis I is not followed by DNA replication, cells

must exit meiosis I without fully inactivating Cdks activity; doing so would result

in assembly of pre-Replication Complexes (pre-RCs) that would permit another

round of DNA replication [152]. There are two possible scenarios as to how germ

cell can prevent complete inactivation of Cdks at anaphase I: Firstly, cells could

partially inhibit cyclin-B degradation upon exit from meiosis I, and secondly, cells

could increase synthesis of cyclin B upon entry into meiosis II. The first scenario

seems to be valid in fission yeast, where Mes1, a small protein, competes with the

Cdks for binding to the WD40 domain of Cdc20 to prevent the complete degra-

dation of cyclins during exit from meiosis [203]. This might be important for

retaining Cdks activity between the two meiotic divisions in fission yeast. Since,

in the absence of Mes1 yeasts cells complete meiosis I but fail to enter meiosis II

[204]. This mes1 deletion phenotype resembles the budding yeast cells that lack
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the B-type cyclins, Clb1 and Clb4 [205, 206], suggesting Mes1 prevents complete

CDK inactivation during the meiosis I-meiosis II transition.

Vertebrate eggs are arrested during the second meiotic division by the activ-

ity of cytostatic factor (CSF), which maintains partial APC/C activity against

Cdks [207]. The establishment, but not the maintenance, of CSF activity depends

on a signalling pathway that involves the Mos kinase [208]. By promoting the

activity of Emi2, an APC/C inhibitor, the Mos kinase pathway prevents the acti-

vation of APC/C and thereby anaphase and exit from the second meiotic division

[209, 210, 211, 212]. A transient increase in intracellular calcium levels at fertili-

sation activates calmodulin-dependent kinase II, which then phosphorylates Emi2

and promotes its degradation [213, 214]. Subsequent activation of APC/CCdc20

results in sister chromatid disjunction and cells enter the first mitotic cycle.
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Chapter 2

Bub1 Maintains the Spindle

Assembly Checkpoint and

Protects Centromeric Cohesion

by Recruiting Sgol2 to

Kinetochores

2.1 INTRODUCTION

Accurate chromosome segregation in eukaryotic cells depends on attachment of

kinetochores to microtubules emanating from opposite poles of the cell. Aberrant

segregation of chromosomes during cell division leads to genomic instability in

mitosis, whereas in meiosis, it leads to formation of aneuploid eggs. Estimates

suggest that in humans about 10-30% of fertilised eggs and one-third of all mis-

carriages are aneuploid [215]. To ensure faithful transmission of genetic material,

cells have evolved a surveillance and an error correction mechanism. Together,

these ensure that cohesion between replicated chromosomes is preserved until

all chromosomes have successfully established bipolar microtuble-kinetochore at-

tachments. The surveillance system, called the Spindle Assembly Checkpoint

(SAC), monitors the microtubule-kinetochore attachments and inhibits the pro-
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teolytic activity of an ubiquitin ligase, called the anaphase-promoting complex or

cyclosome (APC/C) until all aberrant attachments have been rectified by the er-

ror correction pathway. The SAC, therefore, connects the spatial/physical signal

i.e. microtublule-kinetochore attachments to the chemical signal which, blocks

entry into anaphase by inhibiting the activity of APC/C. Activation of APC/C

at anaphase triggers the cleavage of the α-kleisin subunit of cohesin by a highly

regulated protease called separase.

In yeast, the SAC is not essential for unperturbed mitotic divisions and the

components of SAC, such as Mad1, Mad2, Bub1, and BubR1, were only iden-

tified in genetic screens in S. cerevisiae using microtubule-depolymerising drugs

[106, 107]. By contrast, in mammalian cells, loss of SAC leads to massive chro-

mosomal missegregation and embryonic lethality [110, 111]. In mammalian tissue

culture cells, a single unattached kinetochore results in a SAC-induced delay in

APC/C activation [216]. However, in contrast to somatic cells, mouse oocytes

with single X chromosomes can pass through the first meiotic division in the

presence of an unaligned chromosome [217]. This observation together with the

high rate of aneuploidy observed in mammalian meiosis suggested that the SAC

might not be functional during the first meiotic division.

The speculation that the SAC is prevents aneuploidy in oocytes has been chal-

lenged in a number of findings. Firstly, microtubule-depolymerising drugs, such

as nocodazole, clearly block the first polar body extrusion (PBE) [218, 219] and

the activation of APC/C [220, 221]. Furthermore, knockdown of Mad2, a com-

ponent of the SAC, by morpholino anti-sense oligonucleotides allows a fraction

of oocytes to undergo polar body extrusion (PBE) in the presence of nocodazole

[220, 221]. The Mad2 knockdown also induces modest chromosome missegre-

gation in meiosis I [221]. Conclusively, the conditional knockout of BUB1 in

mouse oocytes showed that SAC is required to restrain APC/C activity in mouse

oocytes and it also prevents chromosome missegregation at the first meiotic divi-

sion. Together, these findings argue against the notion that SAC might not able

to restrain APC/CCdc20 in mouse oocytes.
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Apart from a loss in SAC function, BUB1 knockout led to chromosome alignment

and centromeric cohesion defects at the second meiotic division. Importantly, in-

activation of SAC by knocking down other components of SAC in mouse oocytes

did not show similar phenotypes [220, 221]. In other words, chromosome align-

ment and centromeric cohesion defects in the second meiotic division cannot sim-

ply be ascribed to defective SAC. In meiosis, cohesion at the centromeres is pro-

tected by members of a conserved protein family, called shugoshins. Shugoshin,

by recruiting protein phosphatase 2A (PP2A) to kinetochores, makes centromeric

cohesin refractory to separase cleavage during meiosis I [85, 86]. Persistence of

centromeric cohesion is required for the alignment of dyads, sister chromatids

attached at centromeres by meiotic specific cohesin, to the metaphase II spindle.

In fission yeast, Bub1 recruits shugoshin (abbreviated as Sgo1) to kinetochores

to protect centromeric cohesion during meiosis I [85, 197]). Recently it has been

shown that this recruitment is mediated by phosphorylation of a conserved residue

in H2A by the kinase activity of Bub1.

Mice have two orthologs of shugoshin, Shugoshin-like protein 1 (Sgol1) and Shugoshin-

like protein 2 (Sgol2). Deletion of Sgol2 leads to precocious segregation of sister

chromatids at meiosis I and SGOL2 knockout mice, although completely viable,

are infertile [222]. However, it has not been established whether the centromeric

cohesion protection conferred by Bub1 is through the recruitment of Sgol2 in

mouse oocytes. Interestingly, the ability of Bub1 to restrain APC/C activity

during the first meiotic division has been reported to be independent of its kinase

domain, arguing that the kinase activity of Bub1 might be dispensable for the

SAC signalling in mouse oocytes [223]. Therefore, the physiological role of the

kinase activity of Bub1 in mammalian meiosis remains unclear.

In this section, I report that Bub1, through its kinase activity, recruits Sgol2

to kinetochores. By comparing wild type Bub1 with a mutant Bub1 completely

lacking the kinase domain (kinase dead Bub1), I have found that in mouse

oocytes, centromeric cohesion protection at the first meiotic division is depen-

dent on Bub1’s kinase activity. Therefore, this work shows that Bub1 through

its role in the SAC can coordinate the timing of anaphase with centromeric cohe-
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sion protection, by recruiting Sgol2 to kinetochores. Both functions of Bub1 are

essential to ensure balanced segregation of chromosomes in mammalian meiosis.

2.2 RESULTS

2.2.1 Kinase Domain of BUB1 Is Dispensable for the Spin-

dle Assembly Checkpoint (SAC) in Oocytes

A female germ cell specific knockout of BUB1 results in infertility in female

mice [223]. In vitro cultured oocytes from the conditional BUB1 knockout mice

are unable to restrain APC/CCdc20 activity in the presence of unattached kine-

tochores resulting in severe defects in chromosome alignments and segregation

defects at the first meiotic division. Premature activation of APC/CCdc20 in the

BUB1 knockout accelerates the chiasmata resolution and the polar body extru-

sion. Critically, the ability of Bub1 to restrain APC/CCdc20 until metaphase

alignment does not require its kinase domain. This became apparent as microin-

jection of mutant Bub1 mRNA completely lacking the kinase domain is able to

restore the timing of anaphase [223]. These results, therefore, suggest that the

kinase activity of Bub1 might not be required for the SAC response in mouse

oocytes. To confirm that the kinase domain of Bub1 is dispensable for the SAC

response, control (BUB1F/F), bub1∆/∆, bub1∆/∆ injected with wild type Bub1

mRNA and bub1∆/∆ injected with mutant Bub1 mRNA lacking the kinase do-

main were cultured from GV stage in M16 with 5µM nocodazole (a microtubule

destabilising drug that would activate the SAC). Securin-EGFP was used as a

marker of APC/C activation and hence SAC response. Compared to bub1∆/∆

oocytes, which destroyed Securin-EGFP, BUB1F/F, bub1∆/∆ expressing wild type

Bub1, and bub1∆/∆ microinjected with kinase dead Bub1 mRNA maintained high

levels of Securin-EGFP in the presence 5µ M nocodazole (Figure 2.1). This result

clearly demonstrates that kinase activity of Bub1 is not required to restore SAC

signalling in BUB1 knockout oocytes.
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Figure 2.1: Kinase domain of BUB1 is not required for the meiotic arrest
induced by nocodazole. Time lapse confocal images showing chromosome movements
and Securin-EGFP levels in BUB1f/f, bub1∆/∆, bub1∆/∆ oocytes microinjected with wild
type Bub1 mRNA and bub1∆/∆ oocytes microinjected with Kinase-Dead Bub1 mRNA,
cultured in M16 supplemented with 5µM nocodazole.
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2.2.2 Kinase Activity of Bub1 Is Required for the Re-

cruitment of Shugoshin Like Protein 2 (Sgol2) to

Kinetochores

Bub1-deleted mouse oocytes, apart from checkpoint dysfunction, were not able

to maintain centromeric cohesion at the first meiotic division and a significant

fraction of BUB1 knockout oocytes resolved sister chromatids at this point [223].

Similarly, SGOL2 knockout oocytes completely resolve sister chromatids at the

first meiotic division [222]. Therefore, to check whether this precocious resolu-

tion of sister chromatids observed in bub1∆/∆ oocytes is due to defects in Sgol2

localisation at kinetochores, oocytes were harvested at GV stage in M2 media sup-

plemented with IBMX from littermate controls (BUB1F/F) and BUB1f/f-Zp3Cre

mice. Microinjections of wild type and kinase dead mutant Bub1 mRNA into

bub1∆/∆ were performed at GV stage in M2 media supplemented with IBMX.

Oocytes were then cultured in IBMX-free medium for about 3-4 h and metaphase

I stage chromosome spreads from each group were stained with DAPI (blue), Bub1

(green) and Sgol2 (Red). It was noted that unlike control oocytes in which Sgol2

localised to the inner kinetochores in meiosis I, Sgol2 localisation to kinetochores

was abolished in bub1∆/∆ oocytes (Figure 2.2). Furthermore, the kinetochore

localisation of Sgol2 was restored by injecting conditional knockout oocytes with

wild type Bub1 mRNA. Crucially, the microinjection of mutant Bub1 mRNA

lacking the kinase domain into conditional BUB1 knockout oocytes failed to re-

cruit Sgol2 to kinetochores at metaphase I. Importantly, the kinase mutant of

Bub1 localised to the outer kinetochores (Figure 2.2). These results show that

Bub1, through its kinase activity, recruits Sgol2 to kinetochores.
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BUB1F/F-Zp3Cre

BUB1F/F-Zp3Cre + Bub1 mRNA

BUB1F/F-Zp3Cre + Kinase Dead Bub1 mRNA

BUB1F/F

DAPIDAPI
Bub1(Green)Bub1(Green)
Sgol2(Red)Sgol2(Red)

