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Abstract

Centromeres are specialised chromosome loci which play an important role in cell
division because they serve as the sites of kinetochore assembly, and this ultimately
enables chromosome segregation. Interestingly, the DNA sequence at the centromere
is not conserved — in fact, it varies significantly between organisms.

A centromere-specific histone H3 variant, CENP-A“"P! has been shown to be
the epigenetic mark of functional centromeres and it is present across species[1, 2].
CENP-AC"! deposition in each cell cycle is required to maintain the identity of the

centromere.

Cepl, a NAP (Nucleosome Assembly Protein) family member, has been found to

1CENP-A on fission yeast centromeres and to interact

play a role in the loading of Cnp
with Cnp1©FNP-A by physically associating with it[3]. The budding yeast ortholog
of Cepl, Vps75, functions as a regulatory subunit of a histone acetyltransferase
Rtt109[3, 4], so this project sought to explore the role of fission yeast Rtt109 in
centromere function.

Furthermore, the project investigated the role of CcplVP*™ in Cnpl©FNFP-A de-

CENP-T

position, as well as the interaction between CcplVP*™ and Cnp20 , an inner

kinetochore protein.

In this thesis CcplVP™ has been identified as a Cnpl®FNF-A loading factor, and
the data presented suggests that the ccpl A mutant has centromere clustering de-
fects and that the centromeres may not cluster at the SPB in this mutant.

This study has also found Cnp20°"NP-T to interact with CeplVP™ and that

1 Vps75

Cep is involved in the maintenance of Cnp20“FNF-T Jevels at the centromere.

In this thesis it is also shown that S. pombe Ccpl and S. cerevisiae Vps75 may



not be true functional orthologs. In budding yeast Rtt109 and Vps75°P! work to-
gether to bring about correct acetylation of histone H3 at K9, K27 and K56(5, 6].
However, in fission yeast Rtt109 does not appear to be essential for the function

1VPs7 and they likely have separate functions. Furthermore, the results pre-

of Cep
sented in this thesis suggest that Ccpl1VP™ does not support the function of Rtt109

in regulating the resistance to genotoxic agents.
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Chapter 1

Introduction

1.1 Motivation

Centromeres are epigenetically inherited[7] and CENP-A| a centromere-specific his-
tone H3 variant, has been shown to be the epigenetic mark of functional centromeres
and it is present across species, with few exceptions, from yeast to humans[1].

CENP-A deposition in each cell cycle is required to maintain the identity of the
centromerel[8].It has also been suggested that CENP-A plays a role in signalling, as
it has been found that the spindle checkpoint is activated in cells which are deficient
in CENP-A, leading to mitotic arrest[9].

Ccpl, a NAP (Nucleosome Assembly Protein) family member, has been found
to function as a regulatory subunit of a histone acetyltransferase Rtt109 in budding
yeast, Saccharomyces cerevisiae[6], however its role in fission yeast, Schizosaccha-
romyces pombe, remains to be explored.

Previous studies have found that CENP-T, a protein in the Constitutive Cen-
tromere Associated Network (CCAN), is important in promoting epigenetic stability
of centromeres in fission yeast and that cooperation of Cnp20°F*NP-T and Cnp1CENP-A
is important for stable centromere inheritance[10]. The authors of this paper sug-
gest that the N-terminus of Cnpl®ENP-A recruits Cnp20°"NP-T and through this,
the CENP-T branch of CCAN. As the CENP-TWSX complex forms a nucleosome-

like structure, it is possible that Ccpl interacts, through its NAP domain, with

21



Cnp20CENP-T to regulate CENP-A deposition at the centromere.

Due to the importance of CENP-A deposition and maintenance at the centromere
for the correct progression of the cell cycle, and the crucial impact any errors in this
process have on the cell, identifying all of the participating proteins and understand-
ing each of their roles is crucial for our understanding of cell cycle.

This has further implications for translational research, and our understanding
of diseases such as cancer, as errors in chromosome segregation can contribute to
their development as well as their resistance to available treatments, as chromosomal

instability can increase resistance to chemotherapeutic drugs in cancers|11].
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1.2 Schizosaccharomyces pombe

1.2.1 Chromosome and gene organisation in fission yeast

The fission yeast has the genome size of 13.8 Mb[12, 13] and the S. pombe genome is

organised into three relatively large chromosomes. The three S. pombe chromosomes

‘ I Pericentric chromatin

are 5.7, 4.6 and 3.5 Mb in size[12].

8
2
E —

cnt imr otr

Figure 1.1: Illustration of the mitotic chromosome and the organisation of cen-
tromere in fission yeast.

S. pombe has regional centromeres, just like higher eukaryotes[14—16]. The three
fission yeast centromeres are roughly 40, 69 and 110 kb in size[12, 14, 15].

Fission yeast has centromeres described as "regional”[16], whereas in budding
yeast they are desribed as being ”point” centromeres[14, 15]. S. pombe centromeres
are more complex and significantly larger in size than the S. cerevisiae ones, and
they contain numerous repetitive sequences, which is a feature they share with cen-
tromeres of higher eukaryotes[17]. The three centromeres of fission yeast measure
approximately 35 kb (Chromosome I), 65 kb (Chromosome II) and 110 kb (Chro-
mosome III) in length.

The centromeres consist of the central core (cnt, CEN) which are flanked by
innermost repeats (imr1R, imriL) and outermost repeats (otr), consisting of dg

and dh sequences which vary in number. The central core measures approximately

23



4 kb in length, and a region of approximately 1.4 kb within it shares approximately
48% of its identity between all of the three centromeres[18, 19].

Other than in their complexity, fission yeast centromeres show the similarities
with human centromeres also in the way the repetitive sequences are arranged. This
is also true for the arrangement of the repetitive sequences in the centromere flank-
ing regions. Meanwhile, budding yeast centromeres do not share such similarities

with human and S. pombe centromeres[13, 18, 20-22].

RNAi machinery directs the assembly of heterochromatin at the centromere - most
notably, RNAi pathway is required for recruiting of CENP-A | a centromere-specific
histone H3 variant, to the central core of the centromere. This is crucial for kineto-
chore formation and chromosome segregation later in the cell cycle[23].

Dicer (Derl RNAse), Argonaute (Agol DNA binding protein) and Rdpl (RNA-
directed RNA polymerase) are necessary in the process of heterochromatin assembly
in fission yeast[24]. All three components have also been found to be highly con-
served components of the RNAi machinery. Dicer’s role in the process is to mediate
the conversion of the double stranded RNA, which is transcribed from repetitive
regions, into siRNAs (small interfering RNAs). The resulting siRNAs are then mul-
tiplied by Rdpl. siRNAs then interact with Argonaute and guide the complexes
which remodel chromatin to the genome sites whose sequence is complementary to
the sequence of those siRNAs.

Two other process take place in the same region of chromatin - one is the methy-
lation of histone H3 on lysine 9 (H3K9), mediated by Clr4 (a methyltransferase),
and, following the H3K9 methylation, which creates binding sites for the HP1 family
of chromodomain proteins, recruitment and oligomerisation of the heterochromatin

HP1/Swi6 protein. This results in formation and spreading of heterochromatin[25].

In summary, the chromosome and gene organisation in fission yeast has many shared
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features with human, and in general metazoan, cells, from centromere and telmo-
) ) )

ere structure, to gene structure, such as existence of several introns within a single

gene, as well as gene expression modulation, making it a great model organism for

epigenetics research.
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1.3 Chromosomes, the centromere and the kine-
tochore

DNA molecules inside nuclei of eukaryotic cells are packed into highly condensed
nucleoprotein structures called chromosomes, in which DNA is wrapped in a super-
helical manner around histone octamers almost two times forming nucleosomes|26].
The octameric structure of canonical nucleosomes consists of two copies of each
of the core histones: H2A, H2B, H3 and H4. Nucleosomes form chromatin fibres,
which, in turn, form chromatin when various scaffolding proteins are incorporated
into the structure.

This kind of packaging enables the large DNA molecules to fit into cell nuclei;
however, this kind of efficient DNA packaging also hinders processes requiring access
to the underlying DNA sequence - such as DNA repair, transcription, replication and
recombination. Because of this during the cell cycle the structure of chromosomes
varies and the factors that modify chromatin structure are crucial to the regulation
of genetic processes in the cell.

Such processes include nucelome assembly regulation by histone chaperones, the
covalent modification (e.g. methylation, acetylation) of histone proteins and DNA,
targeted incorporation of histone variants (e.g. CENP-A, a histone H3 variant)
as well as mechanical remodelling of nucleosomes by ATP-dependent Snf2 family
proteins[27-32].

During the S-phase the chromosomes are replicated and consist of two sister
chromatids which are then separated during mitosis. The segregation of the sister
chromatids and its accuracy depend on two structures - the centromere and the

kinetochore.
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1.3.1 The centromere

The centromere is a specialised chromosome locus where kinetochores assemble[1].
In the fission yeast S. pombe, it can be functionally divided into the centromere
core (ent) and the heterochromatic pericentromeric regions. The core region serves
as the site of kinetochore complex assembly. It is characterised by CENP-A; a
centromere-specific variant of the histone H3[1, 2]. It has been found that in S.
pombe centromeres the majority of the histone H3 is replaced by an ortholog of
CENP-A known as Cnpl[33].

In fact, based on the intensity of the Cnpl-GFP locus, it has been estimated
that in a typical fission yeast cell there are 680 CENP-A molecules[34]. Further
experiments, which used single molecule microscopy, have revealed that there are
between 72 and 82 CENP-A molecules in a centromere cluster (i.e. in all three
fission yeast centromeres together).

ChIP-Seq (chromatin immunoprecipitation coupled with DNA sequencing) has
been employed to take these quantitation efforts further, and through these experi-
ments it has been found that per centromere there are between 19 and 24 CENP-A
nucleosomes, which would imply a total of 64 molecules of CENP-A in a haploid

cell[35].

The centromeric core spans a region of the chromosome which is between 4 to 7
kb in length. Either side of the core are the repeat regions called the innermost

1CENP-A §s enriched in the imr regions as well as the core. Either

repeats (imr). Cnp
side of the imr regions are the outermost repeat regions (otr) packaged in pericen-
tromeric heterochromatin, which is characterised by nucleosomes containing histone
H3 which has been methylated on lysine 9 (K9). tRNA genes provide a physical

barrier which stops the pericentromeric heterochromatin from spreading into the

central core[36].
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Transcriptional silencing at the centromere

It has been shown that genes inserted in fission yeast centromeres are transcription-
ally silenced[37]. This is due to specific packaging at the centromere, as functional
centromeres have an optimal level of CENP-A. A reporter gene can be inserted at
the centromere (commonly arg3") and its expression monitored by using a selective
medium.

In such an experiment, the endogenous copy of the gene must be deleted. This
allows researchers to indirectly determine CENP-A levels at the centromere by mon-
itoring whether the reporter gene within the centromere is silenced or expressed.
This is commonly known as the centromere silencing assay. Figure 1.2 shows the
position of the reporter gene (arg3") in the central centromeric core in strains used
in centromere silencing assays. Mutants of genes involved in CENP-A deposition
at centromeres have been observed to de-silence arg3 (i.e., grow on media lacking
arginine) due to reduced CENP-A levels and correspondingly increased histone H3

levels at the centromere[38].

Heterochromatin Heterochromatin
otr / imr ent imr otr
tRNA
gene

Figure 1.2: An illustration showing the position of the arg3 gene in the centromeric
core in cells used in experiments monitoring levels of (de-)silencing at the centromere.

In a variation of this experiment, ura/” can also be used as a reporter gene, and
5-fluoroorotic acid (5-FA) used in the selective medium. In addition, researchers
have also used ade6™ as the reporter gene, which gives in colony colour variation -
the colonies are red when ade6” is repressed, and white when the ade6” reporter
is expressed. It is important to note, however, that compared to silencing in the
outer repeats, silencing of ade6” in the central domain is somewhat unstable, which

results in variegated (i.e. sectored) colonies[20]. Interestingly, if moved only 1 kb
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distal to the outer repeats, no silencing is observed - this has suggested that the

transcriptional silencing happens only at the centromere[37, 39].

In fission yeast the first genetic screens using the position effect variegation (PEV)
looked at mutants which allowed for expression of two normally silent casettes -
mat2-P and mat3-M. It was possible for researchers to identify these mutants be-
cause they exhibited an atypical mating pattern or because they could select for the
expression of a uraj+ transgene which has been previously inserted in the mating
type region[40-42].

As a result of these screens a whole host of genes, named cryptic loci regulators
(clr), were identified - namely, clri™, clr2®, clr3*, clrj*. In addition to those genes,
rik1* and swi6® were identified in these early screens. The products of these genes
are the fission yeast counterparts of budding yeast silent information regulator (Sir)
proteins[43].

Several of the Clr proteins identified in these screens were later shown to be
required for centromere silencing and silencing at the mating type loci of fission
yeast[39]. This brought into focus the connection between heterochromatin forma-

tion at centromeres and and the mating type loci.

Interestingly, while both fission yeast and budding yeast have transcriptional si-
lencing at the mating type loci, rDNA regions and telomeres, only fission yeast
shows silencing at centromeres|20].

Such silencing requires histone modifications to be made - and histone H3K9
methylation in particular has been shown to be important in this process - as well
as RNAi proteins, homologs of HP1 (heterochromatin protein 1) and the RNA poly-
merase [T machinery. Such mechanisms are conserved in higher eukaryotes, however,
unlike many other eukaryotes and Neurospora crassa with which S. pombe shares
silencing mechanisms, in fission yeast there appears to be no DNA methylation at a

detectable level[44]. DNA methylation has been found to be a common mechanism
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used to transcriptionally silence chromatin, however in fission yeast this is achieved

primarily by using the RNAi machinery and modifications of chromatin.

As highlighted by the findings discussed above, heterochromatin is important at

centromeres to ensure normal chromosome segregation[39, 45].

Pericentromeric heterochromatin

The role of the pericentromeric heterochromatin is crucial in both mitotic and mei-
otic cell divisions, and it has been shown to provide elasticity and resistance to
cohesin mediated tension. It is also necessary for tension sensing and signalling to
the mitotic checkpoint[2, 46]. In addition, pericentromeric heterochromatin provides
genome stability and and sister-chromatin cohesion.

It is also important to note that this is not the only heterochromatin containing
regions of S. pombe - in total, there are four of these regions: centromeres, mating
type loci (mat2-P and mat3-M), the rDNA region, and telomeres[47]. Transcrip-
tionaly silenced chromatin found close to telomeres has been shown to have a role
in meiotic chromosome segregation[48-50] - similarly to what has been found for

centromeric chromatin.

While it has been identified, it still is not clear which function heterochromatin
in the rDNA region of fission yeast plays[51, 52]. It has been suggested that it is
involved in rDNA stability maintenance by preventing recombination from occurring
between the rDNA repeats, similarly to budding yeast[43].

Centromeric and pericentromeric chromatin and post-translation modifications

of histones are discussed in more detail in Section 1.6.

Regional and point centromeres

The centromeres of human cells are similar to those of S. pombe, and are charac-

terised by o-satellites (chromosome-specific monomeric units of 171 bp). These are
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arranged in head-to-tail tandem arrays[36].

While they are not related to those observed in humans, tandem repetitive
sequences are also found in centromeres of other organisms, such as mice and
plants[53]. Despite the evident importance of centromeres throughout evolution,
the DNA sequence at the centromere is not highly conserved - it, in fact, varies
significantly between organisms. Furthermore, the position of the centromere is not
the same in different organisms either — they can be metacentric (in the middle of
the chromosome), telocentric (close to the chromosome’s end) or acrocentric (cen-

tromeres which separate chromosome arms of different length)[1].

In the budding yeast S. cerevisiae the centromeres are described as “point” cen-
tromeres because they are occupied by a single Cse4 nucleosome and made up of a
conserved 125 bp sequence for all 16 chromosomes in the genome. This sequence is

both necessary and sufficient for the specification of centromere function[14, 15].

In contrast to the S. cerevisiae centromere, the centromeres of most organisms
are far more complex and are referred to as “regional” centromeres because they
span large regions of chromosomes[16], and such centromeres are found in S. pombe.
In these centromeres it has not been possible to identify a connection between the
DNA sequence of the centromere and the ability to form a kinetochore[53]. In fact,
in S. pombe the conversion of a non-functional centromere to a functional one on
mini-chromosomes can happen even if no changes in sequence or structure have been
observed|[54].

Furthermore, dicentric chromosomes show inactivation of one the two centromeres,
which shows that the DNA sequence alone is insufficient for kinetochore forma-
tion[55]. There is also evidence to point to the fact that the repetitive sequences
found in centromeres are also not necessary for a functional centromere — in Drosophila
melanogaster acentric chromosomes acquire a neo-centromere at non-repetitive se-

quences[56].
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All this points to the fact that centromeres are epigenetically inherited and it ap-
pears that CENP-A is crucial for the specification of centromeres as it is sufficient
to promote kinetochore formation on ectopic loci[7]. The importance of CENP-A
is emphasised by the fact that it is present at functional centromeres across species

(with few exceptions), from yeast to humans|1].
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1.3.2 The kinetochore

The kinetochore is a multi-protein complex which mediates attachments of sister
chromatids to spindle microtubules during cell division[1]. The kinetochore assem-
bles on the central domain of the centromere. This allows for the segregation of
the chromatids into the daughter cells. As mentioned earlier in section 1.3.1, the
centromere shows a distinct chromatin configuration which does not involve methy-
lation of histone H3 on K9, which also reflects its role as the site of the kinetochore
assembly:.

Other than their role as sites of microtubule attachment, kinetochores act as
mechanosensors and control the stability of microtubule attachment, thus prevent-
ing incomplete or incorrect attachment (e.g. mono-orientation)[57]. They are also
known to regulate the spindle assembly checkpoint (SAC) as the SAC prevents pre-
mature mitotic exit in cells with unattached or incorrectly attached kinetochores[58].
In addition, they participate in maintaining cohesion between sister chromatids until

anaphasel9].

It has been found that in kinetochore mutants, which have a disrupted CENP-A
chromatin structure, show a pattern characteristic of bulk chromatin when digested
with micrococcal nuclease, without any effect on the gene silencing in the otr region
of the centromere or the adjacent chromatin[38, 59].

It has been suggested that the transcriptional silencing within the central domain
of the centromere is in fact caused by the assembly of the kinetochore as this pro-
vides a steric obstacle to RNA Pol II so it becomes unable to access reporter genes
inserted in the centromeric core. This is supported by the finding that in conditional
temperature sensitive kinetochore mutants of fission yeast there is an increase in the
transcription of the reporter gene at the centromere core, which could be explained
by the fact that the kinetochore is only partially functional at the permissive tem-

perature[38].
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The kinetochore consists of the inner kinetochore and the outer kinetochore. The
inner kinetochore consists of the constitutive centromere associated network of pro-
teins, or CCAN (which are discussed in section 1.4 in greater detail), while the outer

kinetochore comprises the KMN network (KNL1/Mis12/Ndc80 complex), which

comprises a conserved network of proteins.
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1.4 Constitutive centromere associated network

of proteins (CCAN)

The constitutive centromere associated network is a network of 17 proteins which
localise to the region of the kinetochore proximal to the centromere, acting as the
interface between the centromere and the kinetochore. CCAN proteins also re-
cruit components of the outer kinetochore, such as the KMN network (KNL1/Mis12
/Ndc80 complex)[60]. These have been first discovered in patients with the autoim-
mune syndrome CREST and were named centromere proteins (CENP-). In yeasts,
however, the nomenclature is less straightforward — for example, CENP-T is called
Cnp20 in S. pombe and Cnnl in S. cerevisae.