   DAPI  / Sgol2 / Bub1       Bub1        Sgol2  

Figure 2.2: Kinase Activity of Bub1 is Required to Recruit Sgol2 to Kineto-
chores. Chromosome spreads from individual oocytes from indicated groups were prepared
at 3-4 hrs post-GVBD. Slides were stained with DAPI (blue), Bub1(green) and Sgol2 (red).
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2.2.3 Centromeric Protection at the First Meiotic Divi-

sion Requires Kinase Activity of Bub1

Having found that the kinase activity of Bub1 is required for Sgol2 recruitment, I

wanted to check whether Bub1’s ability to confer centromeric cohesion protection

is dependent on its kinase activity. Oocytes were harvested and microinjected at

GV stage in M2 media supplemented with IBMX. After washing in IBMX free

media, oocytes were matured in vitro for up to 24 hr in M16 media at 37◦C

and 5%CO 2 . Chromosome spreads were prepared from oocytes that extruded

the first polar body and were stained with DAPI, Sgol2, and CREST. Compared

to chromosomes from controls, which were dyads after the first meiotic division,

BUB1 knockout oocytes showed a significant fraction of chromosomes that had

resolved sister chromatids at the first meiotic division (Figure 2.3). Microinjec-

tion of wild type Bub1 mRNA into bub1∆/∆ oocytes fully rescued the centromeric

cohesion protection defects observed in the knockout oocytes (Figure 2.3). Most

importantly, BUB1 knockout oocytes expressing kinase-dead Bub1 failed to pro-

tect centromeric cohesion at the first meiotic division (Figure 2.3). Moreover, the

microinjection of mutant Bub1 mRNA further exacerbated the cohesion defects

observed in the BUB1 knockout oocytes resulting in precocious loss of centromeric

cohesion from all chromosomes. These results clearly demonstrate that the kinase

activity of Bub1 is required to recruit Sgol2 to kinetochores and also to protect

the centromeric cohesion at the first meiotic division. Together, these findings

imply that Bub1, by recruiting Sgol2 to kinetochores, confers centromeric cohe-

sion protection at the first meiotic division.
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Figure 2.3: Centromeric Cohesion Protection Requires Kinase Activity of
Bub1. Chromosome spreads from metaphase II-arrested individual oocytes were stained
with DAPI (blue), CREST (green) and Sgol2 (red). Representative spreads from con-
trol (BUB1F/F), bub1∆/∆, bub1∆/∆ groups expressing wild type and kinase dead Bub1 are
shown.
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2.3 DISCUSSION

Coordination between the spindle assembly checkpoint and the centromeric co-

hesion protection mechanism is essential to ensure balanced segregation of the

genome during the two rounds of segregation in meiosis. From the results pre-

sented in this part of the thesis, it can be inferred that Bub1 mediates the con-

nection between the surveillance machinery that operates to ensure proper chro-

mosome segregation, and the centromeric cohesion protection by recruiting Sgol2

to the kinetochore. Both functions of Bub1 are required for the second round

of chromosome segregation. By expressing wild type and kinase dead Bub1 in

bub1∆/∆ oocytes, this work has been able to uncouple the two functions of Bub1

in the first meiotic division in mouse oocytes.

2.3.1 SAC and the Kinase Activity of Bub1

Since the discovery of Bub1 as a component of the SAC, the precise role of its

kinase activity in the SAC response has remained controversial. Initially, in bud-

ding yeast a mutation in the kinase domain (bub1-K733R) failed to complement

the benomyl-sensitivity exhibited by a bub1 deletion strain [224], suggesting that

the functioning of SAC requires the kinase activity of Bub1. However, later it

was found that the K733R mutation in the kinase domain destabilises Bub1 in

budding yeast [225]. Therefore, the whole protein and not just the kinase do-

main is affected by this mutation. Subsequently, a budding yeast mutant entirely

lacking the kinase domain of Bub1 was shown to mount a proper SAC response

to spindle poisons [226]. Therefore, it was concluded that in budding yeast, the

kinase activity of Bub1 is not required for the proper functioning of the SAC. In

contrast to budding yeast, in fission yeast, both a point mutation in the kinase

domain, bub1-K762R, (corresponding to bub1-K733R in budding) and a mutant

lacking the entire kinase domain failed to activate the SAC in response to the

microtubule toxin carbendazim, arguing that Bub1 kinase activity is required for

checkpoint function [227]. Importantly, in fission yeast Bub1-K762R is a stable

protein. However, later work showed that a fission yeast strain with bub1-K762M

mutation was benomyl resistant [228], arguing, on the contrary, that the kinase
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activity of Bub1 is dispensable for its role in the SAC response. Similarly, in

Xenopus egg extracts, a kinase-inactive Bub1 (with K872R mutation) was able

to mount a checkpoint response in the presence of high numbers of sperm nuclei

[229]. However, a mutant lacking the entire kinase domain was less efficient in

maintaining the checkpoint when low numbers of nuclei were added [230], sug-

gesting that the catalytic activity of Bub1 might amplify a weak signal initiated

by few unattached kinetochores. Thus, on the whole, it was thought that kinase

activity might not be required for SAC, but the evidence regarding the role of

Bub1’s kinase activity in establishing or maintaining the SAC was ambivalent.

The present study clearly shows that in mouse oocytes, the Bub1 protein is

required to mount a SAC response to spindle poisons, but this function clearly

does not depend on the kinase activity of Bub1, as a mutant Bub1 lacking the

entire kinase domain can support the SAC response to nocodazole. Together with

the finding that a kinase mutant of Bub1 can restore the APC/C activity in the

knockout oocytes [223], the results presented above clearly argue that the efficient

SAC signalling in mouse oocytes depends on Bub1, but not on its kinase activ-

ity. However, previous work measuring securin destruction timing, as a marker

of APC/CCdc20 activity, showed a small but consistent difference in APC/CCdc20

activation time between bub1∆/∆ expressing the wild-type and the kinase mutant

of Bub1 [223]. This may indicate that for the amplification of the SAC signal in

response to a single or few unattached kinetochores, the cell might require the

kinase activity of Bub1. Nevertheless, this cannot be tested using a chemical such

as nocodazole, which effects the entire meiotic spindle.

2.3.2 Sgol2 Recruitment and Cohesion Protection

The question that emerged from previous research was that if the catalytic ac-

tivity of Bub1 is not required for SAC function, what is the physiological role of

this activity? In a number of organisms, Bub1 knockout resulted in chromosome

alignment and segregation defects that could not be explained by the loss of SAC

function [188, 231, 232, 225]. In S. pombe, Bub1 by phosphorylating H2A at a con-

served residue recruits shugoshins (Sgo1 and Sgo2) to centromeres to ensure that
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sister chromatids do not prematurely separate during meiosis I [198, 191, 197].

Similarly in budding yeast, the kinase activity of Bub1 is required to recruit Sgo1

to centromeres [226]. In mammalian somatic cells, Bub1 is required for the cen-

tromeric localisation of Sgol1 [233, 234, 235, 236]. However, in BUB1 -null mouse

embryonic fibroblasts Sgol1 was able bind to heterochromatin in G2 and in early

prophase, and this binding maintained centromeric cohesion until anaphase. This

called into question the physiological role of the kinase domain in protecting cen-

tromeric cohesion from the prophase pathway in somatic cells and also suggested

that there might be an alternate pathway that could recruit shugoshins to the

chromatin.

The results presented in this chapter clearly show that Bub1 through its ki-

nase activity recruits Sgol2 to inner kinetochores and this activity is essential in

protecting centromeric cohesion at the first meiotic division. However, when com-

paring the metaphase II chromosome spreads from BUB1 and SGOL2 knockout

oocytes, it becomes immediately apparent that most chromosomes from the con-

ditional knockout of BUB1 oocytes still retained the centromeric cohesion at the

second meiotic division, whereas in the case of SGOL2 knockout, all bivalents re-

solved into single chromatids by one round of separase activity (??). This suggests

that there might be an alternate pathway by which Sgol2 could localise to kine-

tochores during first meiotic division and the staining techniques employed was

able to detect the remaining Sgol2 at kinetochores. However, strikingly bub1∆/∆

expressing kinase-dead form of Bub1 increased the fraction of single chromatids

observed on metaphase II chromosome spreads, compared to the chromosome

spreads from bub1∆/∆ oocytes. This suggests that the kinase-dead mutant be-

haves as the dominant negative form of Bub1, and the conditional knockout of

BUB1 might still have some remaining Bub1 activity which could be sufficient to

confer, at least, partial protection to the centromeric cohesion at the first meiotic

division.
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2.4 EXPERIMENTAL PROCEDURES

2.4.1 Mouse Strains

Bub1 protein was depleted specifically in growing oocytes by crossing BUB1f/f

[111] mice to a transgenic mouse line expressing Cre recombinase from the Zona

pellucida 3 promoter (Zp3-Cre) [237] as previously described [223].

2.4.2 Oocyte Culture and Microinjection

Fully grown mouse Germinal Vesicle (GV) oocytes were isolated by physical dis-

aggregation of ovaries from 8-10 weeks old adult mice in M2 medium (Sigma-

Aldrich) supplemented with 200 µM 3-isobutyl-1-methylxanthine (IBMX, Sigma-

Aldrich) at 37◦C. Oocytes were cultured in M16 medium ( 40-50mL drops) (Mil-

lipore) covered with mineral oil (Sigma) at 37◦C and 5% CO2.

Fully grown oocytes were injected with 5-10 pL of mRNA at a final concen-

tration of 0.1 mg/mL in RNase-free water (Ambion) using a Pneumatic PicoP-

ump (World Precision Instruments) [187, 238]. To allow for protein expression,

following microinjection of mRNA, GV oocytes were cultured for 12 h in M16

supplemented with IBMX. Oocytes were then washed in inhibitor-free M16 and

thereafter cultured at 37◦C and 5%CO2.

2.4.3 Chromosome Spreads

Chromosome spreads from mouse oocytes were prepared as previously described

[239, 240]. Briefly, zona pellucida was removed by 10 mg/ml Pronase (Sigma-

Aldrich) at 37◦C for 5-10min. Zona-free oocytes were treated by hypotonic solu-

tion (50% FCS in deionized water) for 10 min at 37◦C. Oocytes were then fixed

in paraformaldehyde solution (1% paraformaldehyde, 0.15% Triton-X 100, 3 mM

dithiothreitol, adjusted to pH 9.2 with NaOH) in a 15-well multichamber glass

slide (MP Biomedicals) overnight at room temperature in a humidified chamber.
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After drying, slides were washed twice in 0.4% Photoflo/H2O (Kodak) and PBS

for 5 min, at room temperature. Slides were then processed for immunostaining

with mouse anti-Bub1 (1:200; abcam-ab54893) or CREST (1:500; Davis Lab) and

rabbit anti-Sgo2 serum (1:50; gift from J.L. Barbero [241]) and were mounted in

Vectashield with DAPI.
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Chapter 3

Shugoshin-Like Protein 2

(SGOL2) With Its Interacting

Partners Protects Centromeric

Cohesion, Promotes and Corrects

Microtubule-Kinetochore

Interactions, Maintains

Inter-Kinetochore Distances, and

Silences the Spindle Assembly

Checkpoint In Mouse Oocytes

3.1 INTRODUCTION

Accurate segregation of eukaryotic chromosomes during cell division relies on

the coordination between cohesion resolution and attachment of chromosomes

through kinetochores to spindle microtubules emanating from opposite spindle
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poles. The cohesion between the replicated sister chromatids, mediated by the

cohesin complex, holds sister DNAs together from DNA replication until anaphase

by trapping it inside a tripartite ring formed by its Smc1, Smc3, and α-kleisin

subunits [242, 243, 244]. The cell cycle machinery ensures that the cohesin com-

plex is not destroyed until all chromosomes have established bipolar microtubule-

kinetochore attachments. This is achieved partly by error correction machinery

that senses tension, generated by the pulling of microtubules and counteracting

adhesion provided by cohesion complexes, at kinetochores. The disrupting effects

of the conserved Aurora kinase selectively destabilises the incorrect attachments

[102]. Additionally, signals generated at kinetochores, collectively known as the

Spindle Assembly Checkpoint, can prevent cohesin cleavage by blocking the ubiq-

uitinylation activity of Anaphase-Promoting Complex or Cyclosome (APC/C)

until all chromosomes have aligned to the metaphase plate [120]. Together the

error correction machinery and the spindle assembly checkpoint, orchestrated by

kinetochores, ensure that chromosome segregation is only brought about when all

chromosomes have established proper connections with the segregation machin-

ery via microtubule-kinetochore attachments [184].

At the onset of anaphase, sister chromatid disjunction is brought about by open-

ing of the cohesin ring by cleavage of its α-kleisin subunit by a thiol protease called

separase, which is kept inactive through most of the cell cycle by the binding of

an inhibitory chaperone called securin and phosphorylation by cyclin B/Cdk1

kinase [245]. At the metaphase-to-anaphase transition, SAC dissociates from

the APC/CCdc20 complex, which allows it to destroy securin and cyclin B. The

APC/CCdc20, therefore, activates separase which releases the sister chromatids

[56]. However, the process by which a cell coordinates cohesin cleavage with ac-

tivities of error correction machinery and SAC remains unclear.

Like mitotic chromosomes, homologous chromosomes in meiosis are entrapped by

the cohesin complex [242]. However, unlike mitosis where the sister chromatids

segregate to opposite poles during anaphase, sister chromatids remain attached

at the first meiotic division, while homologous chromosomes of maternal and pa-

ternal origins are partitioned. The segregation of homologous chromosomes at

48



the first meiotic division requires the sister kinetochores to attach to microtubules

emanating from the same pole, such that the maternal sister centromeres align in

the opposite direction of their paternal homologs. This is supported, in part, by

the reciprocal recombination between homologous non-sister chromatids, which

creates structures called chiasmata. Together with cohesin complexes, recombina-

tion links the maternal and paternal chromosomes to produces a structure called

a bivalent chromosome. During the meiotic division, bivalent chromosomes at-

tach to microtubules such that the tension that stabilises microtubule-kinetochore

interactions is generated by the traction of maternal sister centromeres in the op-

posite direction of their paternal homologs [11].

During meiosis, two rounds of chromosome segregation (meiosis I and II) without

an intervening round of DNA replication is required to produce haploid gametes

from diploid progenitors. The two-step division requires the sister chromatids to

remain attached at the centromeres by the cohesin complex after the first meiotic

division [152]. This persistence of centromeric cohesion is essential for the seam-

less transition from segregation of homologs to alignment of sister chromatids on

the second meiotic spindle [223, 222]. This is achieved by the stepwise removal of

cohesin from the homologous chromosomes. At the first division, the homologous

chromosomes are resolved into dyads by cleavage of cohesin at arms, but cohesin

complexes at centromeres remain protected. Then, in a second round of division,

each chromosome is split apart into its component chromatids, by cleavage of

centromeric cohesion. At both steps, the partners to be separated are initially

held together by cohesin and then split apart when separase cleaves cohesin [152].

The persistence of cohesin at centromeres after the first meiotic division require

an ortholog of the Drosophila MEI-S332 protein, called shugoshin [246, 190, 191,

192, 193]. Members of the shugoshin family of proteins contain an N-terminal

homodimeric parallel coiled-coil, and a conserved C-terminal basic region. The

N terminus provides docking onto protein phosphatase 2A’s (PP2A) C and B’

subunits [200]. In yeast, the interaction between shugoshin and PP2A recruits

PP2A to centromeres and protects centromeric Rec8 from separase [85, 86]. In

budding yeast, a mutant shugoshin defective in the binding of PP2A fails to con-
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fer protection to centromeric cohesion in meiosis I [200]. Phosphatase activity of

PP2A is thought to protect centromeric cohesin by opposing Rec8s phosphoryla-

tion by CKδ/ε and DDK [201, 202].

Mammals have two members of the conserved shugoshin family: Shugoshin-

like protein 1 (Sgol1), and Shugoshin-like protein 2 (Sgol2). Sgol1 protects cen-

tromeric cohesion against the non-proteolytic anti-establishment activity of the

prophase pathway during the mitotic cell cycle [84]. Sgol2, on the other hand,

protects centromeric cohesion from the proteolytic activity of separase at the

first meiotic division [222, 247]. Deletion of SGOL2 in mice results in infertil-

ity [222]. Cytological examination of the germ line cells from SGOL2 knockout

or knockdown showed complete loss of cohesion at meiosis I [222, 247]. It has

been reported that Sgol2, through its coiled coil domain, can bind in vitro to

PP2A [200]. However, it has not been established whether centromeric cohesion

protection in mammalian germ cells requires Sgol2s interaction with PP2A. In

mammalian cells, Sgol2 can interact with MCAK [248], a motor protein impli-

cated in the error correction machinery, and has also been recently shown to bind

to Mad2, an essential component of the SAC [249]. Based on its interactions,

Sgol2 can be linked to cohesion protection, SAC, and error correction pathways.

However, the physiological significance of its multiple interactions remains un-

clear.

This study shows that during the first meiotic division Sgol2 promotes coordi-

nation between cohesion protection, bi-orientation of homologous chromosomes,

corrections of microtubule-kinetochore attachments, SAC inactivation, and, hence

APC/CCdc20 activation. It protects centromeric cohesion by recruiting PP2A to

kinetochores, accelerates the release of APC/CCdc20 from the spindle assembly

checkpoint by its interaction with PP2A and Mad2, and also maintains inter-

kinetochore distances, promotes bi-orientation and congression of homologous

chromosomes by increasing kinetochore microtubule interactions possibly by re-

cruiting MCAK and by inactivating Aurora B/C kinase activity at kinetochores.

These pathways linked by Sgol2 together ensure proper segregation of chromo-

somes in mouse oocytes.
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3.2 RESULTS

3.2.1 Sgol2 Interacts With PP2A Through Conserved Residues

in Its Putative Coiled Coil Domain

An essential feature of the shugoshin family of proteins is the conserved N-

terminal homodimeric coiled-coil domain (Figure 3.1A). Structural analysis re-

vealed that the N-terminal homodimeric coiled-coil domain of hSgol1 directly

interacts with the B’ and C subunits of PP2A. The binding interface between

human Sgol1 (hSgo1) and PP2A is brought together by a pair of hydrogen bonds

between conserved arginine residues in the middle of the coiled-coil interface of

Sgol2, which allows the surrounding residues to form the hydrogen bonds and

salt bridges with PP2A [200].

Like hSgol1, the coiled-coil domain of mouse Sgol2 (mSgol2cc) is sufficient for

its interaction with PP2A. However, in contrast to hSgol1, which can only in-

teract with the holoenzyme (complex of A, B’, and C subunits), the coiled-coil

domain in Sgol2 can also form a stable association with the core complex (A and

C subunit) [200].

With the intention to mutate Sgol2 such that the mutant protein is defective

solely in its ability to interact with PP2A, conserved residues (namely L51, N54,

R56, and E82) on mSgol2 mapping onto the interaction surfaces between PP2A

and hSgol1 were substituted with alanine. To reverse the charge at position

82, glutamic acid was mutated to lysine (E82K). Additionally, a triple mutant

with L51A/N54A/R56A (3A) was prepared. Furthermore, to disrupt the binding

interface of Sgol2-PP2A interaction, the conserved asparagine residue (N55 on

mSgol2) aligning to N61 in hSgol1, which forms a hydrogen bond that stabilises

the binding interface in the middle of coiled coil, was changed to isoleucine (Fig-

ure 3.1B).
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To check whether mutations of conserved residues in the coiled-coil domain of

Sgol2 can affect the homodimerisation of the coiled-coil domain, equal amounts of

purified Flag- and His- tagged MBP-Sgol2cc (31-117) with the same substitutions

were mixed, and proteins were pulled down using the Talon beads. The relative

abundance of each form of mSgol2cc was assessed by western blotting. Mutants,

except for the 3A, showed no effect of amino acid substitutions on coiled-coil

dimerisation. With this assay, 3A showed a reduction in dimer formation (Figure

8B). Therefore, to verify whether substituting these residues hinders coiled-coil

domains dimerisation, Flag- and His- tagged mSgol2cc from either wild type or

3A mutant were co-expressed. After His pull down the relative abundance of

each form was analysed by western blot using anti-Flag and anti-His antibodies.

The co-IP failed to detect any difference in dimerisation of coiled-coil domains

from the wild type and the 3A mutant Sgol2 (Figure 8C), suggesting that the

reduction observed by mixing purified proteins might be an in vitro effect.

To assess whether the coiled-coil residues in mSgol2 mapping onto the bind-

ing interface of hSgol1 and PP2A are conserved in their interaction with PP2A,

GST-tagged PP2A A subunit (PP2A-A) was incubated with excessive untagged

A, B’, and C subunits, and MBP-Sgol2-Flag. The GST pull down showed that all

mutations in conserved residues in the coiled-coil domain reduce Sgol2cc ability

to interact with PP2A. However, these mutations varied considerably in their

ability to disrupt the Sgol2-PP2A interaction. Substitution of Sgol2’s N55 to

isoleucine, which is predicted to disrupt the binding interface, abolishes Sgol2cc

binding to PP2A. While N54A greatly reduces the interaction, substitution of a

conserved arginine (R56) to alanine has a moderate effect. Mutation of individual

residues L51A and E82A have little effect on PP2A binding, though E82K causes

a modest reduction. The triple substitution L51A/N54A/R56A (3A) abolishes

PP2A binding under these experimental conditions (Figure 3.1C).
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Figure 3.1: Sgol2 binds to PP2A and Mad2 through coiled coil domain and
Mad2 Binding Motif (MIM), respectively. (A) Schematic diagram indicating rel-
ative positions of the coiled-coil domain and the MIM sequence in mSgol2 (not drawn to
scale). (B) Sequence alignment of the coiled coil domains of Sgol1 and Sgol2 from different
vertebrate species. Residues (L51, N54, R56 and E82) in mSgol2 mapping onto binding
sites between PP2A and hSgol1 are indicated by arrowheads below the alignment. The
conserved asparagine residue (N55 in mSgol2), important for maintaining the interaction
surface of the coiled-coil domain, is marked by an arrowhead above the alignment. (C)
The in vitro binding assay of PP2A A(GST-tagged), B’, and C subunits with wild type
and various mutants of MBP-mSgol2cc-Flag. After GST pull down, eluates were resolved
by SDS-PAGE (Experiment performed by Seamus Morrone). (D) Sequence alignment of
conserved MIM (Mad2 Interacting Motif) in Sgol2, Mad1, and Cdc20 from human and
mouse origin. (E) mSgol2 and Mad2 binding assay. mSgol2 fragment spanning amino-
acid (aa) residues 120-180 with wild type and mutant MIM sequences were assessed for
Mad2 interaction by far western blot. Fragments from Xenopus Sgo1, with and without
MIM domain, were used as positive and negative controls (Experiment performed by Dr.
Bernd Mayer).
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3.2.2 Sgol2 Protects Centromeric Cohesion by Recruiting

PP2A to Kinetochores

Sgol2 and PP2A co-localise to inner kinetochores at metaphase I on bivalent

chromosomes from wild type control oocytes (Figure 3.2A). By contrast, the

kinetochore localisation of Sgol2 and PP2A was completely abolished in sgol2∆/∆

oocytes (n=26). Moreover, microinjection of wild type mSgol2 mRNA in sgol2∆/∆

oocytes restored Sgol2 and PP2A localisation at inner kinetochores in meiosis I.

This demonstrates that in mouse oocytes, mSgol2 is required for the recruitment

of PP2A to kinetochores.

To test whether the conserved residues in Sgol2, which either abolished or greatly

reduced the in vitro interaction between the coiled-coil domain of Sgol2 and

PP2A, are required for the in vivo interaction between full length Sgol2 and

PP2A, sgol2∆/∆ oocytes were injected with in vitro transcribed RNA from Sgol2

bearing N54A, N55I, and 3A mutations. In contrast to the wild type Sgol2

mRNA, these Sgol2 mutants failed to rescue the PP2A localisation (Figure 3.2A).

Crucially, these mutations did not effect Sgol2 localisation at inner kinetochores

during the first meiotic division (Figure 3.2A). Thus, these findings further con-

firm that Sgol2, through its coiled coil domain, interacts with PP2A and recruits

it to kinetochores.

To address the role of Sgol2-PP2A interaction in centromeric cohesion protec-

tion, chromosome spreads were prepared from metaphase II-arrested oocytes from

wild type, sgol2∆/∆, and sgol2∆/∆ microinjected with various forms of Sgol2. As

previously reported [222], SGOL2 knockout oocytes fail to protect centromeric

cohesion and all sister chromatids were disjoined at the first meiotic division.

This phenotype was fully rescued with all sister chromatids attached at cen-

tromeres (dyads) by injection of wild type mSgol2 mRNA into knockout oocytes.

Strikingly, the ability of the mutants to rescue sister chromatid disjunction cor-

responded quite well with their in vitro interaction with PP2A. For instance,

injection of Sgol2 mRNA with L51A (n=16) and E82A (n=18) mutations that

minimally disrupts the interaction fully rescued the precocious segregation of sis-
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ter chromatids in sgol2∆/∆ oocytes (Figure 3.2B). Furthermore, microinjection of

equal concentrations of R56A (n=18) and E82K (n=25) mutants that modestly

affected the Sgol2cc-PP2A interaction, showed asymmetric distributions of sister

chromatids in each oocyte, with frequent appearance of individual chromatids

amid dyads (Figure 3.2B). Mutants N54A (n=48), N55I (n=12), and 3A (n=26),

which either greatly reduced or fully abolished the interaction, failed to rescue

the centromeric cohesion defects in sgol2∆/∆ oocytes (Figure 3.2B). In addition,

injection of the triple mutant produced centromeric cohesion defects in wild type

oocytes at the first meiotic division (Figure 9A and B). These results clearly

demonstrate that the interaction between PP2A and Sgol2 is essential for cen-

tromeric cohesion protection at the first meiotic division and hence for the two

rounds of chromosomes segregation in meiosis.
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Figure 3.2: Sgol2-PP2A interaction is required to recruit PP2A to kinetochores
and protect centromeric cohesion at the first meiotic division. (A) GV oocytes
were harvested in the presence of IBMX. Microinjections were performed at GV stage in
M2 medium supplemented with IBMX. Oocytes were then cultured in IBMX-free medium
for about 6hrs, corresponding to metaphase I stage. Chromosome spreads were prepared
and stained with DAPI (blue), Sgol2 (red), and PP2A-C (green). Box and whisker plot
shows fluorescence intensity ratios of PP2A and Sgol2 at kinetochores. Upper and lower
bars indicate 95th and 5th percentiles, respectively. Numbers of oocytes examined are
indicated (n). (B) Oocytes were harvested at GV stage and matured in vitro for up to 24
hr. Chromosome spreads prepared from oocytes that had extruded the first polar body were
stained with DAPI (blue) to visualise DNA and CREST (green) to mark centromeres.
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3.2.3 Conserved MIM Domain Mediates Sgol2 Interac-

tion With Mad2

Spindle Assembly Checkpoint’s ability to inhibit APCCdc20 activity against se-

curin and cyclins relies on the interactions of Mad2 with Mad1 and Cdc20. This

interaction is mediated by a conserved Mad2 Interacting Motif (MIM) with a

basic amino acid at its center surrounded by hydrophobic residues on either side

in Mad1 and Cdc20. Recently, it was discovered that, like Mad1 and Cdc20,

shugoshins (Sgol2 from human and Sgo1 from Xenopus) can interact with Mad2

through the conserved MIM sequence in Sgol2 [249]. This motif is conserved in

mouse Sgol2 (Figure 3.1D). Therefore, to check whether this domain is able to

mediate the interaction between mSgol2 and Mad2, purified mSgol2 and mouse

Mad2 was analysed by far-western blots. A fragment of Sgol2 with the MIM se-

quence at its center associated with Mad2, and the interaction was disrupted by

substituting the basic amino acid at the center of MIM with alanine (H150A) or

glutamic acid (H150E), a mutation to reverse the charge (Figure 3.1E). This sug-

gests that the binding with Mad2 is a conserved feature of vertebrate shugoshins

possessing the interaction motif.