Bind CENP-A
nucleosomes

Recruit KMN

CENP-T

CENP-Q

CENP-S

CENP-X
Recruoit
CENP-A

nucleosomes

Involved in
chromosome
oscillations

Figure 1.3: An illustration showing the proteins that make up the human CCAN,
organised by the different functions they perform.

The CCAN proteins are divided in five groups according to their reported func-
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tions (Fig. 1.3)[53]. These groups are: CENP-C, the CENP-LN complex, the
CENP-HIKM complex, the CENP-OPQUR complex and CENP-TWSX complex.

So far, only CENP-C and CENP-N have been found to directly interact with CENP-
A. Furthermore, these two CCAN proteins have also been found to show specificity
for CENP-A when compared to H3 nucleosomes[61, 62].

Although both of these proteins interact directly with CENP-A, they don’t use
the same binding site to do so. CENP-N binds to CENP-A’s centromere-targeting
domain, while CENP-C interacts with the acidic patch of histones H2A and H2B,
as well as CENP-A’s C-terminus[62].

It appears that CENP-C uses two of its regions to bind to CENP-A: the central
region and the CENP-C motif. Both of these regions consist of approximately 25
amino acid residues and have several conserved positively charged residues close to
their N-terminus and two aromatic residues close to the C-terminus. It is thought
that therefore the N-terminal positively charged residues interact with the acidic
patches on histones H2A and H2B of the CENP-A nucleosome, while the aromatic
residues interact with the C-terminal tail of CENP-A[62].

In fact, the C-terminal tail of CENP-A is known to be necessary for CENP-C
binding[63]. It has been implied that the hydrophobicity of CENP-A’s C-terminal
tail is the key for specific recognition rather than the specific amino acid sequence —
this is because while there is no significant conservation of the sequence of CENP-A
C-terminus across species, CENP-A’s C-terminal tail, across species, does show a

higher hydrophobicity than that of the histone H3[62].
Interestingly, despite the central region of CENP-C and the CENP-C motif being

related in sequence, only the central region is necessary and sufficient to promote

CENP-A nucleosome binding in vitro and kinetochore targeting in vivo[62].
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Despite CENP-C and CENP-N exhibiting a selectivity for CENP-A over histone
H3 in wvitro, this selectivity is described as modest and it is thought that other
mechanisms are employed in cells to achieve the selectivity of kinetochore targeting
of these proteins to the CENP-A nucleosome.

One such mechanism is the dimerisation of CENP-C through a cupin-like domain
found on its C-terminus[62]. Furthermore, post-translational modifications are also

thought to contribute to the selective recognition of CENP-A nucleosomes[64].

CENP-HIKM also contributes to the CENP-A binding affinity, however it does not

show a preference for CENP-A over H3 nucleosomes, or, indeed, linear DNA[61].

CENP-TWSX complex forms when CENP-TW and CENP-SX subcomplexes asso-
ciate to form a tetramer. All four subunits have histone fold domains, and CENP-T
has additional sequences at its N-terminus which have a role in kinetochore assem-
bly. It is thought that the CENP-TWSX tetramer forms a nucleosome-like structure
which flanks the CENP-A nucleosome at centromeres, although both subcomplexes
have distinct biological functions[65].

The S. pombe ortholog of CENP-T is Cnp20. Previous studies have found that
Cnp20°ENP-T s important in promoting epigenetic stability of centromeres in fission
yeast and that cooperation of Cnp20°FNP-T and Cnpl1°FNP-4 is important for stable

centromere inheritance[10]. The authors of this paper suggest that the N-terminus of

CnplCENP-A recruits Cnp20“ENP-T | and through this, the CENP-T branch of CCAN.

CENP-T is an inner kinetochore protein. It has been found to be involved in Ndc80
complex assembly during mitosis, however there are still questions about temporal
regulation of CENP-T throughout the cell cycle. A recent study has suggested that

Mis16 plays a role in recruiting CENP-T to the centromere[66].

CENP-OPQRU forms when CENP-O, CENP-P, CENP-Q, CENP-R and CENP-
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U associate to form a complex. The complex is recruited to the kinetochore and it
is known that CENP-CHIKMLN is required for this process[1].

It is somewhat unclear what the importance of this complex is in vertebrates, as
its role seems to vary in different systems. In budding yeast, however, in the CENP-
OPQRU-related complex, known as the COMA complex (Ctf19, Okpl, Mcm21,Amel),
Ctf19 and Mcm21 are required for accurate chromosome segregation, even though
they are non-essential[67]. Amel and Okpl are, in contrast, essential for viability
and Amel has been found to interact with the Misl2 complex of the KMN net-

work[68].

CENP-B is the only specific DNA-binding protein at mammalian centromeres. It is
not one of the CCAN proteins, however it interacts with some of the CCAN pro-
teins, namely CENP-C. CENP-B binds to the CENP-B box, a conserved 17 bp box,
and many copies of this box are found in the centromeric a-satellite repeats.

The role of CENP-B is uncertain as there is limited evidence for its conservation,
the CENP-B boxes are not found in neocentromeres and chromosomes without the
CENP-B boxes are known to exist[69]. However, CENP-B binds directly to CENP-
C, so it may be required in an alternative CENP-C recruitment pathway. It is also

thought to stabilise the structure of the centromere[70].
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1.5 CENP-A function, deposition and maintenance

It is thought that the presence of nucleosomes containing CENP-A is the epigenetic
mark indicating active centromeres. The CENP-A nucleosome is sufficient for the
formation of the centromere and kinetochore assembly during mitosis[71]. Further-
more, CENP-A deposition in each cell cycle is required to maintain the identity of
the centromere[8]. It has also been suggested that CENP-A plays a role in signalling,
as it has been found that spindle checkpoint is activated in cells which are deficient
in CENP-A, leading to mitotic arrest[9].

While there is a wealth of evidence suggesting that centromeres appear to be
epigenetically specified, there is also evidence pointing to a contribution from the
DNA sequence as well. Centromeric DNA as well as regions of the genome associated
with neocentromere formation have been shown to promote centromere formation
and CENP-A deposition[72-78|.

In humans the sequence conservation between CENP-A and histone H3 is un-
der 60% while between organisms this drops even further. Interestingly, while the
sequence may be divergent it has been found that the conservation of function is ex-
tremely high - this has been demonstrated in experiments where the budding yeast

Cse4 was able to complement a knockdown of human CENP-A[79].
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1.5.1 Establishment of CENP-A

It has been shown that a region within the histone fold domain of CENP-A called
CENP-A targeting domain (CATD) is both necessary and sufficient for centromere
targeting[80-82]. The CATD in humans comprises of loop L1 and alpha helix o2 of
CENP-A and it serves as a recognition area for several factors and chaperons, such
as HJURP (Holliday Junction Recognition Protein, a CENP-A chaperone), CENP-
C and CENP-N, which are both members of the CCAN[83-86]. As well as this,
CENP-C has been shown to recognise the six terminal amino acids of CENP-A’s

C-terminal tail.

Proteins with
disrupting
activity
(e.g. CDKs)

CENP-A chaperone Specific DNA sequence

(e.g. HJURE)
New CENP-A/H4

Old CENP-A/H4

- H2A/H2B

Placcholder
(H3.1/H3.3/H4)

Promoter proteins
(e.g. PLK1)

Chromatin remodelling
factors

Figure 1.4: An illustration showing CENP-A propagation. Proteins such as CENP-
C (CENP-A readers) recognise CENP-A and recruit the CENP-A chaperones, such
as HJURP. The chaperone binds CENP-A in its pre-nucleosomal form.

During the S phase, when parental histones are inherited by one of the newly
synthesised DNA strands, new histones are loaded to avoid dilution of histones.
However, only canonical histones are loaded at this time and placeholder nucleo-
somes, which contain H3.3 or, in fission yeast, its close relative hht3 are employed
to fill the gaps for CENP-A nucleosomes|76, 87]. CENP-A is loaded in subsequent
stages of the cell cycle to maintain centromere identity, however exact timing of
CENP-A loading is specific to each species - in humans this is from late telophase

to G1, in Drosophila melanogaster it is metaphase to Gy, and in S. pombe and Ara-
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bidopsis thaliana this takes place in Go[35, 76, 87-93].

A key player in CENP-A deposition is HIJURP, which was found to specifically
interact with CENP-A in its pre-nucleosomal form. Furthermore, it has been found
to be both necessary and sufficient for deposition of newly synthesised CENP-A

nucleosomes in human cells in vivo[94].

In yeast (both budding and fission), the CENP-A specific chaperone is Scm3. The
sequence similarity between Sem3 and HJURP is limited, but they are functional or-
thologs[95]. Both of these chaperones interact with CENP-A through the N-terminal
end of these proteins.

A multitude of experimental data show that the suppression of either of these
chaperones results in a termination of CENP-A deposition, which in turn impacts
kinetochore assembly, leading to mis-segregation of chromosomes[96]. Mutants of
Scm3 are also defective for centromeric reporter gene silencing[97]. Scm3 has been
found to disassociate from the centromeres during mitosis, similarly to Mis16 and
Mis18[96, 97].

CENP-A chaperones HJURP, Sem3 and the Drosophila CAL1 have been shown
to be essential for CENP-A targeting to the centromere[94, 96-99], and crystal
structures of these chaperones have shown that they have considerable contact with
CENP-A’s CATD in its pre-nucleosomal form and the soluble CENP-A-H4 het-
erodimeric form[85, 95, 100].

Research has identified several CENP-A loading factors and chaperons, some of
which have been mentioned above. Evidence suggests that the localisation of chap-
erones HJURP and CAL1 on chromatin is sufficient to incite the loading of CENP-A
and therefore the formation of the centromere, other mechanisms must be in place

in the cell to ensure that the loading of CENP-A takes place only on correct sites.
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Mis16 and Mis18 have been identified as conserved centromeric proteins with a role
in CENP-A deposition and deacetylation of histones in the centromeric core[59].
The first known step of CENP-A deposition is the localisation of the Mis18 com-
plex to the centromere. In S. pombe temperature sensitive mutants of Misl8,
the mis-segregation of chromosomes was observed because of a decrease in cen-
tromeric Cnp1“ENF-4 Jevels[59]. In S. pombe Mis18 dissociates from the centromere
in metaphase and re-associates in telophase, whereas in human cells it is only present

in the G; phase[101].

The Mis18 complex is (in vertebrates) composed of Mis18« Mis183 and Mis18BP1.
The complex interacts with CENP-C as well as the CENP-A nucleosome at the
centromere and HJURP-CENP-A-H4[102-105]. To ensure that CENP-A is loaded
onto the centromere only once in every cell cycle, cyclin-dependent kinases 1 and
2 (CDK1 and CDK2) are employed to phosphorylate HJURP as well as Mis18BP1
during the S and Gy phases to prevent their localisation at the centromere.

This mechanism ensures CENP-A loading is limited to late telophase and G,
when CDK activity drops[106-108]. The CDK phosphorylation of Mis18BP1 has
an additional function - it disrupts its interaction with not only the centromere,
but also Mis18a and Mis183 which in turn causes a further inhibition of CENP-A
deposition[108]. The Mis18 complex will be discussed in more detail in section 1.5.2.

CDK activity in this context is antagonised by PLK1 (Polo-like kinase 1) as it
phosphorylates Mis18BP1 at other residues, and promotes CENP-A loading as well

as the localisation of Mis18BP1 at the centromere[109].

Studies have also identified a human SUMO peptidase SENP6 as a factor in regulat-
ing the localisation of CENP-A because it acts to antagonise the activity of PIAS4,
a SUMO ligase, which sumoylates Mis18BP1.

This leads to the degradation of Mis18BP1 through a SUMOylation-dependent

ubiquitin ligase RNF4. By antagonising the activity of PIAS4 SENP6 acts as a
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protector of Mis18BP1[110]. Similarly to this finding, a deubiquitinase USP11 has

been shown to protect HJURP and promote its interaction with CENP-A[111].

Chaperones RbAp46 and RbAp48 have also been implicated in CENP-A loading.
As they form a part of several chromatin associated complexes, such as NURF and
NURD, they are also thought to work together with HAT1 to promote acetylation
of histone H4 at K5 and K12 in the prenucleosomal complex of CENP-A and histone
H4[59].

Sim3 is a NASP-like protein, which has also been found to interact with CENP-

A and act as a chaperone[112].

While chaperones have an important role in the targeting and loading of CENP-
A at the centromere, post-translational modifications of CENP-A have also been
hypothesised to be involved in this process.

In particular, phosphorylation of serines S68 and S18 by Cdkl have been pro-
posed to regulate CENP-A targeting and loading. The phosphorylation of S68 has
been suggested to disrupt the binding of CENP-A to HJURP as well as to play a
role in the degradation of CENP-A[113-116]. Meanwhile, phosphorylation of S18,
which was identified through high resolution mass spectrometry, has been found to

have an effect on the stability of CENP-A at the centromere[117, 118].

In an experiment where mCherry-Lacl-HJURP was tethered to LacO repeats it
has been found that a mutant of CENP-A carrying a point mutation S18D can still
be recruited by HJURP, however most of the protein ended up mislocaling, leading
to a hypothesis that S18D is a mutation which causes the weakening of CENP-A’s
interaction with HJURP[118].

In addition to this mechanism, CENP-B has been shown to bind short DNA
motifs in o satellite repeats, and, through this, stabilise CENP-C at centromeres[69,
119]. Experiments with cells lacking CENP-B have shown that CENP-B is not es-
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sential for CENP-A loading or the formation of centromeres, however cells lacking
CENP-B have also been observed to have reduced levels of CENP-A[70, 120-122].
This could point to the fact that there is a CENP-A establishment mechanism which

is DNA-dependent.

HJURP and the Misl8 complex are not conserved across all organisms - for ex-
ample, Drosophila has the protein CAL1 which is believed to be both a CENP-A
chaperone as well as a CENP-A targeting factor, thus combining the activity of
HJURP and the Mis18 complex.

Drosophila studies support this hypothesis as CAL1 has been found to recruit
dCENP-A (or CID, centromere identifier) and establish functional centromeres, as
well as to be sufficient (with dCENP-C) for dACENP-A propagation in a heterol-
ogous system[98, 123, 124]. Interestingly, while CAL1 seems to be unrelated to
HJURP crystal structure data has revealed that CAL1 binds to dCENP-A using its
N-terminus in a manner similar to the specialised contacts that HJURP employs to
bind CENP-A. Additionally, though its C-terminus CAL1 also interacts with the

conserved cupin dimerisation domain of dCENP-CI[98, 100, 123-125].

In addition to CAL1, there are other factors which have been shown to regulate
the loading of Drosophila CENP-A. One such factor is the FACT (Facilitates Chro-
matin Transcription) complex which has been shown to interact with CAL1 and be
required for the loading of dCENP-A[126]. As well as the FACT complex, there is
evidence to suggest that the histone chaperone p55®P4P48 is involved in the process
of dCENP-A loading and that its role is to chaperone dCENP-A-H4 complex and

to assemble it on chromatin[127, 128].

Unlike the above mentioned monocentric organisms, Caenorhabditis elegans is holo-
centric, so there are several centromeres assembled throughout its chromosome[129,

130]. In the nematode C. elegans the key CENP-A loading factor is KNL2MisI8BPL a4
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a number of CENP-A loading factors, such as Mis18a and Mis18(3 of the Mis18 com-
plex, are not conserved[131]. Interestingly, in the absence of a specific CENP-A chap-
erone in C. elegans it may be CENP-A itself that performs the function of a chap-
erone - it has been found that the N-terminus of C. elegans CENP-A Cnp1 in fact
partially resembles HJURP and mediates the interaction with KNL2Mis18BP18[139
133]. In addition to the above, the histone chaperone LIN-53RPAP46/48 hag heen found
to be necessary for the loading of CENP-A. However, while necessary in humans, in
C. elegans the acetlyase activity of HAT1 is not necessary for CENP-A loading[134].
In contrast to this, in order to establish centromeres de novo on an artificial chro-

mosome, HAT1 is required as well as the condensin I/II subunit Smec-4[135].

In fission yeast the Cnpl®FNP-A deposition factors are largely conserved. Its Misl8
complex consists of Mis]8Mist8/Misl8 = ©\[ig]GRPAPA6/48 — and Eic1Mis8BPl59 - 136).
Cnpl©ENP-A g targeted to the centromere by the combined action of Scm3H/URP
the Cnpl1CFNF-A chaperone, and the Mis18 complex[59, 96, 97]. In contrast to what

1CENP-A in fission yeast takes place in the Gy

has been found in human cells, Cnp
phase of the cell cycle and the CCAN /Mis6/Ctf9 complex, which interacts with the
Mis18 complex and is a part of the kinetochore, is thought to be in charge of the

timing of the loading of Cnp1“ENF-A[76, 136-138].

While all of the organisms discussed above rely on epigenetics to define and reg-
ulate centromeres, the budding yeast’s point centromeres are defined genetically -
the presence of a specific DNA sequence approximately 125 bp in length, containing
three centromeric DNA elements (CDEI, CDEII, CDEIII) is what defines the S.
cerevisiae centromere.

The budding yeast centromeres also contain Cse4, which is a CENP-A homolog,
and which is assembled as a single nucleosome. The proteins mediating this as-

sembly are the Cse4®FNP-A chaperone Sem3™VURP | Cbfl which recognises the CDEI

sequence, and the CBF3 complex, which binds the CDEIII sequence and is required
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to assemble the kinetochore[99, 139]. The localisation of Sem3™VEF in budding
yeast is dependent on the interaction with the CBF3 complex in contrast to how
Sem3MURP ig Jocalised in organisms with regional centromeres. Cse4““NP-4 is Joaded

in the S phase of the cell cycle[139, 140].

Across eukaryotic organisms, distant or more closely related, there are conserved
mechanisms and factors which orchestrate the loading of CENP-A at the centromere

and the three main ingredients of this process across species are:

e The CENP-A chaperone - such as HIJURP or CALI;

e The protein (or protein complex) that recruits the chaperone. This protein

(complex) localises to the centromere - such as the Mis18 complex or CENP-C;

e Regulation to enhance and antagonise the recruitment or interaction of those
factors - such as phosphorylation of HJURP by CDKI1 (inhibitory regulation)

or phosphorylation of Mis18BP1 by PLK1 (enhancing regulation).

In some organisms there are additional layers of regulation, however these are not
universally present (such as CENP-B). Temporal regulation of CENP-A deposition is
related to the cell cycle — S. pombe Scm3 dissociates from centromeres in early mitosis
and re-associates in late mitosis, while HJURP associates with human centromeres
in telophase[112].

It has also been shown that HJURP requires Misl8 to be targeted to the cen-
tromere, while the Mis18 complex can remain at the centromere even in the pres-
ence of dysfunctional HJURP. All of this shows that it is the Mis18 complex that
initiates the HJURP targeting to the centromere, which then facilitates CENP-A
deposition[97, 141]. There is also evidence pointing to inhibition of CENP-A depo-
sition through HJURP and CENP-A phosphorylation[1]. It is currently not known
why or how the CENP-A deposition in fission yeast is restricted to the Gy phase of

the cell cycle.
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In general, organisms with regional centromeres tend to load CENP-A outside of
the S phase - potentially due to the promiscuity of histone chaperones combined to
the high levels of histone H3 during replication, so the restriction of the CENP-A
loading to outside of the S phase could serve to prevent nonspecific interactions be-
tween the histones and chaperones as a result of the competition between histones
H3/H3.3 and CENP-A for binding to the chaperones[142].

Furthermore, it can be imagined that such regulation ensures that ectopic kine-
tochores do not get created and that the centromere identity is preserved. Naturally,
if the CENP-A loading is genetically regulated, such as in S. cerevisiae, the depen-
dence on the cell cycle is less important because the centromere is defined by a DNA

sequence.

In human cells, CENP-A deposition is uncoupled from replication and occurs in
the G; phase, following the exit from mitosis[8]. CDK phosphorylation of CENP-A|
HJURP and Mis18BP1 is employed to restrict the CENP-A deposition to the Gy
phase[143]. While in fission yeast this happens mainly during Go phase, there is,
however, some evidence to suggest that there is some deposition of CENP-A hap-
pening in the S phase too[35, 138]. Once it is deposited on the centromere, CENP-A

doesn’t dissociate from it[1].

Centromeric transcription has also been implied to have a role in functional cen-
tromere inheritance as it has been found that loss of some subunits of the Me-
diator complex, which directs transcription of ncRNAs and regulates assembly of
centromeric heterochromatin, causes a loss of CENP-A from the centromeric core
and therefore defective kinetochore function and chromosome segregation. In such
mutants this effect can be alleviated by using inhibitors of RNA Pol II, further sup-
porting the idea that correct levels of transcription at the centromere are needed to
ensure correct CENP-A levels and centromere inheritance[144].

When centromeric transcription is inhibited, the centromeric levels of CENP-A
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have been found to descrease[73, 142, 145-148]. In order for CENP-A to transition
from being chromatin-associated to stably incorporated, RNA Pol II transcription
and the accompanying chromatin remodelling are required[149].

This is thought to happen due to the fact that chromatin remodelling associated
with transcription can evict nucleosomes[150-153], so the centromeric transcription
could result in the eviction of placeholder H3.3 nucleosomes (in fission yeast these are
H3 nucleosomes), which leads to the incorporation of CENP-A into chromatin[126,
147, 149, 154-157].

On the other hand, it is important to note that unchecked transcription can di-
rectly lead to centromeric instability by destabilising the CENP-A that has already

been incorporated[158, 159].

Interestingly, centromeric RNA transcripts have themselves been suggested to make
direct contact with various proteins, such as CENP-A, CENP-A®"?3 and HJURP
as well as kinetochore proteins[160-169]. While it is still unclear whether the
transcription-mediated chromatin remodelling or the centromeric transcripts them-
selves have the key role in regulation of CENP-A loading, it can be argued that
centromeric transcription is an important part of CENP-A deposition because cen-

tromeric transcription is present across distant organisms.

Apart from the mentioned chaperons and various loading factors, SNF2 family mem-
bers have also been found to be required for CENP-A deposition. SNF2 family
proteins are chromatin-remodelling factors, and a member of this protein family,
Hrpl, has been found to be localise to centromeric chromatin. Its role is to main-
tain high CENP-A levels[170] by evicting histone H3 and maintaining CENP-A at
centromeres during transcription coupled remodelling of chromatin as the nucleo-
some must be disassembled and reassembled during transcription of the centromeric

central core[146].
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In agreement with this finding, it has been shown that in fission yeast cells which
have mutations in factors which safeguard stable histone H3 chromatin levels during
transcription exhibit promiscuous CENP-A deposition in place of histone H3 outside
of the centromere. It has been found that mutations in the FACT complex have a
pronounced effect on maintenance of H3 chromatin and increased incorporation of
CENP-A outside of the centromeric chromatin.

Clr6 complex II (which has a histone deacetlylation function) has been found to
have a more subdued effect, however a loss of Clr6 complex II allows for CENP-A
to be deposited on centromeric DNA de novo, without the need for heterochro-

matin[171].

In plasmids having only partial otr regions and most of the central centromeric
domain, functional centromeres can still be assembled (although the assembly is
inefficient) suggesting that these elements are sufficient for centromere assembly.
Interestingly, once the functional centromeres have been established, however inef-
ficiently, the functional centromeric state can then be propagated through mitosis
and meiosis[b4, 172]. It is possible that otr regions make the environment favourable
for kinetochore assembly and once it is assembled, the CENP-A chromatin is prop-

agated through a possibly replication coupled mechanism[173].

Heterochromatin could possibly have a role to play in CENP-A deposition by in-
ducing or assisting the CENP-A deposition on the central core - this could perhaps
happen in a way that allows only one block of heterochromatin to be sufficient for
kinetochore assembly. In fact, heterochromatin and RNAi machinery have been
found to be required for de novo CENP-A deposition when naked (naive) DNA is

introduced into cells[174].

By studying neocentromeres it has been found that they can form in subtelom-

eric regions in absence of any centromeric DNA sequences if centromere deletion is
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induced. Therefore, it could be the proximity of subtelomeric heterochromatin which
supports centromere formation, which supports the hypothesis that heterochromatin
is important for centromere establishment[175, 176].

In dicentric chromosomes it has been observed that one of the centromeres can
become inactivated through the disassembly of CENP-A chromatin at the kine-
tochore, leading to the assembly of heterochromatin over the centromeric central
core[177]. However, when there is no heterochromatin, centromeres can still be in-
activated through hypoacetylation of chromatin. After the CENP-A chromatin has

been established, heterochromatin is not required for its propagation.
In summary, it has been found that while establishment of CENP-A requires het-

erochromatin, maintenance of CENP-A does not - it relies on chaperones, loading

factors as well as chromatin-remodelling factors.
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1.5.2 The Misl8 complex

Mis18 was originally discovered in fission yeast and is one of the key players in the
Cnpl®FNFP-A deposition pathway. In fact, defective Misl8 will cause an arrest in
Cnp1©ENF-A deposition and is lethal[101, 141, 178]. Furthermore, it has been shown
in mice that Mis18 deficiency leads to reduced DNA methylation, changes in histone
modifications and uncontrolled noncoding transcripts in the centromere region[178].

In both humans and S. pombe, Mis18 forms oligomers[179, 180].

In humans, the Mis18 complex consists of Misl18c, Mis183 and Mis18BP1¥N:2,
while in fission yeast it consists of Mis18, Mis16, Eicl/Mis19 and Eic2/Mis20[131,
179]. Mis18x and Mis18@ show high sequence similarity with S. pombe Misl8.
Mis18BP1¥N:2 and Eicl are functional homologs, however it seems that Mis18SBP1X¥NM2
serves a more complex function and is differently regulated[101]. It has been shown
that human Mis18a« and Mis18(3 form a heterotetramer.

The Mis18x-Mis183 heterotetramer is required to bind Mis18BP1*N2 and cen-
tromeres. Upon HJURP binding the Misl8 heterotetramer is disrupted and con-
verted into two heterodimers, which eliminates Misl8 from the centromere. This

allows for CENP-A deposition regulation[181].

The localisation of Mis18 to the centromere is cell cycle-dependent and requires the
complex to interact with CENP-C. Specifically, Mis18BP1¥N2 associates with cen-
tromeres via the C-terminus of CENP-C and recruits Mis18 to the centromere[136].
In vitro pull downs have shown that the M18SBP1X¥N2 dimer recognises the Mis18a-
Mis188 hexamer|[143].

It has been also shown that chicken M18BP1¥NE2 Jocalises to centromeres through-
out the cell cycle, and that its localisation is dependent on CENP-A, but not CENP-
C. However, chicken M18BP1XNL2 has a CENP-C-like motif (found to be missing
in human M18BP1¥NM2) which is important for centromere localisation, and it uses

this motif to directly bind to CENP-A nucleosomes[182].
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In fission yeast, Misl8 initiates the assembly of the Misl8 complex by undergo-
ing homotetramerisation. However, the role of Mis18 has not yet been pinpointed,
although a Yippee-like domain in its N-terminus has been described and this domain
is important for the homodimer interface both in wvitro and in vivo. Furthermore,
it has a cradle-shaped binding pocket which is important for the localisation and

function of Mis18[179].

Human Mis18x and Mis183 have also been shown to form a heterodimer through
their Yippee-like domains[179, 181], which implies that this may have a role in Mis18
regulation as it is a conserved feature. Mis16 (orthologous to S. cervisiae Hat2 and
human RbAp46/48) is a known ubiquitous histone H4 chaperone which interacts
with Eicl through its C-terminal domain. This is interesting because this is the
binding site of histone H4, which indicates that Eicl and histone H4 have to compete

for the same binding site on Mis16[183]. Mis16 is known to bind to the C-terminal

3HJURP 1CENP—A/Scm3HJURP

region of Scm , which leads to the recognition of the Cnp

complex|[184].

There is also evidence, obtained from yeast two hybrid screens and the study of
temperature sensitive mutants, that Mis16 interacts with Ccp1VPs™® a NAP (Nucle-
osome Assembly Protein) family protein that may regulate Cnpl1“®N-A Joading on
centromeres (described in Section 1.7).

Eicl has several functions — first of all, it is needed for other components of
the Mis18 complex, namely Mis18 and Mis16, and Scm3"VRY to associate to cen-
tromeres. In addition to this role, Eicl also serves the same function as Mis18BPXNI2
in humans, and associates with CCAN proteins, namely Mal2CENP-O  fa7CENP-Q
and Cnl2NkP2[136, 184].

Eicl, as well as Mis16 and Mis18, has been shown to be essential for the mainte-

nance of normal Cnp1“ENP-A Jevels at the centromere, while Eic2 is non-essential[59,
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95, 101, 136]. Eic2 is not necessary for maintenance of Sem3™VRF and Cnp1“ENF-A
as eic2A mutants show no loss of Cnpl“ENP-2 from centromeres[136, 185]. It is
possible that, while non-essential for Cnpl1®*NP-A maintenance, Eic2 has a role in

establishment of Cnp1®FNF-A on naive DNA.
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1.5.3 Maintenance of CENP-A

Interestingly, centromere transcription occurs in mitosis - the phase of the cell cy-
cle when the rest of chromatin is transcriptionally silent. As mentioned previously,
centromeric transcription seems to have a role to play in the maintenance of cen-
tromeric identity, however it is not required in order for cells to progress through
mitosis[156, 186, 187].

When transcription is inhibited, there is defective incorporation of CENP-A into
nucleosomes[149]. To enable transcription, nucleosomes must be disassembled and
reassembled once the RNA polymerase is gone. During this process the existing
CENP-A are retained, which enables the conservation of the epigenetic information,
while the placeholder nucleosomes are removed.

The exact intricacies of how this happens remain unclear, however two histone
chaperones have been proposed to play a role in this process. The first of these is the
FACT complex, and the other is Spt6, which is the transcription elongation factor,
both of which play a role in general histone recycling throughout the genome[188,
189].

Spt6 has been shown to travel with Rna Pol II and to have an N-terminus that
can bind directly both histones H3/H4 as well as dCENP-A /H4 in vitro[156, 190
192]. Spt6 preferentailly binds dCENP-A over histone H3 in co-immunoprecipitation
(co-IP) experiments using S2 cell extracts from Drosophila melanogaster. The in-
teraction has been shown to depend both on the tail of dCENP-A as well as the
nucelosome core.

When the N-terminus of dCENP-A is phosphorylated at S77 the maintenance of
dCENP-A at the centromere is defective, which may be due to the negative effect

of phosphorylation on the interaction of of dCENP-A and Spt6[128, 156].

In mammals the S77 phosphorylation site is not conserved, however phosphory-

lation of S30 on the N-terminus of CENP-A in murine cells has been shown to lead
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to the removal of CENP-A from the centromere under stress and in human CENP-A
phosphorylation has been found to occur on S31[193, 194].

Additionally, in HeLa cells it has been shown that the depletion of Spt6 leads to
defective maintenance of CENP-A[156], so there may be a phosphorylation-regulated

pathway which regulates the interaction between CENP-A and Spt6.

Much like the process of DNA transcription, DNA replication requires chromatin
disassembly to allow for DNA polymerases to access and replicate DNA. This means
that during the S phase of the cell cycle parental histones will be allocated to one of
the new DNA strands, leaving gaps on the other strand which then need to populated
by de novo assembly of nucleosomes. HJURP, the CENP-A chaperone, has been
shown to interact with DNA helicase MCM2-7 complex through its MCM2 subunit,
which has been shown to facilitate the reincorporation of parental CENP-A at the
replication fork[195]. The interaction of HJURP and MCM2 has been likened to the
interaction of MCM2 with Asfla which has a role in histone H3 maintenance[196,
197].

It is hypothesised that the interaction of CENP-A, MCM2, and HJURP happens
simultaneously - HJURP binds the CATD of CENP-A while MCM2 binds the R63-
K64 motif, the conserved motif in all variants of histone H3, including CENP-A[195,

108).

However, it is also possible that there is an alternative way for this interaction to
occur as HIURP and MCM2 can compete for the binding of the ol helix of CENP-
A. Based on the fact that HJURP binds CENP-A-H4 as a dimer, while MCM2 can
bind the variants of histone H3-H4 as both heterotetramers and heterodimers, it has
been proposed that MCM2 binds the CENP-A-H4 heterotetramer.

Following this, the heterotetramer is split and HJURP binds the newly formed
dimers. As HJURP is known to dimerise, it is possible that two CENP-A-H4 het-

erodimers are re-assembled into a heterotetramer in this way and recycled as a

25



heterotetramer[197, 199].

In addition to this model, there is also evidence of other proteins being required
for the maintenance of CENP-A during DNA replication. Due to the fact that al-
most 60% of all CENP-A nucleosomes in the cell is in fact outside of centromeres[200,
201]. It is known that the presence of CENP-A outside of the centromere can result
in ectopic centromere formation, so it is important for cells to employ mechanisms
to prevent this.

One such process uses the DNA replication machinery to remove any CENP-A
accumulated on ectopic sites, while not removing the centromeric CENP-A[201].
The authors of this study also found that when CENP-C is removed during the S
phase the centromeric levels of CENP-A drop significantly, which could indicate that

the CCAN also plays a direct role in the maintenance of CENP-A at the centromere.
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1.5.4 CENP-A localisation and distribution

As mentioned in the previous section, CENP-A is commonly found outside of cen-
tromeric sites, suggesting that the mechanisms governing CENP-A deposition are
not sufficient to prevent ectopic deposition of CENP-A[200]. While the CENP-A
nucleosomes are massively outnumbered by the H3 nucleosomes at the centromere
(the ratio of CENP-A to H3 nucleosomes at the centromeres being 1:25), there is
an approximately 50 fold CENP-A enrichment at the centromere compared to the
rest of the genome.

This could suggest that it is such enrichment of CENP-A that is needed for
kinetochore assembly[200], therefore the ectopically deposited CENP-A under nor-
mal physiological levels of expression does not lead to assembly of functional ectopic
kinetochores.

In contrast to what occurs under normal levels of CENP-A expression, when
overexpressed, CENP-A has been shown to mislocalise and promote the assem-
bly of ectopic kinetochores[7, 175, 202-210]. For this reason it is very important
for cells to ensure regulation of CENP-A levels and both transcriptional and post-
transcriptional control is employed to avoid ectopic CENP-A localisation and pro-

mote correct loading at centromeres.

CENP-A transcription is tied to when CENP-A is loaded in some organisms and
it seems to be uncoupled from the transcription of the canonical histones. As dis-
cussed previously, the transcription of the CENP-A gene in humans happens during
the Go/M phase, whereas in S. pombe this occurs in the G; phase[33, 211, 212].
This indicates that the transcription of the CENP-A happens before the cell cycle
phase when it is loaded on to the centromere. There are several factors known to
be involved in the process of CENP-A transcription. In humans a protein called
Cdkb5rap2 has been found to interact with CENP-A through its promoter region
and upregulate the transcription of the CENP-A gene[213]. Meanwhile in S. pombe
the MBF (Mlul box-binding factors) complex has been shown to bind the MCB
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(Mlul cell cycle) box and repress the transcription of CENP-A and restrict it to the

G phase[212].

It has also been found in fission yeast that when CENP-A transcription is regu-
lated by different promoters and CENP-A is assembled outside of the G; phase,
CENP-A can still be loaded at the centromere, however the levels of CENP-A are
in this case correlated to ectopic incorporation|[212].

Findings from other organisms also support the notion that cells which have
CENP-A levels above or below normal can be functional, however there is a limit
for this as once the CENP-A levels pass the threshold up to which the cells can
compensate the additional or missing CENP-A before it results in non-centromeric
CENP-A accumulation leading to ectopic kinetochore assembly and ultimately de-

fective chromosome segregation[202, 203, 205-208, 210].

Evidence from Drosophila suggests that post-translational regulation also plays a
role in CENP-A distribution regulation. The levels of ACENP-A are restricted dur-
ing G; and S phases by two proteins - SCFP* and APC/C%! | which are both E3
ubiquitin ligases[203].

Another ubiquitin ligase, CUL3/RDX, has been found to stabilise CENP-A by
monoubiquitinating it when it is bound to CAL1[214]. The interaction of dCENP-
A and CAL1 has another function in this context as well, as it has been found to
prevent the degradation of AdCENP-A mediated by SCFFP2[203]. This could suggest
that binding to CAL1 limits binding of ACENP-A to other chaperones, which ulti-

mately leads to non-ectopic dCENP-A loading[214].

CKII (casein kinase II) has also been found to regulate enrichment of dCENP-A
at the centromere by phosphorylating it at S20. This phosphorylation has been
shown to be upstream of SCFFP?* and is required for dCENP-A to be degraded in

its pre-nucleosomal form.
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The phosphorylation of S20 has also been implied to promote the deposition of
dCENP-A on chromatin and to increase the turnover of dCENP-A and its elimina-
tion from non-centromeric sites. However, it is also important to note that phospho-
rylated dCENP-A has been shown to be stably incorporated at centromeres, so it
may be possible that at the centromere there are additional factors, such as dCENP-

C, which prevent dCENP-A degradation on centromeric sites specifically[215].

While evidence from human cells is more limited, there is indication that similar
mechanisms are employed by human cells too to regulate the dynamics of CENP-A
levels. For example, studies in senescent cells have found that ubiquitination is used
to regulate the degradation of CENP-A[216]. In herpes simplex type 1 virus the
protein ICPO has been found to promote the degradation of CENP-A in infected

cells[217].

Post-translational modifications are known to influence the stability of CENP-A
and regulate its function. One such modification, (de)phosphorylation of S68 by
PPla and Cdkl respectively, is widely observed, however its function still remains
somewhat unclear. It has been found that its presence leads to polyubiquitination
of CENP-A on K49 and K124 by DCAF11 (E3 ubiquitin ligase) in mitosis[113-116].

It has been proposed that S68 is phosphorylated by Cyclin B-Cdk1l after the
translation of CENP-A in Gy and early M phase, which results in the degradation of
CENP-A in mitosis. In this theory the S68 phosphorylation by CyclinB-Cdk1 plays
a similar role to the Drosophila SCFFP® preventing the mislocalisation of CENP-A
on non-centromeric sites.

Cells with S68A and K49R/K124R mutations have, surprisingly, not been found
to exhibit a phenotype. However, when aphidicolin or thymidine treatment is used
on these cells to arrest them in the S phase, it has been shown that they have an
enrichment of CENP-A on non-centromeric sites. This further supports the findings

suggesting that the DNA replication machinery has a role to play in the removal of

29



ectopic CENP-A[201, 213].

When researchers followed the process of CENP-A loading throughout the cell cy-
cle, it has been observed that in the G; phase CENP-A is deposited promiscuously
throughout the genome. However, in the subsequent Gy phase all of the ectopically
deposited CENP-A is removed.

In addition to this, researchers observed that the non-centromeric CENP-A sites
were replicated early in the S phase, while for centromeric CENP-A sites this oc-
curred in the late stages of the S phase[201].

Ectopic CENP-A is removed by the replication fork, however the centromeric
CENP-A reloads on the same site. Interestingly, it has been found that the CCAN
(especially CENP-C) plays an essential role in preventing CENP-A eviction from
centromeres by the replication fork as the CCAN stays associated with the cen-
tromere during replication[201]. This supports previous findings that CENP-C and
CENP-NM15 protect the CENP-A nucleosomes[218, 219].