3.2.4 Sgol2 and Its Interactions With PP2A and Mad2

Are Required for Silencing the Spindle Assembly

Checkpoint

The time-course DIC images of the first meiotic division of in vitro maturing

oocytes showed that compared to the litter-mate control (wild type) oocytes

sgol2∆/∆ oocytes were delayed on average by about 2hrs in extruding the first

polar body. Moreover, only 61% of the sgol2∆/∆ oocytes extruded the first polar

body, in contrast to the 88% of wild type control oocytes (Figure 3.3A). This

suggested that sgol2∆/∆ oocytes are defective either in their ability to extrude

a polar body or they fail to activate the APC/CCdc20, i.e. they are arrested in

metaphase I.
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To further investigate the role of Sgol2 in meiotic cell cycle progression, fully

grown germinal vesicle (GV)-stage oocytes harvested from wild-type littermate

control and SGOL2 knockout mice were microinjected with mRNA encoding his-

tone H2B-mCherry to mark chromosomes and Securin-EGFP to measure APC/CCdc20

activity (Figure 3.3B). Similar to the frequency of polar body extrusion, on av-

erage 40% of the oocytes from sgol2∆/∆ mice failed to activate the APC/CCdc20,

compared to only 12% of the controls (Figure 3.3C). Furthermore, the oocytes

that degraded Securin-EGFP were delayed on average by about 2hrs in APC/CCdc20

activation. These defects in APC/CCdc20 activation were rescued by microinjec-

tion of wild type Sgol2 mRNA (Figure 3D and E) and 89% of the oocytes from

this group destroyed Securin-EGFP (Figure 3.3D). Moreover, microinjection of

Sgol2 mRNA in sgol2∆/∆ oocytes accelerated APC/CCdc20 activation and Securin-

EGFP was destroyed on average about 2hrs before the wild type control oocytes

(Figure 3.3E). Also, microinjection of Sgol2 mRNA accelerated the APC/CCdc20

activation in wild type oocytes, suggesting that the ability of Sgol2 to accelerate

APC/CCdc20 is dose-dependent (Figure 10F). These results argue that Sgol2 is

important for the activation of APC/CCdc20 in mouse oocytes.

It has previously been reported that after nuclear envelope breakdown, APC/CCdc20

activity is restrained by the activity of SAC [221, 223, 238]. Therefore, to ad-

dress whether the defects in APC/CCdc20 activation observed in SGOL2 knock-

out oocytes are due to the SAC-dependent arrest, sgol2∆/∆ oocytes were mi-

croinjected with a dominant-negative version of the APC/C activator Cdc20

(Cdc20-R132A), with a mutant MIM sequence, which cannot be bound by Mad2

(Figure 3.1D). Microinjection of wild type Cdc20 mRNA in sgol2∆/∆ oocytes

did not increase the fraction of oocytes that activate APC/CCdc20. By con-

trast, Cdc20-R132A mRNA microinjection resulted in securin destruction in all

sgol2∆/∆ oocytes (Figure 3.3C). This demonstrates that SGOL2 knockout results

in SAC-dependent inhibition of APC/CCdc20 activity. Therefore, together with

the observation that microinjection of Sgol2 mRNA results in advancement of

APC/CCdc20 activation, these data suggest that Sgol2 is involved in silencing the

SAC in mouse oocytes.
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To investigate if the silencing of the SAC by Sgol2 requires an interaction with

PP2A and Mad2, sgol2∆/∆ oocytes were microinjected with mutant Sgol2 mRNA

with a point mutation in its coiled-coil domain (N54A) or MIM sequence (H150E).

Of the sgol2∆/∆ oocytes microinjected with N54A mutant Sgol2 mRNA, that

severely effects its interaction with PP2A and fails to rescue centromeric cohe-

sion defects, 69% destroyed Securin-EGFP and 71% destabilised Securin-EGFP in

SGOL2 knockout microinjected with H150E Sgol2 mRNA (Figure 3D). Further-

more, the fraction of SGOL2 knockout oocytes microinjected with PP2A or Mad2

binding mutant Sgol2 mRNA that destroyed securin, was delayed in APC/CCdc20

activation to a similar extent as the SGOL2 knockout oocytes (Figure 3.3E and

Figure 10B and C). Similar results were observed in sgol2∆/∆ oocytes expressing

triple alanine (PP2A mutant with L51A/N54A/R56A) and H150A (basic residue

in MIM domain mutated to alanine) mutant (Figure 10D and E). Crucially, a

Mad2 binding mutant of Sgol2 did localise to the kinetochore, recruited PP2A,

and protected the sister chromatid cohesion at the first meiotic division (Fig-

ure 9C and D). Furthermore, the Sgol2 mutant defective in binding to PP2A

and Mad2 can recruit MCAK to kinetochores (Figure 3.4A), suggesting that the

SAC-dependent arrest or delay observed in the SGOL2 knockout cannot be as-

cribed to a defect in MCAK recruitment to kinetochores. Therefore, these results

indicate that Sgol2, through its interactions with PP2A and Mad2, can silence

SAC activity during the first meiotic division in mouse oocytes.
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Figure 3.3: Sgol2 Silences Spindle Assembly Checkpoint through its Interac-
tions with PP2A and Mad2. (A) Kinetics of the first polar body extrusion (PBE) of
oocytes cultured in vitro. Numbers of oocytes examined are indicated (n). (B) Oocytes
were microinjected with the indicated mRNAs at the GV stage. Chromosome movements
and kinetics of Securin-EGFP were visualised by time-lapse confocal microscopy. (C)
Frequencies of oocytes that destroyed Securin-EGFP, hence activated APC/CCdc20, at the
metaphase-anaphase transition are shown. SAC was inactivated by expressing a dominant-
negative version of the APC/C activator Cdc20 (Cdc20R132A) that cannot be bound by
Mad2. (D) Data represent the means and standard deviations of Securin-EGFP levels in
sgol2∆/∆ (red) and litter mate control (blue) oocytes at each time point. Values from in-
dividual oocytes were normalised relative to that at GVBD (0 hr), and mean and standard
deviations are plotted in arbitrary units, (AU), against time. Securin-EGFP curves from
individual oocytes are shown in Figure 10A. (E) Securin-EGFP destruction was used as
a marker for APC/C activation. Control and SGOL2 knockout are compared to sgol2∆/∆

oocytes microinjected with indicated Sgol2 mRNA. (F) GV-normalised mean and stan-
dard deviations of Securin-EGFP levels are plotted against time for the indicated groups
of oocytes. Securin-EGFP curves from individual oocytes are displayed in Figure 10B and
C.
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3.2.5 Sgol2, by Recruiting MCAK to Kinetochores, Main-

tains Inter-Kinetochore Distances to Protect Chias-

mata

Unlike bivalents from wild type oocytes that were attached at arms and cen-

tromeres and formed X-shaped chiasmata, bivalent chromosomes from sgol2∆/∆

oocytes often displayed distally associated homologs without a visible chiasmata

(Figure 3.4A). Since arm cohesin is required to stabilise chiasmata, I asked

whether SGOL2 deletion could result in premature loss of cohesion from the

arms of homologous chromosomes. To check the localisation of cohesin on biva-

lents from sgol2∆/∆ oocytes, SGOL2 -targeted mice were crossed to mice express-

ing tagged Rec8-Myc from a BAC transgene, (Tg)Rec8-Myc [187]. Chromosome

spreads prepared from littermate controls and sgol2∆/∆ oocytes expressing myc

tagged Rec8 at 6-7hrs post-GVBD detected Rec8-Myc along arms and around

centromeres on bivalents from both groups, and no appreciable difference was ob-

served in the amount of myc-tagged Rec8 on bivalent chromosomes from control

and knockout groups (Figure 3.4B). Importantly, the distally associated homolo-

gous chromosomes from sgol2∆/∆ oocytes retained Rec8 staining (Figure 3.4B).

To investigate the frequent appearance of distally associated homologous chromo-

somes on metaphase I stage chromosome spreads from sgol2∆/∆ oocytes, live-cell

confocal imaging was performed on oocytes microinjected at GV stage with H2B-

mCherry and GFP-MCAK. Strikingly, live-cell confocal images revealed that

metaphase I-aligned chromosomes in sgol2∆/∆ oocytes stretched much further

than the homologous chromosomes in wild type oocytes (t-test, p< 0.0001), re-

sulting in increased inter-kinetochore distances (Figure 3.4C). The confocal im-

ages suggested that increased inter-kinetochore stretch and distances of metaphase

aligned chromosomes in sgol2∆/∆ oocytes could explain the distally associated

chromosomes observed on metaphase I-stage chromosomes spreads from sgol2∆/∆

oocytes. Importantly, no appreciable difference was observed in the length of the

metaphase I spindle (Anova, p= 0.97; Figure 3.4D). Furthermore, chromosomes

in sgol2∆/∆ oocytes did align in a bipolar manner on the metaphase plate (Figure

3.4C, D, Figure 3.5, Figure 13). These observations suggest that Sgol2 maintains
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inter-kinetochore stretch and distance to protect chiasmata.

To further probe the role of Sgol2 in maintaining inter-kinetochore distances dur-

ing the first meiotic division, sgol2∆/∆ oocytes were microinjected at GV stage

with in vitro transcribed mRNA from wild type and mutant Sgol2. Chromosome

spreads from the rescue group (SGOL2 knockout oocytes microinjected with

wild type Sgol2 mRNA) did not display the distally attached bivalent chromo-

somes (Figure 3.4A). Furthermore, live-cell confocal imaging showed that SGOL2

knockout oocytes expressing wild type Sgol2 not only rescues the increased inter-

kinetochore stretch and distances, but reduced the inter-kinetochore distances

even further than the wild type oocytes (Figure 3.4C, t-test p< 0.0001). Criti-

cally, microinjection of wild type Sgol2 mRNA did not alter the length of the mei-

otic spindle (Figure 3.4D). Similar reductions in inter-kinetochore distances were

observed in sgol2∆/∆ oocytes microinjected with mutant Sgol2 mRNA, defective

in PP2A (N54A) or Mad2 (H150E) interactions (Figure 3.4C, t-test p< 0.0001).

Since Sgol2-PP2A interaction is required to protect cohesin complexes (Figure

3.2B), this further confirms that distally attached bivalents cannot be explained

by a premature loss of cohesin complexes.

Live cell confocal imaging clearly indicated that inter-kinetochore distances be-

tween homologous chromosomes correlated inversely with the GFP-MCAK signal

at kinetochores. This strongly suggested that Sgol2 maintains inter-kinetochore

distances by recruiting the motor protein MCAK to kinetochores. Aurora phos-

phorylation on Sgol2 has recently been shown to be important for the binding

of Sgol2 to MCAK [250]. Indeed, in mouse oocytes, Aurora Kinase activity is

required to recruit MCAK at kinetochores, but not to the arms of homologous

chromosomes (Figure 11B); crucially, during the first meiotic division Aurora

B/C kinase phosphorylates Sgol2 at T521 (Figure 12B). Microinjection of the

T521A T600A mutant Sgol2 mRNA in sgol2∆/∆ oocytes did recruit MCAK to

arms of homologous chromosomes, but it failed to rescue the kinetochore locali-

sation of MCAK (Figure 11B). Importantly, the T521A T600A mutant Sgol2 did

localise to kinetochores and was able to rescue the premature segregation of sis-

ter chromatids in sgol2∆/∆ oocytes (Figure 9B and C). Microinjection of T521A
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T600A Sgol2 mRNA in sgol2∆/∆ oocytes reduced the inter-kinetochores distances

compared to sgol2∆/∆ oocytes (t-test, p¡0.0001), but had higher inter-kinetochore

distances compared to wild type oocytes (Figure 3.4A and C, t-test p= 0.027).