In S. cerevisiae ubiquitination is employed to regulate the levels of Cse4CENP-A
and stop it from accumulating on non-centromeric sites. Doal ubiquitinates the N-
terminus of Cse4“®NF-A and Pshl (an E3 ubiquitin ligase) ubiquitinates the CATD
of Csed“ENF-A which leads to the degradation of CsedCENP-4[220-223)].

ACENP-A a5 well as its mislocalisation,

To prevent excessive degradation of Cse
budding yeast uses a deubiquitinase Ubp8, which is a part of the SAGA com-
plex[224]. Similarly to what is observed in Drosophila with the binding of CAL1 to
dCENP-A, Cse4®"NP-A can be protected from degradation when bound to Scm3H/URP
and Pat1, a kinetochore protein[223]. The deletion of Pshl leads to Cse4d“ENF-2 ac-
cumulating close to nucleosome depleted sites at intergenic regions. The localisation
of Cse4®ENP-A in these regions uses the Ino80 complex, which is known to have re-

modelling activity[225].

In addition to this, there are other ubiquitin ligase factors that have been shown
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to play a role in the mislocalisation of Csed“ENP-A[226, 227]. Tt has also been found
that Sx15, a SUMO targeted ubiquitin ligase (STUbL), sumoylates Cse4“NF-A on
K65, which is needed for the prevention of mislocalisation of Cse4“FNP-A and its

proteolysis[228].

As well as the factors already discussed, histone H2A.Z, chromatin remodelling
factors CHRAC and SWI/SNF and two chaperones FACT and Spt6 have also been
shown to play a role in preventing the ectopic deposition of CENP-A[171, 229-232].

However, the overarching mechanism used to regulate expression and prevent the
mislocalisation of CENP-A appears to be degradation mediated by ubiquitination.
Any ectopically deposited CENP-A seems to be removed through a replication-
coupled mechanism. CENP-A chaperones play a role in protecting CENP-A from
proteolysis and in CENP-A loading at the centromere. CCAN components have
also been shown to contribute to the protection of CENP-A from degradation and
eviction. However, as CCAN proteins are not present across all species, it is at

present unclear whether this mechanism is conserved.

Interestingly, CENP-A has been found to be commonly ectopically deposited at
DNA double strand breaks, along with CENP-N, CENP-T and CENP-U. The
CENP-A deposition at these sites has been suggested to be related with the non-
homologos-end-joining pathway (NHEJ)[233-235]. It has been suggested that the
ectopic CENP-A deposition occurs during the early stages of the NHEJ pathway be-
cause it has been shown not to be dependent on Ligase IV, DNA-dependent protein
kinases (DNA-PKc) and the histone H2A.X[235].

In addition to the NHEJ, CENP-A has also been implied in the homologous re-
combination (HR) pathway as it has been found to be able to recruit proteins of the
HR pathway when DNA double strand breaks are induced[111] so CENP-A may be
connected to the DNA damage repair mechanisms. This potentially links CENP-A

to transcription as well through DNA repair as it has been found that transcription

61



recruits proteins involved in the DNA damage repair pathway|[234].

There is evidence to suggest that the chaperone complex ATRX-DAXX mediates
the deposition of CENP-A to the sites of DNA double strand breaks as the complex
has been shown to both bind CENP-A and to be involved in both the HR and the
NHEJ pathway[236-238]. However, while there may be a correlation between ectopi-
cally deposited CENP-A and transcription further research is needed to understand

whether there is causation in this case.
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1.5.5 Centromeric chromatin remodelling

When DNA needs to be replicated and transcribed, the machinery requires DNA ac-
cess which means that the centromeric chromatin needs to be remodelled to allow for
this as the nucleosomes form a physical obstacle to the replication and transcription
machinery.

One of the mechanisms the cells employ to overcome this is post-translational
modifications of histones, which regulate the interactions between nucleosomes and
can lead to chromatin being either open or closed to the transcription and replication
machinery as different proteins can recognise the post-translational modifications of
histones.

Additionally, ATP-dependent remodellers of chromatin are employed. The chro-

matin remodelling complexes are divided into four groups based on the core ATPase:
e Chromatin-Helicase-DNA-binding(CHD);
e Switch/Sucrose Non-Fermentable (SWI/SNF);
e Imitation Switch (ISWI);
e Inositol Auxotrophy 80 (INOS8O0);

These complexes have different types of activity. The CHD and INO8O complexes
have the nucleosome editing activity, which causes a change in the composition of
histones in a nucleosome. CHD, as well as SWI/SNF, also acts to open the chro-
matin by changing the space between nucleosomes, which can happen in several
ways: nucleosomes can be partially disassembled, evicted or slid. Finally ISWI and
CHD act to ensure that the nucleosomes are correctly assembled and then relocated

to create an array with regular gaps between the nucleosomes[239].

As discussed in previous sections, centromeres have placeholder nucleosomes con-
taining histones H3 or H3.3 due to the fact that CENP-A is loaded outside of the S
phase[76, 87].
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As these placeholder nucleosomes have to be evicted to allow for the new CENP-
A to be loaded, chromatin remodelling factors have an important role at the cen-

tromere. However, it is yet not fully understood how this process occurs.

Recent evidence from RNAi experiments has identified that several components
of the transcriptional machinery, chromatin remodellers and a histone chaperone
(SMARCAD1, SMARCD3, ASF1B) have a role in CENP-A deposition as the knock-
down of these proteins causes a decrease in the deposition of CENP-A. In addition to
the deposition of CENP-A, it has also been found that when chromatin remodellers
SMARCAD1, ACT68, CHDS8 and HLTF are knocked down the cells have defects in
CENP-A maintenance([240].

In S. pombe the orholog of SMARCADI1 is Fft3, which has been found to have
role in histone turnover regulation at heterochromatic regions[241, 242]. There is
evidence that Fft3SMARCADL collaborates with the FACT complex to disassemble
nucleosomes as RNA Pol II approaches[243].

Additionally, Fft3SMARCADL hag heen found to be enriched both at heterochro-
matic sites as well as as the centromere. When FFt3SMARCADL ig deleted, the levels
of H2A.Z and H4K12ac at these regions rise, suggesting that Fft3SMARCADL actg to

prevent euchromatisation[244].

In S. cerevisiae the homologue of SMARCADI, Fun30, has a role in promoting

establishment of correct chromatin structure at the point centromeres[245].

A member of the ISWI remodeller family, the RSF complex consisting of SNF2h
(ATPase) and RSF1, has been identified to have a role in the maintenance of cen-
tromeric chromatin as well as DNA repair. RSC was found to be enriched at cen-
tromeres during the G; phase and a reduction in the levels of RSF complex has been

shown to cause a reduction in CENP-A loading and mitotic defects[246, 247].
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There is also evidence to suggest that the RSF complex is involved in recruiting
CENP-A to the sites of DNA double strand breaks. It is unclear whether this hap-

pens through a physical interaction[233, 248|.

Meanwhile in S. pombe the Ino80 complex has been shown to support removal of hi-
stone H3 during transcription to ensure correct centromere establishment[155, 249,
250]. In S. pombe as well as vertebrates there is some evidence that CHD1 and
Hrpl, both CHD remodellers, are also involved in this process, whereas the same

appears not to be conserved in Drosophila[170, 251, 252].
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1.6 Post-translational modifications and
function of centromeric and pericentromeric
chromatin

Heterochromatin has an important role to play at centromeres and its formation is
a complex process - as discussed previously in Section 1.3, its formation is mediated
by several factors, such as noncoding RNA, chromatin factors, RNA polymerase II
as well as a host of proteins associated with them.

As mentioned in Section 1.3, centromeres appear to be epigenetically speci-
fied and regulated. It is thought that post-translational modifications of histones
regulate epigenetic switching between different states of chromatin because post-

translational modifications define functional chromatin domains[253].

The main sites for post-translational modifications of the four core histones (H2A,
H2B, H3, H4) are their N-termini. Most commonly, these undergo acetylation,
methylation, ubiquitination or phosphorylation|[254]. These post-translational mod-
ifications indicate the state of chromatin, i.e., whether it is active or repressed, and
some researchers have suggested that this “histone code” is necessary to create a
complex hierarchy of chromatin regulation through specific combinations of histone
modifications[255].

Indeed, a correlation between the chromatin state and the acetylation or methy-
lation of histones H3 and H4 has been shown. Specifically, methylation of histone H3
at lysine 4 (K4) has been linked to transcriptionally active chromatin. In contrast,
methylation of histone H3 at lysine 9 (K9) has been linked to transcriptionally silent
chromatin[254, 255]. In fact, in fission yeast centromeric heterochromatin at outer
repeats has been found to have both di- and trimethylated histone H3 at K9 which

are, again, characteristic of silent heterochromatin in most eukaryotes[256, 257].

Interestingly, different levels of regulation have been observed depending on how
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many modifications there are on the same amino acid — dimethylation of histone H3
at K4 is associated with chromatin that is either active or potentially active, whereas
trimethylation of the same amino acid is associated with active chromatin[258].
The process of heterochromatisation is thought to occur by joint action of various
histone deacetylases (HDACs), the histone lysine methyltransferase Clrd (KMT/
HMTase) and the heterochromatin protein 1 (HP1) homolog Swi6. The role of
HDACs (e.g. Clr3, Clr6, Sir2) is to, as the name suggests, deacetylate histone H3

at various lysine residues[259-261].

Clr3 has been shown to operate within a multienzyme complex named SHREC,
which is an effector complex for heterochromatic transcriptional gene silencing in
fission yeast. SHREC comprises a core of four proteins: Clrl, Clr2, Clr3, and Mitl
which are distributed throughout heterochromatin domains and affect transcrip-
tional silencing via Clr3 and Mit1, an Snf2 chromatin remodelling factor homolog.

In addition to this role, SHREC has been shown to be recruited to the telomeres
and to euchromatic sites - the mechanism of euchromatic SHREC localisation has

been shown to be different from its heterochromatin localisation mechanism, which

is mediated by Swi6""![262].

Clr4 forms a part of a complex called CLRC which mediated the methylation of
H3K9 and, through that, creates a specific binding site for proteins which con-
tain a chromodomain motif. Clr4 itself also contains a chromodomain, meaning
that its role is not solely to methylate H3K9 but also to bind H3K9me2/H3K9me3.
This is thought to bring about adjacent H3K9 methylation through its catalytic
domain[263].

6171, which has been shown to bind

Another chromodomain-containing factor is Swi
methylated H3K9 and contribute to heterochromatin formation over the outer re-

peats. Swi6'F! has also been shown to have a chromoshadow domain, which causes
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it to self-dimerise[264]. It has been suggested that this allows Swi6"! to bridge nu-
cleosomes during heterochromatin assembly[265] to change the length of nucleosome
repeats in heterochromatin compared to the length found in euchromatin|266].
When reporter genes are inserted at the outer repeats, they are found to be en-
riched in H3K9me2 and Swi6 proteins, further highlighting how important the role
of ClIr4 and Swi6 is in heterochromatin establishment within in the outer repeats as

well as the adjacent sequences[257, 264].

In fission yeast there are four chromodomain proteins - Chpl, Chp2, Swi6 and Clr4.
The affinity of Chpl and Clr4 for methylated H3K9 changes depending on the acety-
lation state of H3K4. When H3K4 is acetylated by a histone lysine acetyltransferase
(HAT/KAT) called Mst1.

H3K4 therefore acts like a switch for heterochromatin reassembly: once DNA is
replicated the occupancy of Chpl and Clr4 at H3K9me2 and H3K9me3 is promoted
on histones which have been newly deposited as their H3K4 is unacetylated. Once
Mst1 acetylates H3K4, Chp2 and Swi6 become the favoured occupants, which leads
to heterochromatin reassembly[267].

Another interesting function of Swi6 is in destroying the transcripts which orig-
inate from heterochromatic regions, and this is mediated by a strong RNA binding
activity of its hinge region.

When the hinge domain is mutated, reduced silencing of heterochromatic tran-
scripts is observed, however the integrity of the heterochromatin itself remains un-

affected. This suggests that Swi6 acts downstream from methylated H3K9[268].

H3 histones proximal to CENP-A are found to exhibit a complex set of post-
translational modifications rather than a uniform modification pattern[117]. When
it comes to CENP-A itself, the post-translational modifications are not conserved,
which is due to the fact that various orthologs in CENP-A across different species

show significant levels of variation, especially in the N-terminal region, which is also

68



the site of most post-translational modifications.
Some site-specific modifications are shared with histone H3, however most of the
modifications are specific to nucleosomes containing CENP-A[269]. Most commonly,

CENP-A is modified by acetylation, phosphorylation or ubiquitination[9].

Phosphorylation of serine 7 (S7) is important for correct mitotic progression, acety-
lation of arginine 37 (R37) is important for regulation of kinetochore recruitment,

while ubiquitylation has been found to stabilise CENP-A in flies[270, 271].

Lysine acetylation of histones has been recognised to have a role in transcriptional
regulation, and there is evidence for it being important for DNA damage repair as
well[5]. An increase in histone acetylation in S. pombe Mis18 and Mis16 mutants has
been previously observed, which is believed to be due to Cnpl1“NP-A being replaced
with acetylated histone H3. They also report an increase in histone H4 acetylation,
and argue that this implies a role for Mis16 and Mis18 in maintaining histones in a

deacetylated state[59].
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1.7 CcplVps?

Cepl is the fission yeast homolog of Vps75 in budding yeast and SET in humans|[3,
4]. In S. cerevisiae Vps75 was first identified in a screen for mutants with defective

vacuolar sorting.

Dimerisation domain
A B Dimerisation domain

Earmuff
domain

Figure 1.5: The structure of the Cep1VPs™ homodimer. (A) Top-down view of the
dimer. (B) Alternative view. Adapted from the Protein Data Bank, entry 5GPL,
as published by Dong et al.[3].

Cepl1VPs™ is a NAP (Nucleosome Assembly Protein) family protein. A study by
Dong et al. proposes that CcplVP*™ antagonises Cnpl©FNF-4 Joading not only at the
centromere, but also at noncentromeric regions, thus maintaining the Cnpl©“ENP-4

levels at the centromere as well as preventing ectopic centromere assembly|[3].

CeplVPs™ directly interacts with Cnpl©®NP-A by physically associating to it, and
its recruitment to the centromere is Mis16%PAP4/46_dependent. Some structural
analyses of CeplVPs™ suggest that it forms a homodimer and that the homodimer
is required for the anti-Cnpl®ENP-A Joading activity[3] Researchers reported two
characteristic domains for Cepl1VPs™ - the earmuff domain and the dimerisation do-
main[3]. However, other researchers report a tetrameric structure for Vps75 in S.

cerevisiae[272, 273].
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Overexpression of CeplVP*™ in fission yeast wild type cells has been found to evict
Cnpl1©FNP-A from native centromeres. In fact, in this study the single Cnp1CFNP-A-
GFP focus was lost from 76% of centromeres, and cells overexpressing CcplVPs™
were also shown to be highly sensitive to thiabendazole (TBZ, a microtubule desta-
bilising drug)[3].

So far it has been suggested that in S.cerevisiae Vps75°°P! (which has a nuclear
localisation signal) imports a histone acetyltransferase Rtt109 into the nucleus and
stabilises it, and positions histone H3 for acetylation by Rtt109[6, 274].

1VPsT5g Jgcalisation to the centromere needs

A recent study has suggested that Ccp
Cnp20°ENP-T and that CcplVP™® may bind to the N terminus of Cnp20¢ENP-T
through what the authors have called the Ccpl interaction motif (CIM), which
they found to be proximal to the motif binding Ndc80.

Furthermore, the authors find that deleting the CIM domain of Cnp20°FNP-T
produces the same effect as deleting Ccpl1VPS™ itself and that phosphorylation of
the CIM domain by CDKI1 leads to a weaker interaction with Cnp20“ENP-T_ Inter-
estingly, the authors also suggest a competition between CcplVP*™ and Ndc80 for
binding of the N terminus of Cnp20“EN-T[66].

1 Vps75

Ccep was also found to be dependent on the inner kinetochore components

Mis6“ENPL and Sim4ENFK for correct localisation at the centromere[4]. In addi-

1VPs75 g involved in the distribution of

tion, there is evidence to suggest that Ccp
heterochromatin across the genome, including both the pericentromeric and sub-
telomeric sites[4].

In an affinity purification experiment it has been found that Ccp1VPS™-TAP in-
teracts with a nucleolar protein Gar2, in addition to histones[4]. The authors also
found Gar2 and CcplVP®™ to have a genetic interaction[4]. It is therefore possi-

ble that Cepl1VPs™ and Gar2 work together to regulate the centromeric epigenetic

stability.
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While many roles of Vps75°P! in S. cerevisiae have been already investigated,
at the moment it is not known if S. cerevisiae Vps75 and S. pombe Ccpl are true
functional orthologs and the full scope of the role of Ccpl in fission yeast remains

to be investigated.
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1.8 Rtt109

Rtt109 is a member of the HAT (histone acetyltransferase) family and is required
for the acetylation of histone H3 on lysines 9, 27 and 56 (K9, K27, K56)[274, 275].

Figure 1.6: The strcuture of Rtt109. (A) Crystal structure of Rtt109 from S.
cerevisiae. Adapted from the Protein Data Bank, entry 2RIM, as published by
Lin et al.[276]. (B) The structure of the Rtt109-AcCoA /Vps75 complex from S.
cerevisiae. Adapted from Protein Data Bank, entry 3Q35, as published by Tang et
al.[277]. Vps75°P! shown in red, Rtt109 shown in green.)

In S. cerevisiae Rtt109 was found to associate with two histone chaperones in
vivo: Vps75°°Pt and Asfl. Vps75°P! and Asfl are unrelated chaperones, however,
they both interact with the H3-H4 dimer and (H3-H4), tetramer. In budding yeast
it has been shown that in vitro acetylation of histone H3 increases after the addition
of either Asfl or Vps75°°P!,

However in vivo Asfl and Rtt109 have been shown to be essential for histone H3

acetylation at K56, while Vps75°°P! was not.

Interestingly, acetylation of the histone H3 at K9 and K27 by Rtt109 are both
Vps75°Pldependent[6]. In S. pombe it has been found that Rtt109 acetylates his-
tone H3 (particularly on K56) in vitro and in vivo, and in rtt109A single mutants

acute sensitivity to genotoxic agents has been observed[5].
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The authors of this paper therefore suggested that the acetylation of histone H3
by Rtt109 is involved in DNA damage response in cells. rtt109A mutant cells have

been found to be viable, however they do exhibit genomic instability[278, 279].

A recent study has implicated Rtt109 in nucleosome eviction and replacement of
H3 nucleosomes ahead of the replication fork in S. cerevisiae cells. In contrast,
Rtt109 has been found to stabilise the nucleosomes behind the replication fork[280].

Interestingly, the authors found the H3 nucleosome replacement activity was not
related to acetylation of H3K56, which is the primary target of Rtt109 acetyltrans-
ferase activity, but rather depended on the Vps75°“P!-dependent activity of Rtt109
on the N terminal tail of histone H3[280].

As new findings about Rtt109 emerge, it is yet unclear whether it has a similar

role in fission yeast too.
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1.9 Project aims

The aim of the PhD project was to investigate the mechanisms, specifically those

relating to the incorporation of Cnpl®FNF-A within centromeric chromatin, which

regulate chromosome segregation in S. pombe.

The project has aimed to explore the interaction between Rtt109, CcplVP¥™ and

Cnp20“ENP-T in the context of Cnpl®FNP-A deposition regulation.
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Chapter 2

Materials and methods

2.1 Strains

2.1.1 8. pombe strains

The fission yeast strains used in experiments are given below in Table 2.1.1.

Table 2.1: S. pombe strains used in the project.

Strain name Genotype

FY1645 h* ade6-210 arg3-DJ his3-D1 leul-32 uraf-D18

TGS55 b leul-32 wura4-DI18 ade6-M210/D1 ccplA::kanMX
arg3A::urad® TM1:arg3

L.S747 h*  ade6-210 arg3-Dj his3-D1  leul-32 wuraj-D18
rtt109A::hphMX

LS758 ht leul-32 ura4-D18 ade6-M210/216 ccplA::kanMX

LS851 ht leul-32 ura4-D18 ade6-M210/216 ccplA::kanMX

L.S848 h™ leul-32 urad cnpl::urad™ lys1™::cnpl-1

L5948 h leul-32 ura4-D18 lys1 GFP-cnpl-NAT

19931 h?  enp20-GEP-kanMX6 leul-32 wura4-D18 his3-D1
ade6-210 arg3-D/

LS1007 h* cepl-GFP-kanMX6 ade6-210 arg3-DJ his3-D1 leul-
32 ura4-D18

MF24 h? ade6-210 arg3-Dj his3-D1 leul-32 ura4-D18 cnp20-
SFLAG-natMx Ccpl-GFP-kanMX

MF28 h? ade6-210/M216 arg3? his3? leul-32 ura4? Cnp20-
‘FLAG-KanMX Cepl-GFP-kanMX

MEF29 h? ade6-210/M216 arg3? his3? leul-32 uraf? Cnp20-
‘FLAG-KanMX Ccpl-GFP-KanMX

MEF35 h? ade6-210/M216 arg3? his3? leul-32 ura4? Cnp20-
ts3-?FLAG-kanMX Cepl-GFP-kanMX
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Strain name

Genotype

MF37

h? ade6-210/M216 arg3? his3? leul-32 ural? cnp20-
ts3-?FLAG-kanMX Cepl-GFP-kanMX

h? leul-32 wura4-D18 ade6? his3? arg3?

ZRIITT rtt109A::hphMX cnplA::ural™ lysl™ :cnpl-1

TR1178 h? leul-82 wura4-D18 ade6? his3? arg3?
rtt109A::hphMX cnplA::ural™ lysl™ :enpl-1

ZR1179 h? leul-32 wra4-D18 ade6-M210 his3? arg3?
rtt109A ::hphMX arg3D::uraf™ TM1:arg8

7V 1264 h* leul-32 uraf-D18 ade6-M210/216% his3-D1? arg3-
D47 rtt109A::hphMX ceplA::kanMX

TV1265 h* leul-32 uraf-D18 ade6-M210/216% his3-D1? arg3-
D47 rtt109A::hphMX ccplA::kanMX

7V1266 h* leul-32 ura4-D18 ade6-M210/216¢ his3-D1? arg53-
D47 rtt109A::hphMX ceplA::kanMX

TV 1267 h* leul-32 ura4-D18 ade6-M210/216¢ his3-D1? arg53-
D47 rtt109A::hphMX cep1A::kanMX
h? leu1-32 wuraf-D18 ade6-M210/D1? his3?

ZV1270 ceplA::kanMX rtt109A::hphMX arg3A::ural+
TM1:arg3
h?  leul-32 wura4-D18ade6-M210/2167 lys1?  his3-

ZV1290 D1?  arg3-D4?  GFP-cnpl-NAT rtt109A::hphMX
ceplA::kanMX
h?  leul-32 wraf-D18ade6-M210/2167 lys1? His3-

ZV1291 D1?  arg3-D4j?  GFP-cnpl-NAT rtt109A::hphMX
ceplA::kanMX

7V1294 h? leu1-82 wra4-D18 lys1? ade6-M210/M2167
ceplA::kanMX GEP-cnpl-NAT

71297 h?  leul-32 wura4-D18 arg3¢ his3? ade6? lysl?
rtt109A::hphMX GFP-cnp1-NAT

71299 h? leul-32 wra4-D18 arg3? his3? ade6? lysi?
rtt109A::hphMX GFP-cnpl-NAT

7V1311 h? ccpl-GFP-kanMX leul-32 ura4-D18 ade6-210 argS3-
D/ his3-D1 rtt109A::hphMX

7V1412 h? leul-32 ura4-D18 ade6-M21/216% arg3-D4? his3-

D18 ceplAnatMX cnp20-GFP-kanMX6
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2.2 Media

Standard fission yeast media was used, Yeast Extract with Supplements (YES) as
well as minimal medium (Pombe Minimal Glutamate, PMG) and Malt Extact (ME).
Yeast Extract with Supplements

Yeast Extract with Supplements was prepared by dissolving the powders listed in
the Table 2.2 below in MilliQ-water. Once all the ingredients have been added, the

solution is sterilised by autoclaving.

Table 2.2: Yeast Extract with Supplements preparation.

Ingredient y It

Yeast Extract 5.0

Glucose 30.0

L-Histidine 0.1

Uracil 0.1

L-Leucine 0.1

Adenine sulphate 0.1
Bacteriological grade agar (if used) | 20.0

Pombe Minimal Glutamate Media

Minimal media was prepared by dissolving the EMM Glutamate broth powder in
Milli-Q water, and adding supplements as needed right before use. All ingredients
are listed in the Table 2.3 below. The dissolved EMM glutamate solution is sterilised
by autoclaving, and once cool, filter sterilised supplements can be added to the
solution. All supplement solutions are kept at 4° C, apart from the adenine solution,

which is stored at room temperature.
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Table 2.3: Pombe Minimal Glutamate media preparation.

Ingredient v/mg I'!
EMM Glutamate broth 31.0 x 103
L-Arginine 75.0
L-Leucine 75.0
L-Histidine 75.0
Adenine sulphate 375.0
Urcail 375.0
L-Lysine 75.0
Bacteriological grade agar (if used) | 20.0 x 10°

Malt Extract

Malt extract powder is dissolved in MilliQ-water, supplemented as descried in Table

2.4 and sterilised by autoclaving.

Table 2.4: Malt Extract media preparation.

Ingredient y/g I't
Malt extract powder 3.0
L-Leucine 0.05
L-Histidine 0.05
Adenine sulphate 0.05
Urcail 0.05
Bacteriological grade agar 20.0
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2.3 Oligonucleotides

A list of oligonucleotides used in the project is given in the Table 2.5 below.

Table 2.5: Oligonucleotides used in the project.

Oligonucleotide

Description Sequence
name
Cnt1F Forward primer for cen- | 5 CAGACAATCGCATG-
awn tromeres 1 and 3 GTACTATC
Cnt1R Reverse primer for cen- | 5’ AGGTGAAGCG-
awn tromeres 1 and 3 TAAGTGAGTG
993 Forward primer for cen- |5’ AAACAAACAACG-
! tromere 2 GCACACTG
9054 Reverse primer for cen- | 5 AAGCCAGCAAATTC-
4 tromere 2 CTTGAGT
) ) 5 GGTTTCGCTGGA-
qActl-for Forward primer for actin GATCATG
) ) 5 ATAC-
chtl—reV Revers primer for actin CACGCTTGCTTTGAG
) 5 AAGGCGATATTAGC-
qFbpl-fwd Forward primer for Fbpl GATCTC
) 5 CAGTGTCCAAGGT-
qFbpl-rev Reverse primer for Fbpl GAAGC
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2.4 Culturing S. pombe cells

Wild type strains were grown at 32°C, while the temperature sensitive strains were
grown at 25°C and the restrictive temperature for these cells was 36°C.

When growing liquid cultures the cultures were maintained in the exponential
growth phase with between 2 x 106 and 1 x 107 cells ml.

To get cultures in the exponential growth phase, a fresh colony of a strain was
grown from frozen stock on YES agar at the appropriate temperature overnight. A
small sample of the colony was diluted in 10 ml of YES liquid medium and incubated
overnight at the appropriate temperature with shaking to ensure that the cells do

not settle on the bottom of the flask.

The optical density at 595 nm of the resulting pre-culture was measured and the
equation given below was used to calculate the required volume of pre-culture to

generate a larger culture:

chlture X ODrequired
2n

Vpre—culture -

where Viyiture s the desired volume of culture, OD,equired is the required OD at
595 nm, and n is the expected number of generations (assuming that at 32°C the
doubling time of fission yeast is 2.5 hours).

When growing liquid cultures, flasks used were chosen based on the volume of
culture that needed to be grown - the volume of the flask used was double the volume

of the required culture (i.e. a 200 ml flask was used for a 100 ml culture, and so on).
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2.5 Crossing S. pombe cells

2.5.1 Cell mating and growth

To induce mating the desired freshly growing strains of opposite mating types are
mixed in a sterile microtube in 1 ml of sterile water and spread on an ME agar plate
as this medium is lacking in nitrogen. The plates are incubated at 25°C for 2 days.
To check if zygotic asci were produced, a small sample of the growing cells can be
taken and diluted in some water to be observed under the light microscope.

Once zygotic asci have been produced, cytohelicase (an enzyme from Helix po-
matia) is added at the concentration of 2 mg ml™! to 500 pl of cells suspended in
sterile water. The cells are incubated with the enzyme overnight at room tempera-

ture, which leads to the breakdown of the cell wall and releases the spores.

The next day the spores are washed with sterile water three times by centrifug-
ing gently, removing the supernatant and resuspending the spores in fresh 500 pl
of water. The spores are counted using a haemocytometer and plated on YES agar

plates at various dilutions (e.g. 10%, 103, 10* spores) and incubated at 32°C.

2.5.2 Cross selection

The strains used in this project used resistance to antibiotics as a way of select-
ing the cells with the desired mutation(s), so the selection of crosses was per-
formed using YES agar plates supplemented with hygromycin B, G418 disulphate
or nourseothrecin. The antiobiotics were added to the YES agar at concentrations
listed in Table 2.6. Antibiotics are added to liquid YES agar just before the plates

are poured.

Table 2.6: Supplementing YES agar with antibiotics.

Antibiotic v/mg ml?!
(G418 disulphate 0.1
Hygromycin B 0.3
Nourseothrecin 0.1
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The single cell colonies that grew on antibiotic selection plates after incubation
at 32°C were then either streaked onto YES plates to create a stock of the strain

or replica plated onto another selection plate if there were multiple markers to be

checked.
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2.6 Spotting assays

To set up a spotting assay, one sterile Petri dish is filled with ethanol and a 8 x
6 metal pin is soaked in the dish containing ethanol. The pin is then flamed in
a Bunsen burner flame to sterilise it. Once sterilised, the pin can be set aside in
another sterile Petri dish.

Sterile water is poured into another Petri dish and a multichannel pipette is
used to fill the first six columns of a sterile 96 well plate with 200 pl of sterile water.
A pipette tip or a sterile toothpick is used to pick up the same amount of freshly
growing cells from an agar plate. Every strain is resuspended in the first well of the

first column of the 96 well plate.

A five fold serial dilution of each of the strains is prepared by pipetting 50 nl resus-
pended cells from the first column of the plate with a multichannel pipette into the
second column, resuspending the cells, taking a fresh 50 pl aliquot of the diluted
solution from the second column, resuspending it in the third column and so on,
until the final 50 pl aliquot of cells has been dispensed into the sixth column.

The metal pin is used to transfer the cells from the 96 well plate to agar plates.

Once all cells have been transferred, the agar plates are incubated as needed.
If more strains need to be used, the metal pins need to be rinsed with water, ster-

ilised by soaking in ethanol and flaming. The pin needs to cool down before used

again.
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2.6.1 Thiabendazole (TBZ) assays

Thiabendazole (TBZ) is a microtubule destabilising drug, so sensitivity to TBZ
indicates chromosome segregation defects. Wild type cells survive even at high
concentrations of the drug, while cells that do not have the normal chromosome
segregation machinery do not grow as well as the wild type cells when the drug is

added to the media.

TBZ was added to YES agar plates just before the plates were going to be poured
at either 15.0 pg mlt or 17.5 pg ml'. Plates with no added TBZ were used as a
control.

Once the cells were transferred onto plates prepared as described, the plates were

incubated at 25°C until full growth.
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2.6.2 Centromere silencing assays

It has been shown that genes inserted in fission yeast centromeres are transcription-
ally silenced[37] as discussed in section 1.

This happens because functional centromeres have an optimal level of Cnpl CENP-4,
A reporter gene can be inserted at the centromere (commonly arg3) and its expres-
sion monitored by using a selective medium. In such an experiment, the endogenous
copy of the reporter gene must be deleted. This allows for indirect determination
of Cnpl®ENF-A Jevels at the centromere by monitoring whether the reporter gene
within the centromere is silenced or expressed. If Cnp1®FNP-A Jevels drop, the corre-
sponding levels of histone H3 increase allowing for derepression of the reporter gene.
This is commonly known as the centromere silencing assay. The position of the
reporter gene (arg3) in the central centromeric core, in strains used in centromere
silencing assays, is shown in Figure 1.2. Mutants of genes involved in CnplCENF-A
deposition at centromeres have been shown to de-silence arg? (i.e., grow on media

lacking arginine) due to reduced Cnpl®FNP-A Jevels and correspondingly increased

histone H3 levels at the centromere[38].

The cells were prepared as described in Section 2.6, and the selective medium used
was PMG agar not supplemented with arginine as described in Table 2.3. PMG
agar plates with arginine were used as a control. The PMG agar plates with cells

were incubated at 32°C until full growth.
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2.6.3 DNA damage assays

In DNA damage assays hydroxyurea (HU) and methyl methanesulfonate (MMS)
were added to YES agar just before the plates were about to be poured. HU was
added at the concentration of 5 mM, while MMS was added at either 0.00125%
or 0.0025%. Plates with no added genotoxic agents were used as a control. Once
cells have been transferred to the plates as described in Section 2.6, the plates were

incubated at 32°C until full growth.

2.6.4 Temperature sensitivity assays

To determine temperature sensitivity of a strain, plates with YES agar and Phloxin
B were used. Phloxin B stains the dead cells, which makes the cells easier to see.
Phloxin B was added to the medium just before the plates were poured at the
concentration of 2.5 pg ml™.

Once the cells have been transferred to the plates as described in Section 2.6, the
plates were incubated at the restrictive temperature and non-restrctive temperature

as a control.
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2.7 Molecular techniques

2.7.1 Genomic DNA extraction

10 ml of a liquid culture in the exponential growth phase is centrifuged at 1,500 rpm
for 5 minutes, which ensures that all S. pombe cells settle at the bottom of the tube.
The cell pellet is resuspended in 250 ul of DNA buffer, the recipe for which is
given in Table 2.7 below. Glass beads are added to the microtube containing the
resuspended cells.
The microtube was shaken using the FastPrep-24 homogeniser at speed 5.0 for
15 seconds, with a pause of 1 minute before the second cycle of homogenisation

using the same speed and time settings.

Following homogenisation, the microtubes are quickly inverted to ensure that the
glass beads accumulate near the lid. The bottom of the microtube is punctured
using a sterile needle which has been heated in a Bunsen burner flame.

Once puncutred, the microtubes are inserted into clean microtubes and cen-
trifuged at 2,000 rpm for 30 seconds. The upper microtube is discarded after cen-
trifugation and 250 pl of phenol-chloroform-isoamyl alcohol solution is added to the

cell lysate in a fume hood.

250 pl of TE buffer (the recipe for which is given in the Table 2.8 below) is added
to the lysate and inverted to mix. The microtubes are centrifuged at 13,200 rpm
for 5 minutes. Following centrifugation the aqueous phase containing the DNA is
transferred to a fresh microtube in a fume hood. This step is repeated to purify the
DNA.

40 pl of 3M Sodium Acetate (pH 5.2) and 800 pl of 100% ethanol (stored at
-20°C) is added to concentrate and purify the DNA. The DNA is left to precipitate

for approximately 30 minutes at -20°C.
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Once DNA has precipitated, the microtubes are centrifuged at 13,200 rpm for 10
min in a centrifuge chilled to 4°C to pellet the DNA. The pellet was washed with
70% ethanol (stored at -20°C) and centrifuged at 13,200 rpm for 5 minutes.
Supernatant is removed with a pipette and the microtubes centrifuged on a
short spin to remove any residual ethanol. The DNA pellet is left to air dry for
approximately 10 minutes. The dry pellet us resuspended in 50 nl of the TE buffer
containing 20 pg mL™? of RNase A. The RNase is allowed to work at room temper-
ature for approximately one hour and the resulting DNA can be stored at -20°C or

used immediately.

Table 2.7: DNA buffer preparation.

Ingredient ¢/mol I
Tris-HCI, pH 8.0 0.1
Na(l 0.1
EDTA pH 80 | 1x10°

SDS needs to be added to the resulting solution at the concentration of 1%.

Table 2.8: TE buffer preparation.

Ingredient ¢/mmol I'*
Tris-HCI, pH 8.0 10.0
EDTA pH 8.0 1.0
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2.7.2 Polymerase chain reaction (PCR)

The basic cycling conditions used for PCR reactions using Taq polymerase are given
in the Table 2.9 below. NEB T, calculator was used to ensure the correct annealing

temperature for a given set of primers. The extension length is 30 - 35 cycles.

Table 2.9: PCR conditions.

Temperature/°C Time/s
98.0 30.0
98.0 10.0
55.0 30.0
72.0 30.0 per kb of product
72.0 600.0
10.0 - 15.0 as desired

2.7.3 Agarose gel electrophoresis

Agarose gels were prepared by dissolving agarose powder in a suitable volume of
TAE buffer. A microwave oven is used to heat the buffer and the agarose powder.
When the agarose powder is dissolved, and the solution has cooled down, SafeView
stain is added to the gel to facilitate visualisation of the DNA bands and the gel is

poured into a gel casting tray and a comb inserted to create wells.

To ensure good resolution of the bands, the following agarose concentrations were

used:

For bands under 300bp, 2% agarose;

For bands between 300 and 600bp, 1.5% agarose;

For bands between 600 - 1,200bp, 1% agarose;

For bands over 1,200bp, 0.8% agarose.
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When the gel is ready, samples are diluted with DNA loading dye and loaded
onto the gel, and the electrophoresis started.

To visualise the bands, BioRad Chemidoc MP Imaging System was used with a
UV filter.
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2.7.4 Transformation of S. pombe cells using electropora-
tion

A 50 ml liquid culture that is in the exponential growth phase is centrifuged at 1,500
rpm for 5 minutes and the supernatant decanted. The tube containing the cells is
placed on ice and washed with 10 ml of 1.2 M ice-cold sorbitol by gently inverting
the closed tube. The tube is centrifuged and supernatant decanted as described.

There are a total of three sorbitol washes.

After the final wash, the cell pellet is resuspended in 600 nl of sorbitol and 250
nl of the resulting cell solution is mixed with a sample of DNA (up to 10 pl of
DNA is used) in a chilled 2 mm electroporation cuvette. The electroporation was
preformed using BioRad Genepulser Xcell using the S. pombe pre-set protocol.
Following electroporation, 1 ml of the ice-cold sorbitol was added to the elec-
troporated cells and the cells were transferred to a microtube and then plated as

required and incubated.

2.7.5 Selection of transformants

Randomly selected single cell colonies were selected and patched onto a fresh YES
agar plate and incubated at the appropriate temperature until full growth.

The colonies were replica plated using a sterile velvet cloth onto YES agar and
YES agar plates with selective antibiotics. Only strains that were shown to be
resistant to the required antibiotic(s) were patched onto YES agar to create a stock

that can be used in experiments.
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2.8 Live imaging of S. pombe cells using fluores-

cence microscopy

2.8.1 Culture preparation

A small pre-culture is prepared from freshly growing cells. Once the ODsg; of the
pre-culture indicates that the pre-culture is in the exponential growth phase, a larger

culture is prepared as described in Section 2.4.

When the cultures are ready, the tubes containing the cultures are centrifuged at
1,500 rpm for 5 minutes, supernatant is removed and the cells are washed with PMG
medium and centrifuged again.