Taken together, these results suggest that Sgol2, through MCAK recruitment,

maintains inter-kinetochore distances and stretch during metaphase of the first

meiotic division.

I asked if the localisation of MCAK at kinetochores/centromeres is sufficient

to maintain inter-kinetochore distances and protect chiasmata, then the artificial

targeting of MCAK to centromeres should rescue the increased inter-kinetochore

distances and stretch observed between homologous chromosomes from sgol2∆/∆

oocytes. Indeed, bivalent chromosomes from SGOL2 knockout oocytes microin-

jected with MCAK fused to the C-terminus of CENPB-GFP maintained the nor-

mal X-shaped chiasmata (Figure 3.4A). Moreover, compared to sgol2∆/∆ oocytes

microinjected with CENPB-GFP, which reproduced the increased inter-kinetochore

distances, microinjection of CENPB-GFP-MCAK in sgol2∆/∆ oocytes rescued the

abnormal stretching of metaphase-aligned homologous chromosomes (Figure 3.4C

and Figure 11A, t-test p< 0.0001). These results convincingly demonstrate that

MCAK at kinetochores can balance the inter-kinetochore stretch between homol-

ogous chromosomes during the first meiotic division.
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Figure 3.4: Sgol2, by recruiting MCAK to kinetochores, maintains inter-
kinetochore distances between homologous chromosomes. (A) GV stage oocytes
were harvested and microinjected in M2 medium supplemented with IBMX. Release from
IBMX resulted in GVBD and at 6-7hrs post GVBD chromosome spreads were prepared.
Slides were stained with DAPI (blue), CREST (Red), and MCAK (green). Arrowheads
indicate distally attached bivalent chromosomes. (B) SGOL2 targeted mice were crossed to
(Tg)Rec8-Myc females to generate control and sgol2∆/∆ expressing the Rec8-myc trans-
gene. Chromosome spreads were prepared at 6-7hrs post-GVBD and were stained with
DAPI (blue), CREST (green), and c-Myc (Red). (C) Representative Z-projected time-
lapse confocal microscopy images and average (+ SDs) inter-kinetochore distance measure-
ments from metaphase I stage oocytes expressing H2B-mCherry (chromosomes, red) and
GFP-MCAK. Scale bars represent 5 µm. (D) Z-projected (12 slices 1.5µm apart) live-cell
confocal images and spindle length measurements (+ SDs) from metaphase I stage oocytes
expressing EB3-GFP (microtubule plus ends, green) and H2B-mCherry (chromosomes,
red). Scale bar is 14µm.
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3.2.6 Sgol2 Promotes Biorientation of Homologues Chro-

mosomes on the Meiotic Spindle

Detailed microscopic analysis of spindle shape and the arrangement of chromo-

somes on the meiotic spindle suggests that the time between Germinal Vesicle

Breakdown (GVBD) and anaphase onset can be divided into four functionally

distinct phases. After GVBD, multiple microtubule-organising centres (MTOCs)

form a ball of microtubules that continuously polymerise with individual chro-

mosomes distributed as single objects on the surface of the spherical ball (phase

1). After laterally sliding along the surface, chromosomes congress on the surface

of the ball, forming the prometaphase belt (phase 2). Thereafter, both chromo-

somes and microtubules concomitantly go through major changes. Chromosomes

slowly start invading the cluster of microtubules and the ball of microtubules

elongates perpendicular to the belt of chromosomes to form the barrel-shaped

bipolar spindle. This highly dynamic phase culminates when homologous chro-

mosomes align to the metaphase plate on the bipolar spindle (Phase 3). Finally,

before segregation at anaphase, metaphase plate-aligned chromosomes oscillate

with low amplitudes (Phase 4) [251, 252].

Live-cell confocal imaging of mouse oocytes microinjected with H2B-mCherry

and GFP-MCAK showed that in wild type control oocytes after GVBD, MCAK

localises to MTOCs and to the cluster of microtubules forming the ball-shaped

spindle (Figure 3.5). At about 4hrs post-GVBD, as the concentration of Sgol2

increases at the kinetochore and Aurora Kinase phosphorylates Sgol2 at T521

(Figure 12); the GFP-MCAK signals appear at kinetochores (Figure 3.5). Chro-

mosomes start to congress on the surface of the ball of microtubules at the tran-

sition between phase 1 and 2. Its signal at kinetochores gradually increases as

homologous chromosomes start to invade the interior of the spindle, and the con-

centration of MCAK at kinetochores peaks as the meiotic chromosomes bi-orient

and congress on the metaphase plate (Figure 3.5).

In sgol2∆/∆ oocytes, GFP-MCAK did not localise to kinetochores, confirming

observations from chromosome spreads (Figure 3.5 and 3.4A), but it did bind
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to MTOCs and microtubules (Figure 3.5). After GVBD, individual homologous

chromosomes in sgol2∆/∆ oocytes distributed on the surface of the ball-shaped

spindle; however, compared to chromosomes in wild type control oocytes at a sim-

ilar stage, homologous chromosomes in sgol2∆/∆ oocytes were distributed more

peripherally on the ball of microtubules (Figure 3.5, Figure 3.6A and Figure 13).

Furthermore, homologous chromosomes in sgol2∆/∆ oocytes were stretched while

they were aligning to form the prometaphase belt on the ball-shaped spindle.

Chromosomes were stretched even further as soon as the spindle achieved bipolar

shape (Figure 3.5 and Figure 13), as reported above (Figure 3.4C). In summary,

the time-course confocal images showed that in sgol2∆/∆ oocytes, phase 1 was

more elaborate with chromosomes decorating the ball from more peripheral lo-

cations than the wild type oocytes and there was no clear demarcation between

phases 2 and 3. From the analysis of time-course confocal images, it seems as if

the coordination between the spindle structure and chromosome movements on

the spindle is lost in Sgol2-depleted oocytes.

To confirm whether the elaborate distribution of chromosomes on the ball-shaped

spindle in sgol2∆/∆ oocytes is, indeed, due to the absence of Sgol2 on kinetochores,

SGOL2 oocytes were microinjected with Sgol2 mRNA. Strikingly, in this group

after GVBD, homologous chromosomes did not localise to the periphery and

stayed inside the ball-shaped spindle (Figure 3.6A and Figure 13). Moreover, the

chromosomes bi-oriented and congressed on the ball-shaped spindle much before

the bipolar orientation of the spindles (Figure 3.5, 3.6A and Figure 13). This

clearly suggests that the relative distribution of chromosomes on the ball of mi-

crotubules at the transition of phase 1 and 2 depends on Sgol2, and possibly the

Aurora Kinase-dependent phosphorylation of Sgol2 at T521 and MCAK locali-

sation at the kinetochore. It further shows that Sgol2 expression promotes the

invasion of chromosomes into the spindle microtubules at phase 3 and assists in

aligning the chromosomes on the metaphase plate. Furthermore, this role of Sgol2

does not depend on its interactions with PP2A and Mad2, since sgol2∆/∆ oocytes

expressing PP2A or Mad2 binding mutants of Sgol2 accelerated bi-orientation

of homologous chromosomes (Figure 3.5). However, microinjection of PP2A and

Mad2 mutant Sgol2 in SGOL2 knockout oocytes failed to rescue the delay in
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APC/CCdc20 activation (Figure 3.3F) and, therefore, bi-oriented chromosomes

remained aligned to the metaphase plate for a prolonged period of time, com-

pared to sgol2∆/∆ oocytes expressing wild type Sgol2, which accelerated both the

bi-orientation and the APC/CCdc20 activation (Figure 3.5 and 3.3F). Together,

these findings argue that bi-orientation is a separate function of Sgol2 in the first

meiotic division.

To address whether the ability of Sgol2 to promote bi-orientation requires MCAK

recruitment to kinetochores, sgol2∆/∆ oocytes were microinjected with Aurora

phosphorylation site (T521 and T600) mutated Sgol2. Knockout oocytes ex-

pressing T521A T600A mutant Sgol2 that failed to recruit MCAK to kinetochores

(Figure 3.4A, C and 3.5) did not accelerate bi-orientation. Similar to sgol2∆/∆

oocytes, chromosomes in SGOL2 knockout oocytes expressing T521A T600A

Sgol2 mRNA distributed peripherally on the ball-shaped spindle during phases 1

and 2 (Figure 3.6A and Figure 13). Additionally, microinjection of T521A T600A

Sgol2 mRNA resulted in alignment defects in the SGOL2 knockout oocytes (Fig-

ure 3.4C, 3.5 and Figure 13), possibly due to increased MCAK binding to the arms

of bivalent chromosomes (Figure 11B). These results demonstrate that Sgol2, pos-

sibly through its interaction with MCAK, can promote biorientation and congres-

sion of homologous chromosomes. Importantly, microinjection of T521A T600A

mRNA in sgol2∆/∆ oocytes advanced polar body extrusion (Figure 3.5), further

confirming that Sgol2 mediates homologous chromosome bi-orientation and SAC

silencing through different interactions.

Based on the evidence presented above, I asked if the ability of Sgol2 to ac-

celerate bi-orientation of homologs depends solely on kinetochore localisation of

MCAK. To test this hypothesis I injected in vitro-transcribed CENPB-GFP-

MCAK mRNA in sgol2∆/∆ oocytes at GV stage. However, compared to oocytes

expressing increased amounts of Sgol2, sgol2∆/∆ oocytes injected with CENPB-

GFP-MCAK did not accelerate the bi-orientation of homologous chromosomes

on the meiotic spindle (data not shown). This suggests that either MCAK local-

isation is not sufficient for the proper bi-orientation of homologous chromosomes

and possibly the sites that recruit MCAK at kinetochores also perform some
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other functions or maybe MCAK might not be able to perform this function if

it’s targeted to the centromeres.
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Figure 3.5: Sgol2 assists in the biorientation of bivalent chromosomes on
the metaphase plate. Time-lapse confocal microscopy images from oocytes expressing
H2B-mCherry and GFP-MCAK. Representative images from littermate control, sgol2∆/∆,
sgol2∆/∆ microinjected with wild type, N54A, H150E, and T521A T600A Sgol2 mRNA
are aligned to show the dynamics of MCAK localisation and chromosome movements along
the meiotic spindle. GVBD normalised time (in hrs) is indicated on each frame. Scale
bars represent 5µm.
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3.2.7 Sgol2 Promotes Microtubule-Kinetochore Interac-

tions

Previous studies have shown that the bi-orientation of homologous chromosomes

correlates with the appearance of microtubule-kinetochore bundles [251]. Results

presented above indicate that Sgol2 might promote microtubule-kinetochores

interactions (K fibre formation/stabilisation). Therefore, to directly visualise

kinetochore-microtubule attachments, oocytes were briefly treated with calcium-

containing buffer to destabilise dynamic non-kinetochore microtubules. Cells

were then fixed in 1% PFA. This allowed direct investigation of microtubule-

kinetochore attachments. The analysis was performed on oocytes fixed at 6hrs

post-GVBD, when most kinetochores in wild type oocytes have established end-on

attachments with microtubules, and chromosomes have achieved bi-orientation.

Comparison between control and SGOL2 knockout oocytes showed two impor-

tant differences. Firstly, compared to wild type, where multiple K-fibres attached

to a single kinetochore, the K fibres in SGOL2 knockout oocytes were relatively

thin and sparse. Secondly, most SGOL2 knockout oocytes at 6-7hrs post-GVBD

retained lateral microtubule-kinetochore attachments and increased fractions of

these oocytes had kinetochores with stretched CREST signals and microtubules

entered kinetochores from the side, not in an end-on manner (Figure 3.6B). Most

convincingly, knockout oocytes expressing wild type Sgol2 not only rescued the

lateral attachments and the stretch on kinetochores, but the microinjection of

Sgol2 mRNA resulted in increased amounts of K fibres attaching to each kine-

tochore. The CREST signals were compressed on the surface of chromosomes

(Figure 3.6B).