After the second centrifugation and removal of the supernatant, the cells are
resuspended in a small amount of PMG (approximately 1 ml). 10 pl of the cell
suspension is pipetted on a fresh microscope slide and covered with a cover slip.

Bubbles are removed by very gently pressing the cover slip.

2.8.2 Image acquisition and analysis

The prepared cells were imaged using the DeltaVision Elite system. Images were
taken as 27 z-stacks with an oil immersion objective (x60). Deconvolution was

performed using Soft WoRX software.
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2.9 Chromatin immunoprecipitation (ChIP)

2.9.1 Cell growth and harvesting

The density of the cell culture is checked by measuring ODs595. The density of the
culture should be approximately 5 x 10° cells ml"*. 50 ml of culture is needed for
each ChIP, and the culture should be prepared in YES wherever possible.

Each culture is poured into a 50 ml centrifuge tube and cetrifuged at 1,500 rpm
for 5 minutes. The supernatant is removed and the cell pellet is resuspended in 36

ml of ice-cold PBS.

In a fume hood, 1 ml of 37% solution is added to the cell suspension and the
tubes are places on a nutator to mix for 15 minutes. The crosslinking is quenched
by adding 3 ml of 2.5 M glycine solution to the tubes and mixed on the nutator for
5 minutes.

The tubes are centrifuged in a centrifuge chilled to 4°C at 1,500 rpm for 5 minutes.
The supernatant is removed in a fume hood, and the tubes containing cell pellets
are placed on ice. The cell pellets are resuspended in 0.8 ml of ice-cold Buffer I, the

recipe for which is given below in Table 2.10.

Table 2.10: Buffer I preparation.

Ingredient Effective concentration
1 M HEPES-KOH, pH 7.5 50.0 mmol 1"
5 M NaCl 140.0 mmol I
0.5 M EDTA pH 8.0 1.0 mmol I'!
10% Triton X-100 1%
10% Sodium deoxycholate 0.1%

The cell solution is transferred into pre-cooled microtubes and the microtubes
are centrifuged in a centrifuge chilled to 4°C at 13,200 rpm for 1 minute. The
supernatant is removed.

If not proceeding with ChIP immediately, the tubes with cell pellets can be snap

frozen in liquid nitrogen and stored at -80°C until ready to proceed.
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2.9.2 Chromatin immunoprecipitation

If using frozen cell pellets, the pellets are thawed on ice. Once the pellets are thawed,
400 pl of lysis buffer (the recipe is given below in Table 2.11 - it is important to note
that the buffer must be freshly supplemented with PMSF and protease inhibitors

just before use).

Table 2.11: Lysis buffer preparation.

Ingredient Effective concentration
1 M HEPES-KOH, pH 7.5 50.0 mmol 1"
5 M NaCl 140.0 mmol I
0.5 M EDTA pH 8.0 1.0 mmol I'*
10% Triton X-100 1%
10% Sodium deoxycholate 0.1%
100 mM PMSF 1.0 mmol I
Protease inhibitors 1x

Glass beads are added to the microtubes and the cells are lysed in the MP
Biomedical FastPrep 24 homogeniser with dry ice added to the tube holder. 6
cycles of lysis of 20 seconds at speed 6.5 with a 30 second pause between the cycles
should achieve 70-80% lysis, which can be checked under a light microscope.

Microtubes are taken out, inverted and the bottom punctured using a needle
heated in a Bunsen burner flame. The microtubes are placed into fresh microtubes

and the tubes are centrifuged at 1,000 rpm for 15 seconds.

The upper microtubes are discarded and 250 pl of the lysate is transferred into
fresh, pre-cooled microtubes. Pellets can be gently vortexed only if required.

The lysates are placed in a sonictor water bath cooled to 4°C and sonicated for
40 cycles of 30 seconds of sonication in each cycle. The lysates are centrifuged in
a centrifuge cooled to 4°C at 13,200 rpm for 15 minutes to pellet cell debris. The

supernatant is transferred to fresh pre-cooled microtubes following centrifigation.

The protein concentration is estimated using the Bradford’s assay. 1:20 dilutions of

lysates in lysis buffer are used. Inputs for each ChIP should be standardised to 4
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mg of whole cell extract in 210 - 260 pl of lysis buffer. 5 pl of the dilution is set

aside to be used as input control and the rest used for the experiment,

To ensure the samples have been sufficiently sonicated, a shearing check can be
performed by using 25 - 100 ul of lysate. The lysate is diluted 1:4 with TES buffer,
which is prepared as described in Table 2.12.

A maximum of 100 ul of the lysate should be used for shearing check. The pro-
tocol is given for 25 pl of lysate, but if using more, this can be scaled up accordingly.
The given volume of proteinase K should be used even if more than 25 pl of the

lysate is used.

Table 2.12: TES buffer preparation.

Ingredient Effective concentration
1M Tris, pH 8.0 50.0 mmol 1"
0.5M EDTA, pH 8.0 25.0 mmol 1"
10% SDS 1.0%

0.01 mg of proteinase K is added to the microtubes and the tubes are inserted
into the thermoblock set to 65°C. The tubes are left in the thermoblock with shaking
at 750 rpm overnight.

Proteinase K is inactivated by heating the tubes to 80°C for 10 minutes. Once
the microtubes have cooled down, RNAse A is added to the concentration of 20 pg
ml . The lysates are incubated with RNAse A for 1 hour at 37°C.

The lysates are treated again with 0.15 pg of proteinase K at 55°C for 2-3 hours.

DNA is extracted and purified using the phenol-chloroform extraction and 1 pul
of glycogen is added when precipitating the DNA. The DNA pellet is resuspended
in TE buffer with no RNAse A.

The DNA samples are loaded onto a 1.8% agarose gel to which ethidium bromide

has been added. The electrophoresis should run for 40 minutes at 120V.

The input control samples are frozen at -20°C. Antibody is added to the ChIP sam-
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ples and the tubes are put on a nutator at 4°C. The samples need to be incubated
with the antibody for at least 2 hrs.

Magnetic beads need to be pre-washed with the lysis buffer 2-4 times, and 30 pl
of the beads per sample is used. The washed beads are added to the samples and

incubated on a nutator at 4°C for at least 3 - 4 hrs or overnight.

The supernatant is removed, leaving the beads behind. The beads are washed with

1 ml of each of the following buffers.

e Lysis Buffer - two brief washes;

e Buffer I with 0.5 M Nacl - two 10 minute washes;

e Wash Buffer - two 10 minute washes;

e TE Buffer pH 8.0 - one 10 minute wash.

Wash buffer is prepared as desribed in Table 2.13 below.

Table 2.13: Wash buffer preparation.

Ingredient Effective concentration
1M Tris-HCI, pH 8.0 10.0 mmol I
1M LiCl 250.0 mmol It
0.5M EDTA pH 8.0 1.0 mmol 1!
10% NP-40 0.5%
10% Sodium deoxycholate 0.5%

For longer washes, the tubes should be left on a nutator at 4°C. On the last wash
supernatant is removed with a 5 ml syringe and a small needle.

A fresh 10% slurry of Chelex-100 resin is prepared in sterile water. 100 pl of
10% Chelex resin is added to each sample and input control sample. The samples

are boiled samples at 100°C for 12 minutes.

The tubes are cooled down at room temperature and centrifuged quickly before

adding 2.5 pl of 10 mg ml™* proteinase K to each sample. The samples are incubated
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with proteinase K at 55°C for 30 minutes on the thermoblock while shaking at 1,000
rpm.

To inactivate proteinase K the samples are boiled at 100°for 10 minutes and
the tubes are centrifuged quickly. 70 pl of supernatant is transferred to fresh tube
containing 100 nl of water and 20 pl of 10x TE buffer. The resin must be excluded

while pipetting as it will prevent qPCR from working. The DNA is stored at -20C.
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2.9.3 Analysis using quantitative Polymerase Chain Reac-
tion (qPCR)

The immunoprecipitate and input control samples are thawed at room temperature.
To ensure that all Chelex resin is settled on the bottom of the microtubes, the tubes
are quickly centrifuged using a high speed at room temperature.

1:10 dilutions of immunoprecipitate and 1:500 dilutions of input control samples
are prepared in water. If the dilutions are not going to be used immediately, the
dilutions can be kept at 4°C to avoid repeat freeze - thaw cycles, which make qPCRs
unreliable.

The mix for the qPCR for each primer pair is prepared as described in Table

2.14 below. The volumes given below are per 10 pl reaction.

Table 2.14: qPCR master mix preparation.

Component V / ul
NEB Luna Universal gPCR Master Mix 5.0
Forward primer 0.25
Reverse primer 0.25
Template DNA 4.0
Sterile Milli-Q water to 10.0

Once all mixtures have been pipetted, the multiwell plate can be gently tapped
to ensure the qPCR mixture sinks to the bottom of the well. The plate is sealed
using optically clear film - it is important to ensure that all of the edges are sealed
to avoid sample evaporation. Once sealed, the plate can be quickly centrifuged in a
plate centrifuge.

To run the qPCR reaction, the settings given in Table 2.15 below were used. The
program was ran for 45 cycles. All qPCRs were carried out on the BioRad CFX384

Touch machine. All samples had three technical replicates.

Table 2.15: qPCR conditions.

Temperature/°C | Time/s
95.0 60.0
95.0 15.0
60.0 180.0
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The data obtained by the qPCR was analysed using BioRad CFX Maestro soft-
ware and MS Office Excel.

First of all, the raw data from the experiment, which is given as a .zpcr file, was
converted into a .pcrd file using the CFX Maestro software. Once all the wells have

been labelled, the data is exported as an Excel spreadsheet for analysis.

When examining data in the spreadsheet, it is important to note the standard de-
viations for the mean C, (C;) values. Where the standard deviation of the C, value
was below 0.5, the mean C, value was used in the calculations. Where the standard
deviation value was larger than 0.5, the individual C4 values were examined to de-
termine which of the three value is an outlier, and the mean of the remaining two

values was taken for subsequent calculations.

The first step is to calculate the difference in the mean C, value of the input control
and the immunoprecipitation samples (AC,) for a given strain. Following this, 24
is calculated and multiplied by 100 as the results are given in percentages. The
resulting number is divided by the dilution factor. Finally, this is multiplied by the

ratio of volumes of the input controls and the immunoprecipitates used for the ChIP.
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2.10 Immunoprecipitation followed by liquid chro-

matography coupled with tandem mass spec-

trometry (IP LC-MS/MS)

2.10.1 Cell growth and harvesting

11 of S. pombe culture is grown in 4xYES media to approximately 1 - 2 x 10%
cells/ml. The cultures are collected and centrifuged for 30 minutes at 3,500 rpm.
The cell pellets are washed with PBS twice and resuspended in the volume of water
that is approximately the fifth of the volume of the cell pellets.

A syringe is filled with the viscous cell suspension and small spheres of the sus-
pension are slowly dropped into liquid nitrogen. The frozen spheres of the cell

suspension can be stored at -80°C or used immediately.

The frozen cell suspension needs to be ground into a fine powder before being used
for immunoprecipitation. The pestle and mortar used for this experiment need to
be thoroughly cleaned with ethanol before being cooled down. To cool down the
mortar a small water bucket is filled with dry ice and the mortar placed on top.
Liquid nitrogen is poured into the mortar to cool it down further.

Once the mortar has cooled down, a small amount of liquid nitrogen is poured
into it and the frozen cell suspension is added. The suspension is ground into a fine
powder. While grinding liquid nitrogen needs to be re-added throughout to ensure
that the cell suspension doesn’t thaw. Once ground, the powder is collected in 5 g

portions in centrifuge tubes that have been pre-cooled in liquid nitrogen.
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2.10.2 Immunoprecipitation

10 ml of cold lysis buffer, which has been prepared as described in Table 2.16 below,
to the cell powder. The powder is rotated with the buffer for approximately 30

minutes at 4°C to solubilise.

Table 2.16: Lysis buffer preparation.

Ingredient Effective concentration
HEPES-NaOH, pH 7.5 50.0 mmol 1
KCl 150.0 mmol 1"
10% NP-40 0.1%
To be added fresh just before use:
Ditiothreitol, DTT 5.0 mmol I
Roche EDTA-free protease inhibitors cocktail 1x
Sigma protease inhibitors cocktail 1x
PMSF 0.2 mmol I
Benzamidine 0.2 mmol I

Affinity beads are prepared by washing protein G magnetic beads (25 pl is re-
quired per sample) and washing them three times with 1 ml of PBS. Once the beads
are washed, they are coupled with 8 pl of antibody in 0.5 ml of PBS. The microtube
is rotated for 30 minutes at 4°C. Once the affinity beads have been prepared, they
are washed twice with PBS, once with the lysis buffer and finally resuspended in

lysis buffer (using 10 pl of the buffer per sample.)

The solubilised cell extract is centrifuged at 4,000 rpm for 10 minutes. The su-
pernatant is collected and centrifuged for 45 minutes at 14,000 rpm at 4°.

10 pl of the prepared affinity beads are added to the supernatant and the micro-
tubes are roated for 1 hour at 4°C.

Following the rotation, the supernatant is discarded and the beads are trans-

ferred into a fresh Eppendorf Protein Lo-Bind tube using 1 ml of the lysis buffer.

The beads are washed with the lysis buffer, collected and the supernatant is dis-
carded. The beads are resuspendded in 0.5 ml of lysis buffer with 2 mM MgCl,

which has been prepared as described in Table 2.17. 500 units of benzonase are
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added and the microtubes are rotated at 4°C for 15 minutes.

Table 2.17: The prepareation of lysis buffer supplemented with MgCls.

Ingredient Effective concentration
HEPES-NaOH, pH 7.5 50.0 mmol 1"
KCl 150.0 mmol 1"
10% NP-40 0.1%
MgCly 2.0 mmol I

The beads are collected and the supernatant discarded. The beads are resus-

pended in 1 ml of lysis buffer and transferred into a new Protein Lo-Bind tube,

washed and the supernatant discarded.

The beads are resuspended in 0.5 ml of BD buffer, which has been prepared as

described in the Table 2.18 below, washed, collected and the supernatant discarded.

Table 2.18: BD buffer preparation.

Ingredient Effective concentration
Tris-HCI, pH 8.0 20.0 mmol 1
NaCl 150.0 mmol 1
CaCl, 2.0 mmol 1"

The washed beads are resuspended in 10 ul of 20 mmol "' Tris-HCI (pH 8.0). 5
nl of the NEB 3x Blue Loading Dye for protein gels and 0.5 pl of NEB 30x DTT.
The samples are boiled at 99°C for 5 minutes. Following this the samples can be

either frozen if not used immediately.

When ready, the samples are loaded onto an SDS page gel.
start the electrophoresis. The electrophoresis only needs to be performed for sev-
eral minutes to ensure that the samples enter the stacking gel. After this the gel
is stained using Invitrogen SilverQuest Silver Staining kit to visualise the protein

bands. The bands are excised and put into Protein Lo-Bind tubes containing 500

nl of Milli-Q water.
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2.10.3 LC-MS/MS

The gel bands samples were subjected to in-gel reduction, alkylation and digestion
with trypsin.

To ensure the reduction of cysteine residues, DTT was used and iodoacetamide
was used to create stable carbamidomethyl derivatives. Trypsin digestion was per-
formed at 37°C for two hours and after that overnight at room temperature. The

reagents used to prepare the samples are given in the Table 2.19 below.

Table 2.19: Reagents used for preparation of gel band samples for mass spectrometry.

Reagent Effective concentration
Tetraethyammonium bromide, TEAB 100.0 mmol I
Tetraethyammonium bromide, TEAB 50.0 mmol I

DTT 10.0 mmol It
Iodoacetamide 55.0 mmol 1
Trypsin 13.0 ng plt

The gel bands are cut into 2 mm? pieces and transferred into fresh microfuge
tubes. The gel pieces are washed with 100 mmol I'* TEAB for 5 minutes. The
supernatant is removed and acetonitrile added to wash the gel pieces. Once the gel
pieces are washed, acetonitrile is decanted and fresh acetonitrile added to ensure full
dehydration of the gel pieces. The acetontrile is removed and the gel pieces dried in
a SpeedVac vacuum concentrator for 5 minutes.

The gel pieces are rehydrated with 10 mmol I'* DTT and heated at 56°C for 30
minutes. DTT is removed and acetonitrile added. The gel pieces are dehydrated

and dried in SpeedVac for 5 minutes.

Iodoacetamide is added and the gel pieces are incubated with it for 20 minutes
in the dark. The supernatant is then discarded, the gel pieces briefly washed with
the TEAB buffer. The buffer is discarded and the gel pieces washed for another 5
minutes with a fresh aliquot of the TEAB buffer.

Following the wash the liquid is decanted, gel pieces dehydrated with acetonitrile

and dried in SpeedVac for 5 minutes. Finally, the gel pieces are rehydrated in 50 nl
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of the trypsin solution at 40°C for 20 minutes. Unabsorbed trypsin is removed, 50
nl of 50 mmol I'* TEAB buffer is added to cover the gel pieces and the pieces are

incubated with trypsin at 37°C for 2 hours and then overnight at room temperature.

After the trypsin incubation the supernatant is removed from the gel pieces and
collected into a fresh microfuge tube. The gel pieces are washed in 50 pl of 50
mmol I'* TEAB buffer for 5 minutes at 37°C and the supernatant is pooled with the
supernatant removed in the previous step.

The gel pieces are dehydrated with 50 pl of acetonitrile at 37°C for 5 minutes, and
the supernatant then pooled with the previously collected supernatant. Finally, the
TEAB washing and acetonitrile dehydration steps are repeated and the supernatant
acquired is pooled with the previously collected one.

The resulting peptide extract is frozen and the pooled supernatants are dried in

a SpeedVac. The samples can be stored at -80°C until needed.

The peptide samples are resuspended in 40 yl of resuspension buffer (which consists
of 2% acetonitrile in 0.05% formic acid). The liquid chromatography is performed
on a ThermoFisher Scientific U3000 UHPLC NanoLC system. Peptide resolution
was achieved by using reverse phase chromatography on a 75 pm C18 Pepmap 50
cm column. A three step linear gradient of 80% acetonitrile in 0.1% of formic acid.

1 over one hour. The

The peptides were eluted at the flow rate of 250 nl min
initial elution (0 - 5 minutes) used 5% of solvent B, which was increased to 40% for
further 35 minutes, then 99% for the 5 minute wash step and the equilibration step

used 5% of solvent B. The peptide eluate was ionised using electrospray ionisation

in a ThermoFisher Scientific Orbitrap Fusion Lumos using Xcalibur v4.1.5.
The instrument was programmed to acquire using an Orbitrap-lon Trap method

by defining a 3 second cycle time between a full MS scan and MS/MS fragmenta-

tion. Orbitrap spectra were collected at a resolution of 120,000 over a scan range
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of m/z 375-1500 with an automatic gain control (AGC) setting of 4.0 x 10° with a
maximum injection time of 35 ms.

Monoisotopic precursor ions were filtered using charge state (+2 to +7) with
an intensity threshold set between 5.0 x 10% to 1.0x 10?° and a dynamic exclusion
window of 35 seconds + 10 ppm. MS2 precursor ions were isolated in the quadrupole
set to a mass width filter of 1.6 m/z. lon trap fragmentation spectra were collected
with an AGC target setting of 1.0 x 10* with a maximum injection time of 35 ms

with CID collision energy set at 35%.
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2.10.4 Data analysis

The raw data was processed into peak list files using Proteome Discoverer (Ther-
moScientific; v2.2). The raw data file was processed and searched using the Mas-
cot search algorithm (v2.6.0; www.matrixscience.com) and the Sequest search al-
gorithm[281] against the Uniprot All Taxonomy database (561,911 entries) and the
Uniprot Schizosaccharomyces pombe database (5,303 entries).

The database output file was uploaded in to Scaffold software (v 4.11.0;

www.proteomesoftware.com) for visualisation and manual verification.
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2.11 Co-immunoprecipitation (Co-IP)

2.11.1 Cell growth and harvesting

100 ml of exponentially growing culture in YES medium is needed per sample. To
ensure that the cultures are in the exponential growth phase the density of the
cell culture is checked by measuring ODs95. The density of the culture should be
approximately 5 x 10° cells ml.

Each culture is poured into a 50 ml centrifuge tube and cetrifuged at 1,500 rpm
for 5 minutes. The supernatant is removed and the cell pellet is resuspended in 36

ml of ice-cold PBS.

In a fume hood, 1 ml of 37% solution of formaldehyde is added to the cell suspension
and the tubes are places on a nutator to mix for 15 minutes. The crosslinking is
quenched by adding 3 ml of 2.5M glycine solution to the tubes and mixed on the
nutator for 5 minutes.

The tubes are centrifuged in a centrifuged chilled to 4°C at 1,500 rpm for 5
minutes. The supernatant is removed in a fume hood, and the tubes containing cell
pellets are placed on ice.

The cell pellets are resuspended in 0.8 ml of ice-cold Buffer I, the recipe for which

is given in Table 2.10.

The cell solution is transferred into pre-cooled microtubes and the microtubes are
centrifuged in a centrifuge chilled to 4°C at 13,200 rpm for 1 minute. The super-
natant is removed.

If not using the cell pellets immediately, the tubes with cell pellets can be snap

frozen in liquid nitrogen and stored at -80°C until ready to proceed.
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2.11.2 Co-immunoprecipitation

The cell pellets are thawed on ice and resuspended in 400 pl of lysis buffer, which is

prepared as described in Table 2.20 below.

Table 2.20: Lysis buffer preparation.

Ingredient Effective concentration
1 M HEPES-KOH, pH 7.5 50.0 mmol I
5 M NaCl 150.0 mmol I
60% Glycerol 10%
0.5 M EDTA pH 8.0 5.0 mmol I
10% NP40 0.5%
50 mM Sodium flouride, NaF 5.0 mmol 1"
100 mM PMSF 1.0 mmol I
DTT 1.0 mmol I
Sodium orthovanadate, NazVO, 1.0 mmol It
Protease inhibitors 1x

Glass beads are added to the cell suspension and the cells are lysed in the MP
Biomedical FastPrep 24 homogeniser with dry ice added to the tube holder. 6 cycles
of lysis of 20 seconds at speed 6.5 with a 30 second pause between the cycles is used
to lyse the cells.

Microtubes are taken out, inverted and the bottom punctured using a needle
heated in a Bunsen burner flame. The microtubes are placed into fresh microtubes

and the tubes are centrifuged at 1,000 rpm for 15 seconds.

The upper microtubes are discarded and the lysate is transferred into fresh, pre-
cooled microtubes. The lysates are centrifuged at 13,000 rpm for 15 minutes at
4°C.

After the centrifugation the supernatants are transferred into fresh pre-cooled

microtubes and placed on ice.

All whole cell extracts (WCEs) need to be diluted to the same concentration in
250 ul of lysis buffer, so Bradford’s assay is used to estimate the protein concentra-

tion in WCEs. 45 pl of the WCE is taken into fresh microtubes as input control,
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and the rest of the sample is used to prepare the dilutions to be used in immuno-
precipitation.

Input control samples are supplemented with NEB 4x SDS sample loading buffer
and boiled at 100°C for 5 minutes. The samples are then quickly centrifuged and

frozen at -20°C until ready to proceed with SDS-PAGE electrophoresis.

30 pl of protein G magnetic beads per sample is pipetted into a fresh microtube.
The storage buffer is removed and the beads are resuspended in 800 pl of ice-cold
lysis buffer. The buffer is removed and the washing process is repeated two more
times.

On the final wash, the supernatant is removed and the beads are resuspended in
lysis buffer to the original volume of beads that was taken out. 8 pl of the antibody
is added to the beads and the microtubes with the beads is left on a nutator at 4°C

for 2 hours to allow for the beads to bind the antibody.

Following the incubation of the beads with the antibody, 30 pl of prepared mag-
netic beads is added and the tubes are placed on a nutator for a further two hours
at 4°C.

Once the incubation has finished, the beads are washed with 800 pl of the lysis
buffer as described before and on the final wash all supernatant is removed. 4x SDS
sample loading buffer is added to the beads and the tubes are boiled at 100°C for 5
minutes.

If not using the samples immediately, they can be stored at -20°C and boiled at

100°C for two minutes when ready to be used.
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2.11.3 Sodium dodecyl-sulphate polyacrylamide gel

electrophoresis (SDS-PAGE) and Western blotting

BioRad Mini-PROTEAN TGX polyacrylamide gel was placed in the BioRad Mini-
PROTEAN Tetra cell. The inner and outer chambers of the cell were filled with
SDS-PAGE running buffer, prepared as described in Table 2.21 below and diluted
to 1x prior to use. The comb from the gel was removed and 20 pl of samples and 5

1l of protein ladder was loaded on the gel.

Table 2.21: 5x SDS-PAGE running buffer preparation.

Ingredient | Effective concentration
Tris base 151 g I't
Glycine 94.0 g I't
SDS 10%

100 V was used to start electrophoresis and ensure that samples stack well in
the stacking gel after which the voltage was increased to 150 V to ensure good sep-

aration of proteins. The electrophoresis ran for approximately 60 minutes.

To transfer the separated proteins on a nitrocelullose membrane BioRad Trans-Blot
Turbo Transfer System was used according to the manufacturer’s instructions. The
blotting sandwich was assembled by placing the ion reservoir stack, nitrocellulose
membrane, gel, and the top ion reservoir stack on the casette anode and covering
the sandwich with the casette cathode.

The casette was inserted in the instrument and the transfer started using the
Mixed MW program, which allows for transfer of proteins with molecular weights

between 5 and 150 kDa and uses a constant 1.3 A current.

Following the transfer the membrane was stained using the Ponceau S stain for
1 minute with gentle shaking. The Ponceau S solution was then removed and the
membrane rinsed in water several times.

The membrane was blocked in 5% milk solution in TBST, which is prepared
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by dissolving a tablet of Sigma Tris BUffered Saline, TBS in 500 ml of water and
supplementing the solution with Tween 20 to a concentration of 0.2%. The blocking

should be at least 30 minutes long, with shaking.

Once blocked, a membrane is placed in a black box for incubation with the an-
tibodies. a-GFP antibody was used at a 1:2,000 dilution which was prepared in 5%
milk in TBST. The antibody incubation was performed overnight on a nutator at

4°C.

The membrane is washed three times in TBST for 10 minutes each time. The
secondary antibody solution (o-rabbit HRP) is prepared at 1:10,000 dilution in 5%
milk in TBST. The membrane is incubated with the secondary antibody for two
hours at room temperature on a nutator.

Amersham ECL Western Blotting Detecting Agent was used as per manufac-
turer’s instructions. The chemiluminescent signal was detected using either the

BioRad Chemidoc or ThermoFisher iBright system.
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2.12 Bioinformatics

Multiple sequence alignment was performed using EMBL-EMBI Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/)[282, 283]. Sequences were obtained
in a FASTA format from PomBase(https://www.pombase.org)[284] and NCBI Gene

database (https://www.ncbi.nlm.nih.gov/gene/)[285].
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Chapter 3

Investigation of the physical and
genetic interaction between

Cepl VPSS and Rtt109

3.1 Introduction

Rtt109 is a member of the HAT (histone acetyltransferase) family and is required for
the acetylation of histone H3 on K9, K27 and K56[274, 275]. S. cerevisiae Rtt109
associates with two histone chaperones in vivo: Vps75°P! and Asfl. Vps75 is the

S. cerewvisiae ortholog of Cepl.

Vps75°P! and Asfl, while being unrelated chaperones, both interact with the H3-
H4 dimer and (H3-H4), tetramer. In S. cerevisiae it has been shown that in vitro
acetylation of H3 increases after the addition of either Asfl or Vps75°°P!, however
in vivo Asfl and Rtt109 have been shown to be essential for H3 acetylation at K56,
while Vps75Cecp1 notably was not. Interestingly, acetylation of the histone H3 at
K9 and K27 by Rtt109 are both Vps75°Pl-dependent|6].

Meanwhile, research in S. pombe has found that Rtt109 acetylates histone H3 (par-
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ticularly on K56) both in wvitro and in vivo, and rtt109A single mutants exhibit
acute sensitivity to genotoxic agents[5]. The authors of this paper hypothesise that
this effect is due to the the acetylation of histone H3 by Rtt109 being involved in

DNA damage response in cells.

Ccpl is the fission yeast homolog of the budding yeast Vps75 and SET in humans|[3,
4]. In S. cerevisiae VpsT7h was identified through a screen for mutants with defective
vacuolar sorting, and has been found to be a NAP (Nucleosome Assembly Protein)

family protein.

Some structural analyses of Ccpl suggest that it forms a homodimer and that the
homodimer is required for the anti-CENP-A loading activity[3]. However, other
researchers report a tetrameric structure for S. cerevisiae Vps75[272, 273]. Cells

overexpressing CcplVP™ were also shown to be highly sensitive to TBZ[3].

So far it has been suggested that in S.cerevisiae Vps75°°P!, which has a nuclear
localisation signal, imports Rtt109 into the nucleus and stabilises it, and addition-
ally positions H3 for acetylation by Rtt109[6, 274]. It is also possible that acetylation
mediated by Ccepl-Rtt109 aids in flagging centromeres for Mis18 recruitment in S.

pombe.

While many roles of Vps75 in S. cerevisiae have been already investigated, at the
moment it is not known if S. cerevisiae Vps75 and S. pombe Ccpl are true functional
orthologs. For this reason, the role of Ccpl in fission yeast remains to be explored
and the question of whether Ccpl and Vps75 are true functional orthologs is yet to

be answered.
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3.2 Results

3.2.1 CcplVP*® and Rtt109 may have separate functions

When subjected to TBZ, both the rtt109A and ccpl A single mutants are hypersen-
sitive to TBZ, while the ccpl A rtt109 A double mutants have been shown to be even
more sensitive to TBZ than either of the single mutants, as shown in Figure 3.1.

csi1A cells are used as a control for the assay as these cells are extremely sensitive

to TBZ[286].

Untreated 15.0 yg/ml 17.5 pg/ml

Figure 3.1: ccpl A rtt109A and cepl A rtt109A cells are sensitive to TBZ. Serial
dilutions of cells were plated on YES media containing several concentrations of
TBZ. The plates were incubated at 25°C.

These results are in agreement with what has previously been observed in TBZ
sensitivity assays of ccpl A mutants[3]. However, if CeplVPS™ and Rtt109 form a
complex to maintain functional centromeres, the ccpl A rtt109/A double mutant
should not show increased sensitivity to TBZ compared to the single mutants. It
is, however, possible that Ccpl1VPs™ and Rtt109 work together, but it may be that
Rtt109, as already shown in S. cerevisiae, has other interactions (e.g. with Asfl as
well as Ccpl to bring about acetylation of histone H3); this would also result in
increased sensitivity of the double mutant to TBZ.

This result therefore suggests that Rtt109 and Ccpl1VP*™® may not work together
or, perhaps, that they are a part of a larger pathway regulating chromosome seg-
regation and/or resistance to genotoxic agents, in line with suggested roles of S.

cerevisiae Rtt109 and Vps75°Pt and S. pombe CcplVPs™.
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Rtt109 is known to be involved in cells’ response to DNA damaging agents[5]. To

1VPs™ and Rtt109 were both involved in a pathway regulat-

investigate whether Ccp
ing resistance to genotoxic agents, hydroxyurea (HU) and methyl methanesulfonate
(MMS) were used to induce DNA damage and the viability of the single and double
delation mutants of Cep1VP™ and Rtt109 compared to the wild type was assessed.

In agreement with previous studies, rtt109A cells show increased sensitivity to
both of the genotoxic agents. In contrast, ccpl A cells do not exhibit sensitivity

to the genotoxic drugs, while the sensitivity of the ccpl A rtt109A double mutants

may be attributable to the deletion of rtt109, as shown in Figure 3.2.

Untreated 5mMHU 0.00125% MMS 0.0025% MMS

ccp1A rit109A

Figure 3.2: rtt109A cells are sensitive to both HU and MMS, while ccpl A cells
are not. The sensitivity of ccpl A rtt109/A mutant is attributable to the deletion of
rtt109. Serial dilutions of cells were plated on YES media containing either HU or
MMS at two different concentrations. The plates were incubated at 32°C.

This suggests that in fission yeast Rtt109 may not be essential for CeplVPs7™’s

function at centromeres. At the same time, CcplVPs™® appears not to be essential

for Rtt109’s function in the DNA damage response.
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3.2.2 Rtt109 may not be required for Ccpl1VPs"5’s localisa-

tion at the centromere

To further investigate whether fission yeast Rtt109 is required for the function of
CeplVPs™5 cells expressing CeplVPS™ C-terminally fused to GFP (CeplVPs™-GFP)
in either the wild type or the rtt109A background were imaged.

The deletion of rtt109 appears to cause a very small decrease in the number of
cells with CeplVPS™-GFP foci, and the CcplVP™-GFP signal in general, however

this is not a significant decrease, as shown in Figure 3.3.

Wild type rtt109A

GFP

DIC

Figure 3.3: Live images of wild type and rtt109A cells expressing CeplVPS™-GFP.
Scale bar = 5 pm.

There is a proportion of wild type and rtt109 A cells which do not have a single
CcplVPs- GFP focus, as evident in Figure 3.3. This is likely due to the fact that
the association of CeplVP™ is cell cycle-dependent, as previously reported[3]. In
contrast to the cell cycle-dependent association of CeplVPS™ to the centromere, the
localisation of Rtt109 is not cell cycle-dependent[287].

Microscopy results were also quantified by counting the number of cells showing a
CeplVPsT5-GFP focus in both wild type and rtt109A cells expressing CeplVPS™-GFP.
As shown in Figure 3.4 the small drop in the number of cells with a CcplVP™-GFP

foci in the rtt109 A mutant is not significant.
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Figure 3.4: A bar chart comparing the number of cells with Ccpl1VP™-GFP foci in
the imaged strains. N = 5. Error bars represent the standard deviation.

Finally, chromatin immunoprecipitation (ChIP) was employed to test the asso-
ciation of CcplVPS™ with centromeres in strains expressing CeplVPS™-GFP in wild
type cells and rtt109/ mutants to explore whether Rtt109VP*™ plays a role in the
maintenance of Cnpl®FNP-A Jevels at the centromere. The same strains which were
used for fluorescence microscopy were also used in the ChIP experiments.

The results from ChIP experiments are in accordance with what was observed
in the imaging experiment as there is a very small decrease in the CcplVP™>-GFP
levels at centromeres in the rtt109A mutant, as shown in Figure 3.5. However,
the observed decrease is not statistically significant. Therefore, all of the results
suggest that in fission yeast Rtt109 and CcplVP™ do have independent functions,

in contrast to what has been reported in budding yeast.
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Figure 3.5: Rtt109 is not required for CecplVPs"®’s localisation at the centromere.
ChIP comparing CcplVP™-GFP levels at S. pombe centromeres 1 and 3 in the wild
type and rtt109A cells expressing CeplVPS™-GFP. Error bars represent the standard
error of the mean. N = 5.
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3.3 Discussion

The evidence from budding yeast has shown that the histone acetyltransferase
Rtt109 is involved in the acetylation of histone H3 at lysines 9, 27 and 56. The
K56 acetylation is of particular interest because of its location in the globular do-
main of the histone H3 where the DNA entry and exit point is located on the
nucleosome[279, 288-291].

The K56 acetylation on histone H3 has also been found to play a role in the re-
sistance to DNA damage[5]. If there are DNA breaks during the DNA replica-
tion, budding yeast histone H3 maintains acetylation on K56 in a DNA damage
checkpoint-dependent fashion.

Therefore in budding yeast the acetylation of histone H3 on K56 is crucial in
DNA damage response as the cells that do not have the ability to acetylate histone

H3 on K56 have been shown to be hypersensitive to genotoxic agents[292-294].

Budding yeast Rtt109 was found to interact with two H3/H4 histone chaperones
in vivo, Asfl and Vps75°°P!, and in wvitro that the acetylation of histone H3 in S.
cerevisiae was increased when either Asfl or Vps75°P! were added[279, 288], while
in vivo both Rtt109 and Asfl have been found to be essential for acetylation of

histone H3 at K56, and Vps75°°Pt was not[6].

Assays comparing the sensitivity to genotoxic agents have also found budding yeast
cells lacking Rtt109, Asfl or H3K56 to be hypersensitive to the genotoxic drugs,
however cells lacking Vps75°P! were not found to be sensitive[279, 288)].
Furthermore, when the levels of Rtt109 in budding yeast cells harbouring the
vps75 A mutation were examined, it was found that the levels of Rtt109 have dropped
in absence of Vps75°°P1[295]. This could suggest that Vps75°°P! acts as a chaperone

for Rtt109 and plays a role in stabilising it, as well as protecting it from degradation.
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When acetylation of S. cerevisiae histone H3 was examined, it was found that while
acetylation of K9 and K27 was primarily performed by Genb, another histone acetyl-
transferase, in gend A cells Rtt109 has also been shown to acetylate K9 and K27 of
histone H3[295].

What is particularly interesting is that in contrast to Rtt109 acetylation of K56,
the acetylation of K9 and K27 in budding yeast by Rtt109 is dependent on Vps75°°P!.
Furthermore, when combined a deletion of Genb, the deletion of either Rtt109 or
Vps75°P! results in a complete loss acetylation of K9 and K27 on histone H3, caus-

ing a severe growth defect[295, 296].

With the above findings in mind, it is possible to envision two feasible explana-
tions for the fact that, in budding yeast, Vps75°°! is crucial for one aspect of the
histone acetyltransferase activity of Rt1109 (namely the acetylation of K9 and K27
of histone H3) and not for another (namely the acetylation of Rtt109’s primary
target - K56 of histone H3).

First of all, it is possible that Vps75°P! acts as an Rtt109 chaperone and sta-
bilises it. Therefore, when Vps75°°P! is deleted the degradation rate of Rtt109
increases and the levels of Rtt109 drop to levels that are sufficient only to sustain
the acetylation activity of Rtt109’s primary target, K56.

On the other hand, it is also possible to envision a role for Vps75°P! which
promotes, or perhaps regulates, the acetylation of K9 and K27 on histone H3 by
Rtt109. As the ortholog of Vps75°?! Nap1 is known to promote nuclear import of
other proteins, it is possible that Vps75°P! also has a nuclear localisation sequence

which could aid the import of Rtt109 into the nucleus when the two proteins bind.

In this thesis it has been shown that in S. pombe Rtt109 may not be essential

1VPS75 in contrast to what has been previously reported in

for the function of Ccp
S. cerevisiael6]. As demonstrated in TBZ assays of cepl A, rtt109A and cepl A

rtt109 A mutants, while both single mutants are sensitive to the drug, the double
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mutants have been found to be hypersensitive to TBZ (shown in Figure 3.1).

If CeplVPs™ and Rtt109 form a complex that maintains functional centromeres
deletion of either of the genes would disrupt the complex and would have the same
effect as deleting both genes. However, the increased sensitity to TBZ of the double
mutant could be due to Rtt109 having other interactions in addition to the one with
CeplVes™,

Therefore, Cep1VPs™ and Rtt109 likely do not work together in fission yeast as
they do in budding yeast. However, it is possible that they are a part of a larger

pathway regulating chromosome segregation as suggested by the hypersensitivity of

cepl A rtt109 A cells to TBZ.

In agreement with previous studies in both fission and budding yeast, this study
has also found rtt109A cells to be hypersensitive to genotoxic agents hydroxyurea
and methyl methanesulphonate (see Figure 3.2).