Microinjection of T521A T600A mutant Sgol2 in sgol2∆/∆ oocytes failed to rescue

the paucity of K fibres. Also, these oocytes failed to correct lateral attachments

and displayed frequent side attachments with stretched CREST signals. This

suggests that Sgol2, possibly by recruiting MCAK to kinetochores, corrects lat-

eral and side attachments. These results also show that Sgol2 localisation at

kinetochores promotes microtubule-kinetochore interactions. They also indicate
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that Sgol2, by promoting K fibre formation/stabilisation assists in the biorien-

tation of homologous chromosomes on the meiotic spindle. Since, Aurora B/C

Kinase phosphorylates Sgol2 on T521 these results, therefore, show that Aurora

B/C kinase activity at kinetochores through Sgol2 phosphorylation promotes and

corrects aberrant interactions.
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Figure 3.6: Sgol2 promotes biorientation of homologous chromosomes by in-
creasing microtubule-kinetochore interactions. (A) To study the relative distribu-
tions of chromosomes on the ball shaped spindle, at 2-3hrs post-GVBD, oocytes were treated
with Ca+2 buffer for 90s and then fixed in 1% PFA. Cells were stained with anti-Tubulin
(microtubules, green), CREST (kinetochores, red), and DAPI (chromosomes, blue). (B)
Confocal images of oocytes fixed at 6-7hrs post-GVBD. Lateral/Merotelic and side attach-
ments with abnormally stretched CREST signals are indicated by arrowheads. Fraction of
metaphase I stage oocytes with lateral attachments and stretched CREST signals in each
group were quantified.
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3.2.8 Sgol2 Recruitment Inhibits Aurora B/C Kinase Ac-

tivity At Kinetochores

The above findings showed that Sgol2 localisation at kinetochores promotes bior-

ientation of homologous chromosomes by increasing K-fibre synthesis. In a mi-

totic cell, Aurora B Kinase activity at kinetochores destabilises microtubule-

kinetochore attachments. Recently, it has been shown that by phosphorylating

substrates in the KMN network, Aurora B Kinase decreases the microtubule-

binding affinity of kinetochores [100]. Therefore, I asked whether Sgol2 can in-

fluence phosphorylation of KMN network substrates. Phosphospecific (Ser24p)

Knl1 antibody was used to immunostain chromosome spreads prepared at 6hrs

post-GVBD. Compared to the homologous chromosomes from littermate control

oocytes, the phosphorylation of Knl1 at Ser24 was significantly higher in SGOL2

knockout oocytes (Figure 3.7A). Furthermore, the phosphospecific antibody sig-

nal almost completely disappeared in knockout oocytes microinjected with Sgol2

mRNA. Crucially, the de-phosphorylation of Ser24 on Knl1 by Sgol2 was not due

to PP2A recruitment to kinetochores (Figure 3.7A), since microinjection of the

N54A mutant had a similar effect. However, expression of T521A T600A failed

to rescue the increased phosphorylation of Ser24 on Knl1 in sgol2∆/∆ oocytes.

Similar results were observed by using phosphospecific antibodies against Ser100

on Dsn1 (data not shown). These results show that in mouse oocytes, Sgol2,

independent of PP2A interaction, is able to counteract the phosphorylation of

Aurora B/C Kinase substrates at kinetochores. (Figure 3.7A).

To further investigate whether the dephosphorylation of Aurora B/C substrates

at kinetochores by Sgol2 is due to its effect on Aurora B/C activity at kineto-

chores, I used a phosphospecific antibody that detects auto-phosphorylation of

Aurora A/B/C at Thr288, Thr232, or Thr198, respectively. The immune-staining

of chromosome spreads showed that Aurora kinase activity at kinetochores was

higher in Sgol2 depleted oocytes and expression of wild type or PP2A mutant

Sgol2 abolished the auto-phosphorylation of Aurora kinase at kinetochores (Fig-

ure 3.7B). However, the levels of auto-phosphorylation of Aurora B/C on the arms

of homologous chromosomes were not altered. The T521A T600A Sgol2 mutant
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failed to rescue increased auto-phosphorylation levels of Aurora B/C kinase at

kinetochores (Figure 3.7B). Crucially, oocytes microinjected with wild type or

PP2A binding mutant Sgol2 mRNA still retained Aurora C at kinetochores (Fig-

ure 14A and B). These results show that Sgol2 localisation at inner kinetochores

inhibits the activity of Aurora B/C at kinetochores. Furthermore, since Aurora

phosphorylation sites on Sgol2 are required for the inhibition of Aurora B/C ki-

nase activity by Sgol2, this suggests that Aurora B/C, by phosphorylating Sgol2,

activates its own inhibitor at kinetochores, creating a negative feedback loop.

The data presented above show that during the first meiotic division after GVBD,

the concentration of Sgol2 gradually increases at kinetochores and after GVBD

Aurora B/C kinase phosphorylates Sgol2 on T521, and possibly on T600 (Figure

12A and B). It suggests that once Sgol2 is phosphorylated at T521 and T600,

by Aurora B/C kinase, Sgol2 in turn inhibits the activity of Aurora B/C ki-

nase at kinetochores. Therefore, to check if increasing concentration of Sgol2

inversely correlates with the Aurora B/C activity at kinetochore, chromosome

spreads were prepared at 3 and 6 hrs post-GVBD from wild type control oocytes

and were stained for Ser100 on Dsn1. Indeed, in wild type oocytes, Aurora B/C

activity at kinetochores decreases as the concentration of Sgol2 builds up at inner

kinetochores (Figure 14C).
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Figure 3.7: Sgol2 inhibits Aurora B/C Kinase activity at kinetochores. (A)
Chromosome spreads were prepared from indicated groups at 4hrs post GVBD. Slides were
stained with DAPI (blue), anti-pSer24-Knl1 (red) and CREST (green). Kinetochore inten-
sities of anti-pSer24-Knl1 and CREST signals were quantified and the intensity ratios of
anti-pSer24-Knl1 and CREST signals are shown. Upper and lower bars indicate 95th and
5th percentiles, respectively. (B) Chromosome spreads prepared at 4hrs post GVBD were
stained with DAPI (blue), anti-pAurora A/B/C (red) and CREST (green). Kinetochore
fluorescence intensity ratios of anti-pAurora A/B/C and CREST are displayed.
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3.3 DISCUSSION

Balanced segregation of the genome during the cell cycle relies on two key pro-

cesses. Firstly, sister chromatid cohesion holds duplicated sister chromatids to-

gether until their segregation at anaphase and secondly, through bipolar microtubule-

kinetochore attachments, sister chromatids establish connections with the segre-

gation machinery. Both of these processes are monitored by surveillance mech-

anisms in the cell, formed by error correction machinery that can destabilise

incorrect attachment and the SAC, which inhibits APC/CCdc20 until all chromo-

somes have established bipolar microtubule-kinetochore attachments. This work

shows that in mouse oocytes during the first meiotic division, Sgol2 can protect

centromeric cohesion and, by promoting microtubule-kinetochore attachments,

links the chromosomes to the segregation machinery. Furthermore, Sgol2 at kine-

tochores can signal to inactivate the Aurora B/C kinase, an essential component

of the error-correction machinery and silences the SAC to activate APC/CCdc20 so

that when oocytes have protected centromeric cohesion and achieved bi-orientation,

meiotic cells can segregate homologous chromosomes. This work, therefore, shows

that during meiosis, Sgol2 can coordinate multiple cell cycle pathways that ensure

faithful segregation of the genome.

3.3.1 Centromeric Cohesion Protection

Due to its stepwise removal, sister chromatid cohesion established during pre-

meiotic S phase is capable of mediating two rounds of chromosome segregation

without an intervening round of DNA replication. Separase activation at meiosis

I resolve bivalent chromosomes and create dyads, which are held together at cen-

tromeres by cohesin until their resolution into single chromatids by a second burst

of separase activity in meiosis II. The finding that in mammals, protection of cen-

tromeric cohesin from separase at the first meiotic division requires Sgol2 protein

[222] raised the question whether this protein, as its yeast counterpart, also re-

quires PP2A interaction to confer protection to centromeric cohesin. This work

shows that like Sgo1 in budding and fission yeast [86, 85, 200], Sgol2 in mouse in-

teracts with PP2A, recruiting it to kinetochores at the first meiotic division. This
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recruitment of PP2A to kinetochores is essential for centromeric cohesion protec-

tion. Thus, the pathway that is responsible for the step-wise removal of cohesin

and ensures two rounds of division in meiosis is conserved from yeast to mammals.

3.3.2 Timing of Anaphase and Sgol2

Previous studies investigating mitotic cells have shown that unattached kine-

tochores facilitate the formation of the Mad1-Mad2 complex and this complex

at kinetochores promotes Mad2 association with APC/CCdc20 [121, 120]. Two

of the checkpoint proteins, Mad2 and BubR1 (Mad3), interact directly with

APC/CCdc20 and form the Mitotic Checkpoint Complex (MCC) complex. The

MCC inhibits the ubiquitylation activity of APC/CCdc20 by interfering with the

recognition of certain substrates [112, 113, 114, 115, 116, 117, 118, 126]. Mad2

can exist in two conformational states, either as a closed form (C-Mad2) or in an

open conformation (O-Mad2). In its closed conformation Mad2 (C-Mad2), can

bind to either Mad1 or Cdc20, and in its open conformation (O-Mad2), Mad2

cannot interact with either of its binding partners [119, 120]. Mad2’s interaction

with Mad1 and Cdc20 depends on a conserved sequence called Mad2 Interaction

Motif in Mad1 and Cdc20. Recently, it has been discovered that Sgol2 has a MIM

sequence near its N-terminal coiled-coil domain. Furthermore, in mitotic cells,

Sgol2 can associate with the active form of Mad2 (C-Mad2) and with p31comet,

a protein implicated in silencing of the checkpoint during the mitotic cell cycle

[249]. However, Sgol2-depleted mitotic cells and the knockout mice did not dis-

play any defects in mitotic cell cycle progression [222, 249].

In mouse oocytes, APC/CCdc20 activity is restrained by the spindle assembly

checkpoint. Knockout or knockdown of checkpoint components, including Mad2,

accelerates APC/CCdc20 activation, chiasmata resolution, and polar body extru-

sion [221, 238, 223]. Similar to mitotic cells, in mouse oocytes, checkpoint proteins

can associate with kinetochores [238]. Results presented above show that SGOL2

knockout oocytes are either arrested or delayed by the SAC. Furthermore, in-

creased expression of Sgol2 accelerates APC/CCdc20 activation suggesting that
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in mouse oocytes Sgol2 is involved in the SAC silencing. However, it should

be emphasised that SGOL2 knockout oocytes microinjected with Sgol2 mRNA

are not defective in SAC, since these oocytes can still mount a SAC response

to nocodazole (data not shown). However, early activation of APC/CCdc20 in

oocytes expressing increased amounts of Sgol2 does indicate that Sgol2 can si-

lence the SAC, which is a physiological process, but it does not make it ineffective.

The results presented above show that Sgol2 requires the MIM sequence to si-

lence the SAC. Since, Sgol2 binds to Mad2 through the MIM sequence, it can

be suggested that increased expression of Sgol2 in mouse oocytes can sequester

C-Mad2, and thereby it can accelerate APC/CCdc20 activation. However, this

argument cannot explain why oocytes expressing the Sgol2 mutant defective in

PP2A binding with a wild type MIM sequence cannot rescue the SAC induced

metaphase I delay/arrest.

Importantly, the interactions of PP2A and Mad2 with Sgol2 are independent. Mi-

croinjection of Mad2 binding mutant of Sgol2 into an SGOL2 knockout oocytes

recruits PP2A to kinetochores and protects centromeric cohesion. Likewise, it

has previously been reported that an Sgol2 mutant that disrupts its binding to

PP2A can interact in vivo with Mad2 [249]. Therefore, due to the proximity

of the coiled-coil domain and the MIM sequence in Sgol2, and the observation

that both the PP2A and Mad2 binding site on Sgol2 are required to silence SAC,

it is tempting to speculate that by its phosphatase activity, PP2A can assist

in the disassembly of the MCC complex once the checkpoint has been satisfied.

However, previous research using Hela cells has shown that the phosphomimetic

mutant of Mad2 is checkpoint deficient, suggesting, on the contrary, that the de-

phosphorylated form of Mad2 might be required to maintain the spindle assembly

checkpoint [253].

Intriguingly, microinjection of the T521A T600A mutant into SGOL2 knockout

cell advanced polar body extrusion though these oocytes had high levels Aurora

B/C kinase activity at kinetochores. Furthermore, expression of the PP2A mu-

tant in SGOL2 knockout cells almost completely dephosphorylated Aurora B/C
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kinase substrates at kinetochore and accelerated the bi-orientation of homologous

chromosomes. However, it was still not able to rescue the delay in APC/CCdc20

activation. In the context of mouse oocytes, these findings could offer an explana-

tion as to how mutants such as Mlh1−/− with frequent aberrant attachments and

possibly high levels of phosphorylation on Aurora B/C phosphorylation sites can

still activate APC/CCdc20 and extrude the first polar body [254]. One explanation

could be that in mouse oocytes, the two processes, i.e. error correction machin-

ery and spindle assembly checkpoint that ensure proper segregation, might not

be linked as strongly as in the mitotic cell. This research shows that in mouse

oocytes, Sgol2 can link the Aurora B/C activity at kinetochores with the SAC

silencing. However, the precise details of the molecular network linking Sgol2 to

the SAC and the error correction machinery require further investigation.

3.3.3 K Fibre Synthesis and Sgol2

In fully grown in vitro maturing mouse oocytes, up to 80 MTOCs originate in the

cytoplasm. After GVBD, these scattered MTOCs cluster together and radiate

microtubules, forming the apolar microtubule ball. Following DNA condensa-

tion, bivalent chromosomes distribute as individual objects on the surface of the

microtubule ball. Subsequently, the ball of microtubules forms a bipolar spindle

over several hours and at 3-4hrs post-GVBD, it forms a barrel-shaped spindle

with poorly focused poles. The dynamical changes in spindle architecture are

accompanied by changes in chromosomal orientation and position on the spindle.

As oocytes initiate bipolarisation of the spindle, chromosomes start to invade the

spindle from their peripheral localisation. Kinetochores correct lateral attach-

ments and the corresponding kinetochores establish stable end-on connections

with microtubules emanating from opposite poles. Finally, after several failed at-

tempts, bivalent chromosomes align on the metaphase plate of the barrel-shaped

spindle [252, 251].

The assembly of an acentrosomal meiotic spindle depends on the combined ac-

tivities of RanGTP and CPC-dependent pathways. Coordination between these
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pathways is thought to organise the meiotic spindle and arrange homologous

chromosomes on the spindle [255]. In mouse oocytes, a fluorescence resonance

energy transfer (FRET)-based biosensor showed that RanGTP activity centres

on chromosomes throughout the first meiotic division [256]. The inhibition of

RanGTP activity during the first meiotic division reduces microtubule density

around chromosomes and delays spindle organisation, but it does not prevent the

assembly of the acentrosomal spindle [256]. However, Aurora kinase inhibition

significantly perturbs assembly of a bipolar spindle [257, 258, 259, 260]. Possibly,

three Aurora Kinases are expressed in mouse oocytes, Aurora A, B, and C, with

some overlapping functions [261, 260, 258]. However, the precise role and the

temporal dynamics of RanGTP and Aurora Kinase-dependent CPC pathways in

organising the acentrosomal spindle in mouse oocytes remains unclear.

This study highlights an important role played by Sgol2 at kinetochores in assem-

bling K fibres and in promoting bi-orientation and congression of chromosomes. I

show that in wild type cell Sgol2 localises to kinetochores, and is phosphorylated

by Aurora B/C kinase. As chromosomes form the pro-metaphase belt Sgol2 con-

centration at kinetochores increases and it gradually builds up as chromosomes

enter the interior of the spindle. Also, I found that Sgol2 promotes K fibres

formation and accelerates bi-orientation and congression of homologous chromo-

somes. Moreover, when chromosomes align on the metaphase I spindle it reduces

inter-kinetochore distances. Consistent with this, SGOL2 knockout oocytes have

fewer K fibres, chromosomes are positioned more peripherally on the ball of micro-

tubules and as they enter the ball, bivalents are stretched further resulting in in-

creased inter-kinetochore distances and chiasmata terminalisation. Importantly,

I have been able to decouple these functions of Sgol2 from its interaction with

PP2A and Mad2 and have shown that these functions depend on Aurora phos-

phorylation of Sgol2. Also, I have shown that this phosphorylation of Sgol2 by

Aurora kinase is required for MCAK recruitment and for Aurora B/C inhibition

by Sgol2. Therefore, it possible that Sgol2, by recruiting MCAK to kinetochores

and by inhibiting Aurora B/C kinase activity, promotes microtubule-kinetochore

interactions.
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It is possible that, by interacting with MCAK, Sgol2 can inhibit Aurora Ki-

nase activity at kinetochores, which probably stops the destabilising activity of

Aurora B/C Kinase at kinetochores and thereby promotes K fibre stabilisation.

Hence, the increased Aurora B/C activity at kinetochores in SGOL2 could ex-

plain the paucity of K fibres in these oocytes. Based on multiple lines of evi-

dence presented in this chapter, it can be concluded that in wild type oocytes

after GVBD, during phase 1, Aurora B/C phosphorylates Sgol2, which recruits

MCAK to kinetochores. This recruitment, either by directly or indirectly affect-

ing kinetochore microtubule interactions, opposes the kinase activity of Aurora

B/C at kinetochores. This results in increased stabilisation of K fibres, which is

required for chromosomes to enter the meiotic spindle. Progressively increasing

concentrations of Sgol2 and MCAK, possibly by inhibiting Aurora B/C activity at

kinetochores, promote bi-orientation and congression of bivalent chromosomes on

the barrel-shaped meiotic spindle. MCAK recruitment possibly corrects lateral

and side microtubule-kinetochore interactions and maintains inter-kinetochore

distances, possibly through its motor activity, as previously reported in mitotic

cells [262].

Recent work studying Xenopus egg extracts has shown that xSgo2, a newly dis-

covered homolog of shugoshin in Xenopus, can promote the activity of Aurora

Kinase, which generates a favourable environment for microtubule polymerisa-

tion [263]. Although both mouse Sgol2 and xSgo2 can promote microtubule-

kinetochore interactions, they might have opposite effects on Aurora Kinase ac-

tivity.

The bi-orientation and the dephosphorylation of Aurora targets did not require

PP2A recruitment to kinetochores in mouse oocytes. However, a recent study on

Hela cells using RNAi showed that centromeric PP2A can silence phosphoryla-

tion of Aurora B substrates at kinetochore, and interestingly this study also used

pSer24 Knl1 as an Aurora B substrate at kinetochores [264]. Discrepancies be-

tween the results could simply be due to different cell types used in these studies.

However, knocking down PP2A might displace Sgol2 and therefore MCAK from

kinetochores [265]. This might also explain why in this study PP2A-depletion in
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Hela cells did not produce centromeric cohesion defects [264].

3.4 EXPERIMENTAL PROCEDURES

3.4.1 Generation of Mouse Strains

Generation of the SGOL2 knockout mice has been described [222]. To de-

tect Rec8, females from a transgenic line expressing Rec8 from a bacterial ar-

tificial chromosome (BAC), with nine tandem copies of the human c-myc epi-

tope at its C terminus, were crossed to sgol2∆/+ males. Litters with geno-

types sgol2∆/+(Tg)Rec8-Myc+ were crossed back to sgol2∆/+ mice to generate

sgol2+/+(Tg)Rec8-Myc+ (controls) and sgol2∆/∆(Tg)Rec8-Myc+ female.

3.4.2 Isolation and Culture of Oocytes

Prophase-arrested oocytes were harvested from ovaries excised from 8-12 week

old female mice. Antral follicles were isolated using sterile insulin needles in M2

medium (Sigma Aldrich) supplemented with 200µM IBMX (Sigma Aldrich). For

intracellular microinjections, oocytes were placed in droplets of M2 medium with

IBMX. For time-lapse confocal imaging and in vitro culture prior to preparation

of chromosome spreads, oocytes were transferred into IBMX-free M16 medium

and cultured at 37◦C and 5% CO2.

3.4.3 Preparation of mRNAs

Capped mRNA constructs with a poly-A tail were transcribed using T3 or T7

Ultra mMESSAGE kit (Ambion) from plasmid cDNA encoding H2B-mCherry,

wild type Sgol2 (Origene), and various mutants of Sgol2, GFP-Sgol2, Securin-

eGFP, GFP-MCAK, CENPB-GFP, CENPB-GFP-MCAK, and GFP-EB3.
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3.4.4 Microinjection of mRNA

Fully-grown oocytes were injected with 5-10 pL mRNA at a final concentration of

0.1mg/mL in RNase-free water (Ambion) using a Pneumatic PicoPump (World

Precision Instruments) [187, 238]. To allow for protein expression, following mi-

croinjection of mRNA, GV oocytes were cultured for 1-2hrs in M16 medium sup-

plemented with IBMX. Oocytes were then washed in inhibitor-free M16 medium

and thereafter cultured at 37◦C and 5%CO2.

3.4.5 Live Cell Confocal Microscopy

During time-lapse experiments, oocytes were cultured in a PeCon environmen-

tal microscope incubator at 37C 5% CO2. A Zeiss LSM510 META confocal

microscope equipped with PC-Apochromat 63x/1.2 NA water immersion and

PC-Apochromat 20x/0.8 NA objective lenses was used for image acquisition. For

detection of EGFP and mCherry, 488-nm and 561-nm excitation wavelengths

and BP 505-550 and LP 575 filters were used. During live-cell imaging, chromo-

somes labeled with H2B-mCherry were tracked with an EMBL-developed tracking

macro [266] adapted to our microscope. Image stacks of 8 to 12 slices of 1.5-2.5µm

were captured every 5-10min for 12-14hrs.

3.4.6 Chromosome Spreads

Chromosome spreads from mouse oocytes were prepared as previously described

[239, 240]. Briefly, zona pellucida was removed by 10mg/ml Pronase (Sigma-

Aldrich) at 37◦C for 5-10mins. Zona-free oocytes were treated by hypotonic

solution (50% FCS in deionized water) for 10 min at 37◦. Oocytes were then

fixed in paraformaldehyde solution (1% paraformaldehyde, 0.15% Triton-X 100,

3mM dithiothreitol, adjusted to pH 9.2 with NaOH) in 15-well multichamber glass

slide (MP Biomedicals) overnight at room temperature in a humidified chamber.

After drying, slides were washed twice in 0.4% Photoflo/H2O (Kodak) and PBS

for 5mins, at room temperature. Slides were then processed for immunostain-

ing. In this study, I used CREST (1:500; Davis Lab), rabbit anti-Sgol2 serum
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(1:50; gift from J.L. Barbero [241]), anti-phospho T521 Sgol2 (1:500, gift from

Yoshi Watanabe [250]), anti-MCAK (1:500, gift from Duane A. Compton [267]),

anti-phospho Ser 24 Knl1 (1:1000, gift from Iain Cheeseman [100]), anti-phospho

Ser 100 Dsn1 (1:500, gift from Iain Cheeseman [100]) Phosphospecific antibody

detecting Thr288, Thr232 or Thr198 on Aurora A/B/C (1:50, Cell Signaling Tech-

nology), anti-Aurora C (1:50, Bethly Laboratories), mouse anti-PP2A-C (1:200,

BD Biosciences), anti-cMyc (1:500, Millipore).

3.4.7 Immunofluorescence

For analysis of K fibres, oocytes processed as previously described [251]. Briefly,

after either 2 or 6hrs post-GVBD, oocytes were treated for 90s with Ca+2 buffer

100 mM PIPES pH 7.0, 1 mM MgCl2, 0.1 mM CaCl2, 0.1% Triton X−100)

at 37◦C and then fixed in 1% formaldehyde prepared in Ca+2 buffer for 30min

at room temperature. Following fixation, oocytes were washed and extracted

overnight in PBT (PBS supplemented with 0.1% TritonX-100) at 4◦C. Cells were

then blocked in 3% BSA with PBT (blocking solution) for 1hr at room tem-

perature. For immuno-labeling oocytes were incubated overnight at 4◦C with

β-tubulin (1:500, abcam) and CREST (1:100, Davis Lab) antibodies, prepared in

blocking solution. After four washes in PBT, oocytes were incubated for 1hr at

room temp with Alexa 488 and 568 conjugated secondary antibodies (1:500, Invit-

rogen) prepared in blocking solution. Oocytes were briefly stained with Hoechst

33342 (20mg/ml) before confocal imaging.

3.4.8 Protein Expression and Purification

Recombinant MBP-Sgol2cc-His and MBP-Sgol2cc-Flag were purified from 1L of

Escherichia coli BL21(DE3) RIPL (Stratagene, La Jolla, CA, USA) carrying plas-

mids pMAL-c2x (Ampicillin resistance) for the Flag-tagged subunit or pET28b

(Kanamycin resistance) for the His-tagged subunit, grown at 37◦C in 2xTY me-

dia supplemented with 25µg/ml chloramphenicol and 100µg/ml ampicillin for

pMAL-c2x or 50µg/ml kanamycin for pET28b. At OD600 = 0.4, MBP-Sgol2cc-
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HIS or -Flag synthesis was induced by the addition of 0.1mM IPTG, incubated at

30◦C. After 4hrs, the cells were harvested by centrifugation, frozen in dry ice, and

stored at -80◦C. The cell paste was re-suspended in 40ml of lysis buffer (50mM

sodium phosphate pH 7.0, 500mM NaCl, 10% glycerol, 0.02% Triton X-100) con-

taining Roche complete EDTA free protease inhibitor, PMSF (1mM) and 5 mM

imidazole for the HIS tagged subunit. Each aliquot was sonicated four times for

30s on ice. Insoluble material was removed by centrifugation at 25000rpm for

1hr at 4◦C in a Beckman Coulter Avanti-J26XP JLA8.1000 rotor. The super-

natant was incubated for 2hrs at 4◦C on a 5ml Talon column (BD Biosciences,

Palo Alto, CA, USA) or ANTI-FLAG® M2 Affinity Gel (Sigma A2220). The M2

Flag beads were washed four times with 50ml of lysis buffer and the Talon beads

were washed two times with 50ml of lysis buffer containing 20mM imidazole and

two times with 50ml of lysis buffer containing 45 mM imidazole. MBP-Sgol2cc-

Flag was eluted with 4 times 1ml of lysis buffer containing 3xFLAG peptide

(150ng/µl). MBP-Sgol2cc-HIS were eluted with 10ml of lysis buffer containing

1M of imidazole. The concentration of MBP-Sgol2cc-HIS and MBP-Sgol2cc-Flag

was determined by nanodrop against the lysis solution.

3.4.9 PP2A-Sgol2 in-Vitro Binding Assay

For all binding assays, highly-purified PP2A subunits (purified as previously de-

scribed [268]) and MBP-Sgol2cc-Flag were used. To test the binding of PP2A

to mutant shugoshin, 20µg of GST-tagged PP2A A-subunit was incubated with

excess amounts of PP2A B56- and C- subunit and MBP-tagged shugoshin for 1hr

on ice. Following incubation, 40µg glutathione beads (GE Healthcare) was added

and incubated together for 20min. Beads were then washed 4x1mL in 1xPBS,

0.1%Triton X-100, 1mM dithiothreitol, boiled in reduced SDS loading buffer, and

subjected to SDS-PAGE analysis using Coomassie blue staining.
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3.4.10 Co-Immunoprecipitation of Sgol2 Coiled-Coil Do-

mains

His and Flag-tagged mSgol2cc from wild type and 3A were coexpressed in E.coli

BL21(DE3)RIPL for 4hrs at 30◦ with 0.1mM of IPTG. Cells were spun at 25000rpm

for 1hr at 4◦C in a Beckman Coulter Avanti-J26XP JLA8.1000 rotor. The pellet

was re-suspended into lysis buffer (NaPO4 50 mM pH= 7, NaCl 250 mM, Glyc-

erol 10%, Triton 0.02%, protease inhibitor). 10mg of extract was incubated with

100µl of Talon beads for 2hrs at 4◦C, the beads were wash 5 times with the lysis

buffer containing 23mM of imidazole. His tagged MBP-Sgol2cc was eluted with

10ml of lysis buffer containing 1M of imidazole. IP and input was resolved on a

SDS PAGE gel. The abundance of His and Flag-tagged MBP Sgol2 was analyzed

by western blot using anti-Flag (1:10,000) and anti-His (1:10,000) antibodies.

————————————————————————
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Figure 8: Size and Dimerisation of Sgol2 coiled-coil domains. (A) Coomasie
Blue Staining of purified His- and Flag-tagged recombinant MBP-Sgol2cc (37-117) pro-
teins resolved on a 12% SDS-PAGE gel. (B) Dimerisation assay of coiled-coil domains
from wild type and mutant Sgol2. The Flag tagged MBP-Sgol2cc (31-117) was pulled
down by the His-tagged MBP-Sgol2cc (31-117) with the same substitution. Homodimeri-
sation was assessed by the relative abundance of each form in the IP by western blots.
(C) Co-immunoprecipitation assay of MBP-Sgol2cc from wild type and 3A mutant are
shown to validate the homodimerisation of coiled-coil domains. MBP-Sgol2cc-Flag and
MBP-Sgol2-His were expressed either independently, or co-expressed. Upon anti-His im-
munoprecipitation, each fraction was separated on a 12% SDS-PAGE gel and analysed
by immunoblotting with anti-Flag and anti-His antibodies. Input was resolved on a 12%
SDS-PAGE gel. (Performed in collaboration with Dr. Mickael Ploquin.)
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Figure 9: Sgol2-PP2A interaction is required to protect centromeric cohesion
at the first meiotic division. (A) Oocytes harvested at GV stage from wild type (con-
trol) mice were microinjected with wild type or 3A mutant Sgol2 mRNA in M2 medium
supplemented with IBMX. After releasing the oocytes in M16 medium without IBMX,
chromosomes spreads were prepared from metaphase II-arrested oocytes and stained with
DAPI and CREST (green). (B) Frequencies of dyads and single chromatids observed on
metaphase II chromosome spreads from control oocytes and control oocytes that had been
injected with the 3A mutant Sgol2 mRNAs. Numbers of oocytes examined are indicated
(n). (C) Metaphase I localisation of Sgol2 (red) and PP2A-C (green) on chromosomes
from sgol2∆/∆ oocytes microinjected with H150E Sgol2 mRNA and T521A T600A Sgol2
mRNA. (D) DAPI (blue) and CREST (green) stained chromosome spreads prepared at
metaphase II from sgol2∆/∆ oocytes microinjected at GV stage with H150E and T521A
T600A Sgol2 mRNA.
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Figure 10: Fluorescence quantifications of Securin-EGFP signals in individ-
ual oocytes. (A) Time course measurements of Securin-EGFP mean fluorescence in-
tensity in control and sgol2∆/∆ oocytes. (B-E) Comparison of Securin-EGFP mean flu-
orescence intensity curves in SGOL2 knockout oocytes and sgol2∆/∆ oocytes expressing
the indicated form of Sgol2. (F) Microinjection of Sgol2 mRNA accelerates APC/CCdc20

activation in wild type oocytes. Time course measurements of Securin-EGFP mean fluo-
rescence intensity from individual oocytes.
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Figure 11: Sgol2 maintains inter-kinetochores distances by localising MCAK
to kinetochores. (A) Oocytes harvested at GV stage were microinjected with either
CENPB-GFP or CENPB-GFP fused to MCAK. Time course images from live cell con-
focal microscopy from metaphase I stage are displayed. Scale bars represent 5µm. (B)
GV oocytes were harvested in M2 medium supplemented with IBMX. Oocytes were then
cultured in M16 medium for about 6-7hrs, corresponding to metaphase I stage. To in-
hibit Aurora B/C kinase activity oocytes were cultured in M16 medium supplemented with
AZD1152 (100nM). Representative chromosomes spreads from indicated groups of oocytes
at metaphase I stage showing MCAK localisation are displayed.
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Figure 12: Aurora B/C Kinase phosphorylates Sgol2 on T521. (A) Oocytes were
harvested from wild type control females at GV stage. Oocytes were matured in-vitro and
chromosome spreads were prepared at 2 and 4hrs post-GVBD. Slides were stained for DNA
(DAPI, blue), Sgol2 (red), and CREST (green). Fluorescence intensities of Sgol2 and
CREST at kinetochores were quantified. Numbers of oocytes examined are indicated (n).
(B) Chromosome spreads were prepared at 2 and 4hrs post-GVBD from wild type control
oocytes. Slides were stained for DNA (DAPI, blue), Sgol2-pT521 (red), and CREST
(green). Aurora B/C kinase activity was inhibited by culturing oocytes in M16 medium
supplemented with the AZD1152 (100nM) inhibitor. Mean fluorescence intensity ratios
of Sgol2-pT521 and CREST at kinetochores were quantified.
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Figure 13: Sgol2 promotes bi-orientation of homologous chromosomes on
the meiotic spindle. Live cell confocal microscopy images from oocytes expressing
H2B-mCherry (chromosomes, red) and EB3-GFP (microtubules, green) are shown. Im-
ages from littermate control, sgol2∆/∆, sgol2∆/∆ microinjected with wild type and T521A
T600A Sgol2 mRNA are displayed. Time (in hrs) after GVBD is indicated on each frame.
Scale bars represent 5µm
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Figure 14: Sgol2 decreases Aurora C activity at the kinetochores without
affecting its localisation. (A) Chromosome spreads were prepared from the indicated
groups at 4hrs post GVBD. Slides were stained for DNA (DAPI, blue), Aurora C (red),
and CREST (green). (B) Mean fluorescence intensity ratios of Aurora-C and CREST
at kinetochores. Upper and lower bars indicate 95th and 5th percentiles, respectively.
(C) Dsn1-Ser100p and CREST kinetochore intensity ratios, quantified from chromosome
spreads prepared at 3 and 6hrs post-GVBD from wild type control oocytes.
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Contributions

• Experiments presented in Figure 8 were performed in collaboration with Dr.

Mickael Ploquin in the laboratory of Prof Kim Nasmyth at the University

of Oxford.

• Experiment presented in Figure 3.1C was performed by Seamus Morrone in

the laboratory of Prof. Wenqing Xu at the University of Washington.

• Experiment presented in Figure 3.1D was performed by Dr. Bernd Mayer

in the laboratory of Prof. Olaf Stemmann at the University of Bayreuth.
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3

[14] W.S. Sutton. The chromosomes in heredity. The Biological Bulletin,

4(5):231–250, 1903. 4

[15] K. Nasmyth. A prize for proliferation. Cell, 107(6):689–702, 2001. 4, 6, 7

[16] D.O. Morgan. The cell cycle: principles of control. Sinauer Associates

Incorporated, 2007. 4, 5, 8, 17, 18

[17] HP Rusch, W. Sachsenmaier, K. Behrens, and V. Gruter. Synchronization

of mitosis by the fusion of the plasmodia of physarum polycephalum. The

Journal of cell biology, 31(1):204–209, 1966. 6

[18] P N Rao and R T Johnson. Mammalian cell fusion: studies on the regulation

of dna synthesis and mitosis. Nature, 225(5228):159–64, Jan 1970. 6

[19] R T Johnson and P N Rao. Mammalian cell fusion: induction of premature

chromosome condensation in interphase nuclei. Nature, 226(5247):717–22,

May 1970. 6

[20] R T Johnson, P N Rao, and H D Hughes. Mammalian cell fusion. 3. a hela

cell inducer of premature chromosome condensation active in cells from a

variety of animal species. J Cell Physiol, 76(2):151–7, Oct 1970. 6

[21] L.H. Hartwell, J. Culotti, and B. Reid. Genetic control of the cell-division

cycle in yeast, i. detection of mutants. Proceedings of the National Academy

of Sciences, 66(2):352–359, 1970. 7

97



REFERENCES

[22] L.H. Hartwell et al. Genetic control of the cell division cycle in yeast.

iv. genes controlling bud emergence and cytokinesis. Experimental cell re-

search, 69(2):265, 1971. 7

[23] L.H. Hartwell, R.K. Mortimer, J. Culotti, and M. Culotti. Genetic control of

the cell division cycle in yeast: V. genetic analysis of cdc mutants. Genetics,

74(2):267–286, 1973. 7

[24] J. Culotti and LH Hartwell. Genetic control of the cell division cycle in

yeast. 3. seven genes controlling nuclear division. Experimental cell research,

67(2):389, 1971. 7

[25] P Nurse. Genetic control of cell size at cell division in yeast. Nature,

256(5518):547–51, Aug 1975. 7

[26] P. Nurse, P. Thuriaux, and K. Nasmyth. Genetic control of the cell divi-

sion cycle in the fission yeast schizosaccharomyces pombe. Molecular and

General Genetics MGG, 146(2):167–178, 1976. 7

[27] T Evans, E T Rosenthal, J Youngblom, D Distel, and T Hunt. Cyclin: a

protein specified by maternal mrna in sea urchin eggs that is destroyed at

each cleavage division. Cell, 33(2):389–96, Jun 1983. 7

[28] Damien Coudreuse and Paul Nurse. Driving the cell cycle with a minimal

cdk control network. Nature, 468(7327):1074–9, Dec 2010. 8

[29] W Zachariae and K Nasmyth. Whose end is destruction: cell division and

the anaphase-promoting complex. Genes Dev, 13(16):2039–58, Aug 1999.

8, 9, 10

[30] A Amon, S Irniger, and K Nasmyth. Closing the cell cycle circle in yeast:

G2 cyclin proteolysis initiated at mitosis persists until the activation of g1

cyclins in the next cycle. Cell, 77(7):1037–50, Jul 1994. 8

[31] Jan-Michael Peters. The anaphase promoting complex/cyclosome: a ma-

chine designed to destroy. Nat Rev Mol Cell Biol, 7(9):644–56, Sep 2006.

9

98



REFERENCES

[32] Jonathon Pines. Cubism and the cell cycle: the many faces of the apc/c.

Nat Rev Mol Cell Biol, 12(7):427–38, Jul 2011. 9

[33] R Visintin, S Prinz, and A Amon. Cdc20 and cdh1: a family of substrate-

specific activators of apc-dependent proteolysis. Science, 278(5337):460–3,

Oct 1997. 9

[34] J L Burton and M J Solomon. D box and ken box motifs in budding

yeast hsl1p are required for apc-mediated degradation and direct binding

to cdc20p and cdh1p. Genes Dev, 15(18):2381–95, Sep 2001. 9

[35] Claudine Kraft, Hartmut C Vodermaier, Sebastian Maurer-Stroh, Frank

Eisenhaber, and Jan-Michael Peters. The wd40 propeller domain of cdh1

functions as a destruction box receptor for apc/c substrates. Mol Cell,

18(5):543–53, May 2005. 9
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[156] A Tóth, K P Rabitsch, M Gálová, A Schleiffer, S B Buonomo, and K Nas-

myth. Functional genomics identifies monopolin: a kinetochore protein

required for segregation of homologs during meiosis i. Cell, 103(7):1155–68,

Dec 2000. 25, 27

[157] Huiling Xu, Matthew D Beasley, William D Warren, Gijsbertus T J van der

Horst, and Michael J McKay. Absence of mouse rec8 cohesin promotes

synapsis of sister chromatids in meiosis. Dev Cell, 8(6):949–61, Jun 2005.

25

113



REFERENCES

[158] Takeshi Sakuno, Kenji Tada, and Yoshinori Watanabe. Kinetochore geom-

etry defined by cohesion within the centromere. Nature, 458(7240):852–8,

Apr 2009. 25
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