Moreover, this study has found S. pombe cells harbouring ccp A mutation, which
agrees with findings from S. cerevisiae. This confirms one similarity between the S.
cerevisiae Vps7h and S. pombe Ccpl in two distantly related yeasts.

1Vps757

Previous fission yeast studies have also found that Ccp s activity in regu-

lating the nucleosomal epigenetic stability does not depend on Rtt109[4].

However, the data presented also suggests that, while it is not essential, Rtt109

1Vps75 1Vps75

may promote the function of Cecp in S. pombe as a small drop in Ccp
levels is observed in rtt109A mutants (as shown in Figures 3.3, 3.4, 3.5).

It is important to note that the observed decrease in CcplVP™-GFP levels in
rtt109A cells is not statistically significant and that, in contrast to what has been
reported in budding yeast, fission yeast Rtt109 and CcplVP*™ have separate func-

tions and may not be true functional orthologs.

Many roles of Rtt109 in budding yeast have already been established and its im-
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portance for the acetylation of histone H3 at K9, K27 and K56 and, subsequently,
resistance to genotoxic agents is well known.

However, in fission yeast the interplay of CcplVPs™® and Rtt109 is not as clear cut
and well researched as in budding yeast and remains an exciting area of exploration

for researchers.
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Chapter 4

Investigation of the role of
CcplVPS™ and Rtt109 in

CnplCENP'A loading at the

centromere

4.1 Introduction

CcplVPs™ is a NAP (Nucleosome Assembly Protein) family protein. A recent study
proposes that Cepl1VPa™ antagonises Cnpl1 NP4 Joading not only at the centromere,
but also at non-centromeric regions, thus maintaining the Cnpl1FNF-A levels at the
centromere as well as preventing ectopic centromere assembly[3]. It directly inter-
acts with Cnpl®FNP-A by physically associating to it, and its recruitment to the

centromere is Mis16-dependent.

Some structural analyses of Ccpl suggest that it forms a homodimer and that the
homodimer is required for the anti-Cnp1“ENF-A Joading activity[3]. However, other
researchers report a tetrameric structure for S. cerevisiae Vps75[272, 273].

Overexpression of CeplVPS™ in fission yeast wild type cells has been found to
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evict CENP-A from native centromeres. In fact, in this study the single CENP-
A-GFP focus was lost from 76% of centromeres, and cells overexpressing CcplVPs™

were also shown to be highly sensitive to TBZ][3].

Ccpl was identified in a genome-wide screen for non-essential genes that act through

1CENP-A chromatin domain of centromeres (cnt). Dr Subramanian

the central Cnp
has found that Ccpl is required to maintain Cnpl1®*NP-4 Jevels at the centromere,
and that there is a synthetic interaction between ccpl A and enpl-1 (unpublished

findings). Further research has also found that Ccpl localises to centromeres|3].

Deleting ccp! has been reported to cause different effects - some researchers find
that these deletion mutants have multiple or diffuse Cnp1“ENP-A-GFP foci[3]. Mean-
while others found that Cnpl1®FNP-A_GFP remains as a single focus in the deletion
mutant|4]. This is one of the questions this chapter aims to answer.
Furthermore, the work done previously in the Subramanian lab indicates that Cnp1“FNP-A
levels decrease in the cep! A single mutant, in contradiction with the study by Dong

et al.[3]. For this reason this chapter aims to explore the role of Cepl further and

establish its role in the context of Cnp1“FNP-4 Joading and maintenance.
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4.2 Results

4.2.1 ccpl A shows increased de-silencing at the centromere

Temperature sensitivity assays were used to investigate the genetic interaction be-

1CENP—A

tween Cnp and CcplVPs™ and Rtt109, and the results are shown in Figure

4.1.

wild type
cnpi-1 cnp1A:ura4*
rtt109A

rtt109A cnp1-1 l
ccplA

ccp1A cnp1-1 |

25°C 32°C 36°C

Figure 4.1: Temperature sensitivity assay comparing the viability of ccpl A and
rtt109 A mutants in either the cnpl-1 cnpl A:uraf™ or the wild type background.
cepl A and rtt109A cells survive at the restrictive temperature, however all cells
containing the cnpl-1 mutation do not survive at the restrictive temperature. Serial
dilutions of cells of the indicated genotypes were plated on YES media supplemented
with Phloxin B and incubated at indicated temperatures.

As shown in Figure 4.1 all cells with the cnp1-1 mutation die at 36°C. At 32°C the
cepl A enpl-1 mutants are less viable than the rtt109A cnpl-1 mutants, however
the cnp1-1 wild type strain is extremely temperature sensitive and not viable even
at semi-restrictive temperature. Because of this it is not possible to confirm whether
there is a genetic interaction between the cnpl, ccpl and rtt109 genes. At 32°C the
deletion of rtt109A appears to partially rescue the cnpi-1 phenotype, however this
was not consistently found in the repeats of the temperature sensitivity assays. For
this reason it is not possible to conclude whether the absence of Rtt109 really does
rescue the extreme temperature sensitivity exhibited by the strains harbouring the

cnpl-1 deletion.

As the temperature sensitivity assays could not have been used to determine whether
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there is a genetic interaction between cnpl, ccpl and rtt109, the project aimed to
establish whether Cep1VPs™ and Rtt109 have a role to play in Cnpl“FNP-A deposi-

tion at the centromere.

To indirectly determine Cnpl®FNP-A Jevels at the centromere in cepl A, rtt109A
and cepl A rtt109A compared to wild type cells, a centromere silencing assay was
set up, and the results are shown in Figure 4.2. An illustration showing the posi-
tion of the arg3 gene in the central centromeric core in strains used in centromere

silencing assays is shown in Figure 1.2.
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Figure 4.2: (A) ccpl A and cepl A rtt109A show de-silencing, while rtt109 A shows
enhanced silencing at the centromere. Serial dilutions of cells of the indicated geno-
types were plated on PMG media either supplemented with or without arginine and
incubated at 32°C. (B) The position of the arg3 gene in the central centromeric
core. Imr = innermost repeats, otr = outermost repeats, cnt = central centromeric
core.

cepl A and cepl A rtt109A mutants show higher levels of de-silencing at the
centromere compared to wild type cells, indicating a decrease in Cnpl1®FNP-4 Jevels
at centromeres. In contrast to this, the rtt709 A mutant shows enhanced silencing
at the centromere compared to the wild type cells.

1V may play a role in Cnpl©ENP-A Joad-

The results therefore suggest that Ccp
ing as in its absence the Cnp1©®NP-A Jevels decrease. In the absence of Rtt109, on the

other hand, there is an increase in transcriptional silencing at the centromere. This
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could be due to Rtt109 being involved in exchange of histone H3 with CnplCENP-A

during DNA replication.
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4.2.2 In cecpl A mutant there is a decrease of GFP-Cnp1 “ENP-A

foci at the centromere

1CENP-A “strains

To further investigate the effect of deleting ccpl and rtt109 on Cnp
expressing Cnpl®NP-A which has been N-terminally tagged with GFP in wild type,
cepl A and rtt109A backgrounds were imaged using a fluorescence microscope as

described in Chapter 2, and the representative images have been shown in Figure

4.3.
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Figure 4.3: (A) Live images of wild type, rtt109A, and ccpl A cells expressing
GFP-Cnpl1®ENP-A " Scale bar = 5pum. Red arrow points to declustered centromeres,
the magnified image of which is shown in the insert. (B) A bar chart comparing
the number of GFP-Cnpl1®FNP-A foci in the imaged strains. N = 3. Error bars
represent the standard deviation. (C) Live images of wild type and ccpl A cells
expressing GFP-Cnpl1“FNP-A and Sid4-Tomato. Scale bar = 5 pm. The distance
between the two GFP-Cnp1°FNP-4 foci was measured as 1.70 pm, and the magnified
image of these foci is shown in the insert. (D) Live images of wild type and ccpl A
cells expressing GFP-Cnp1“ENP-A and Sid4-mCherry. Scale bar = 5 ym. (E) A bar
chart comparing the number of cells in which the GFP-Cnp1®FNP-A foci and the
Sid4-mCherry foci overlap in the imaged strains. N = 3. Error bars represent the
standard deviation.

Wild type cells have a single GFP-Cnpl1©FNP-A focus due to the clustered cen-
tromeres of non-mitotic cells. The most significant effect on the number of GFP-
Cnpl1©“FNF-A foci was observed in the ccpl A mutant. Microscopy also suggests that
there is a decrease in the number of cells with a single GFP-Cnp1©FNF-A focus, as

well as an increase in the number of cells with more than one GFP-Cnp1°FNP-4 focus
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in the ccpl A mutant. These cells are also larger than the wild type and rtt109A
cells - it is possible that these cells are diploid and therefore elongated and larger. No
additional experiments were done to check if ccpl A mutants’ cell cycle is modified.

To gain a deeper understanding of the imaging data, the number of cells which
did and did not show a single GFP-Cnp1°FNF-A focus was quantified and is presented
in Figure 4.3.

The quantification of the imaging experiments suggests that the rtt109 A mutant
exhibits the smallest effect on the GFP-Cnp1©FNF-A foci. This suggests that Rtt109
is not required for the deposition of Cnpl1®ENP-A at the centromere, while CeplVPs™
likely plays a role in this process.

As indicated in Figure 4.3, in ccp1 A cells it is possible to see more than one GFP-
CnplCENP-A focus. It is possible that this mutation may cause defective centromeric
clustering as a single GFP-Cnpl1®FNP-A focus is expected due to the clustering of
the three centromeres.

To look into this further, strains previously used in imaging experiments where
the multiple Cnpl1®FNP-A foci were first observed were crossed with a strain with a
spindle pole body (SPB) marker, Sid4[297, 298] labelled with the Tomato fluores-

cent protein, in the wild type background.

Through this strains expressing GFP-Cnpl®FNF-A Sid4-Tomato in the wild type
and ccpl A background were acquired. These strains were imaged on the Deltavision
Elite, and on the Leica Stellaris super-resolution systems, however the Sid4-Tomato
signal has been found to be very faint.

This was especially problematic on the Deltavision microscope, so the same
strains were re-made using mCherry as the fluorescent marker. However, using the

1CENP-A and Sid4-Tomato it was still possible to cap-

strains expressing GFP-Cnp
ture the declustered centromeres in the ccp? A mutant on the Leica STED super-
resolution microscope that was being tested by Prof. Draviam’s group, and the

distance between two GFP-Cnpl1©FNP-A foci was measured at 1.70 pm.
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Live cell imaging was also repeated on the Deltavision Elite microscope using the
strains expressing GFP-Cnp1®FNP-4 and Sid4-mCherry. The images are presented
in Figure 4.3

A single GFP-Cnpl1“FNP-A focus is expected in cells as the three centromeres
cluster together at the SPB. As centromeres cluster at the SPB, the distance be-
tween the fluorescent signals can be used as an indicator of whether the centromeres

are clustering as expected.

As indicated in Figure 4.3, in the ccpl A mutant the centromere clustering ap-
pears to be defective as more than one GFP-Cnpl1©®®NP-A focus can be observed. In
addition, the GFP-Cnpl®FNP-A signals do not always overlap with the Sid4-Tomato
or Sid4-mCherry signals, suggesting that in the ccpl A mutant the centromeres may
not always cluster at the SPB as expected. However, it is important to note that
this experiment does not show that the GFP-Cnpl1®FNP-A foci observed not clus-
tering at the SPB are centromeres. Further experiments, e.g. using fluorescence in

situ hybridisation (FISH), are needed to check if the observed multiple foci of GFP-

1CENP—A 1CENP—A

Cnp are due to ectopic GFP-Cnp or if they are indeed centromeres.

To validate the results obtained with fluorescence microscopy and centromere si-

lencing assays, as well as to measure the effects of ccpl and rtt109 deletion on

1CENP—A

Cnp more directly, ChIP was used to determine the Cnpl®FNP-A Jevels at

the centromere.

1CENP—A

In this experiment, non-tagged Cnp strains were used, in wild type,

cepl A and rtt109 A backgrounds. The results are shown in Figure 4.4 below.
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Cnp1CENP-A ChIP (centromeres 1 and 3)
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Figure 4.4: ChIP comparing Cnpl1“ENP-4 Jevels at S. pombe centromeres in the wild
type, ccpl A and rtt109A cells. FError bars represent the standard error of the
mean. The drop in the Cnp1“FNP-A abundance in the ccpl A mutant was found to
be significant at p values less than 0.001 using Student’s t-test.

As shown in Figure 4.4, ChIP experiments show that there is a significant de-
crease in Cnp1©PNP-A Jevels in the cep? A mutant, whereas the changes in Cnpl1€FNP-A
levels in the 7tt109 A mutant were not significant. These results further suggest that
CeplVPs™ aids Cnpl1CFNP-A deposition at the centromere, and that Rtt109 is not re-

quired for this process.
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ChIP was also used to measure the centromeric histone H3 levels to validate
the results obtained by previous ChIP experiments which measured centromeric
CnplENF-A Jevels. If levels of Cnp1©FNP-A decrease, the corresponding levels of his-
tone H3 increase, so these experiments were performed to compliment the Cnp1“ENP-A
ChIPs. The same strains that were used in the Cnp1“FNP-A ChIP were used for these

experiments. Results are shown in Figure 4.5 below.
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Figure 4.5: ChIP comparing histone H3 levels at S. pombe centromeres in the wild
type, ccpl A and rtt109A cells. FError bars represent the standard error of the
mean. The increase in the histone H3 levels in the cepl A mutant was found to be
significant at p values less than 0.05 using Student’s t-test.

As shown in Figure 4.5, histone H3 levels in the ccpl A mutant increase compared

to wild type levels.

This provides further support for the results obtained from the centromere si-
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lencing assays and the Cnpl®®NP-A ChIP, which indicate that in the absence of
CeplVPs™ the levels of Cnpl®FNP-A at the centromere decrease. Furthermore, the
results presented in Figures and 4.4 and 4.5 suggest that Rtt109 is not involved in

CnplCENP-A deposition at the centromere.
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4.3 Discussion

Previous studies in fission yeast have found CcplVP*™ to localise to central core of

1VPs75g Jgcalisation to

the centromere. Furthermore, it has been established that Ccp
the centromere is cell-cycle dependent, with Ccpl1VP™>-GFP forming a single focus
in interphase (but not in mitosis) at the edge of the nucleus[3, 4].

It has also been found that the CcplVPS™-GFP signal co-localises with the SPB

1VPS7 is enriched at centromeres. This is supported by

signal, which shows that Ccp
the findings from experiments using ChIP-Seq which show that CcplYPS™ associates

exclusively to the central centromeric core region[4].

As shown in Figure 4.3, in wild type cells the GFP-Cnp1¢FNP-A gignal does co-
localise with the SPB signal, however in the cep! A mutant it can be observed that
the two signals do not overlap in a portion of cells, indicating that the centromere
clustering in the absence of CcplVP™ is defective and that CcplVPS™ may there-
fore be involved in this process, whether it is through a direct interaction with
Cnpl1©ENP-A (a5 the two proteins have been found physically associate in yeast two-
hybrid, co-immunoprecipitation and mass spectrometry experiments as well as in in

vitro binding assays[3]) or through a different mechanism altogether.

To delve deeper into the relationship between CcplVPS™ Rtt109 and CnplCENP-A
this study used temperature senstive mutant of Cnpl®FNP-A enpi-1, the cepl A,
rtt109 A and the double mutants cnp1-1 rtt109A and cnpi1-1 cepl A.

Both the single cnp1-1 and the double cnp1-1 rtt109A and cnpl-1 ccpl A mu-
tants have been found to be unviable at the restrictive temperature of 36°C (Figure
4.1). Indeed, as the single e¢npI-1 is unviable even at the semi-restrictive tempera-
ture it was not possible to make any conclusions on the potential genetic interactions

between cnpl, rtt109 and ccpl.

Previous assays of cnpI-1 ccpl A mutants have revealed that this mutant is severely
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impaired at the semi-restrictive temperature (32°C) and unviable at the restrictive
temperature (36°C), suggesting a synthetic interaction between ccp! and cnp1|[3].
While the results from this study show that the double mutant is inviable at both
the semi-restrictive and restrictive temperatures, due to the issues with the single
cnpl-1 mutant it was not possible to draw any conclusions from the temperature

sensitivity assays.

The role of CeplVP*™ in centromeric Cnpl“ENP-A Joading is still somewhat opaque,
with some researchers reporting that it is an anti-Cnp1°FNP-A Joading factor as they
observe multiple or diffuse foci of Cnp1“*N*-A_-GFP in ccpl A mutants[3]. On the
other hand, some researchers find that CnplCFNP-A_GFP remains as a single focus

in cepl A mutants[4].

1Vps75 1CENP—A

The data presented in this chapter suggests that deletion of Ccp affects Cnp
levels at centromeres (Figures 4.2, 4.3, 4.4).

Interestingly, a small increase in the number of cells exhibiting multiple GFP-
Cnpl®ENP-A foci in the ccpl A mutant was also observed. This is in agreement with
what has previously been observed for GFP-Cnpl1®ENF-A in the cep? A mutant|3],
which could be due to centromere clustering defects in the cep? A mutant.

Normally, centromeres cluster at the spindle pole body giving a single GFP-
Cnpl®ENP-A focus. However, CeplVPS™® may be involved in regulating this process,

so the mutants lacking Ccp1VPs™

could have defective centromere clustering.
In contrast to this, the authors of a previous study hypothesise that the occur-
rence of multiple Cnp1®FNP-A_GFP foci in the ccpl A mutant is not due to defective

1VPs75 gt the centromere. The

centromere clustering but rather due to the role of Ccp
authors of this study believe that Cepl1VPs™ is a Cnpl1©FNP-A anti-loading factor and
that therefore in its absence GFP-Cnpl®FNF-A ]ocalises to non-centromeric regions

causing several GFP-Cnp1®ENP-A foci to be observed|3].
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The authors further suggest CnplCENP-A_GFP levels at the centromere remain
unchanged[3], which is in stark contrast to the reuslts presented in this study. It
is possible that the use of C-terminally tagged Cnpl1“FNP-A has affected the results
as it is well established that the addition of tags on the C-terminus of Cnp1©FNP-4
impairs the protein in fission yeast, as well as other organisms[89, 138, 209, 299,
300].

Furthermore, the author of this study has found that even the use of N-terminally

1CENP-A “which is preferable, in ChIP experiments is problematic and produces

Cnp
unreliable results. However, Dong et al. used gel images to quantify the ChIP
results, rather than qPCR, so it is possible that this method of quantification was
not sensitive enough to detect any change in Cnp1®ENP-4 Jevels.

As suggested by the centromere silencing assay results shown in Figure 4.2 which
are supported by results from anti-Cnpl1®FNP-4 and anti-H3 ChIPs shown in Fig-
ures 4.4 and 4.5, the levels of centromeric Cnpl®*NP-A decrease in the absence of

Ccpl©ENP-A - This leads to the conclusion that CcplVPS™ is in fact a CnplCENP-A

loading factor, rather than working to remove Cnpl1®FNP-4 from the centromere.

Interestingly, when using epistasis mapping to study the function of CeplVPs™ it
has been found that CcplVP**™ is associated with the DASH complex. Indeed, dou-
ble mutants cepl A askl A and cepl A dad2A have been shown to be hypersensitive
to TBZ.

6CENP-L also ex-

Mutants of Ccp1VP™ and kinetochore components, such as Mis
hibit hypersensitivity to TBZ and CcplVP™ and Mis6“FNF-I have also been found
to depend on one another to localise correctly(3, 4]. These findings support the hy-
pothesis that Cepl1VP5™ is needed for proper centromere and kinetochore function.

These findings could also offer insight into the missing link between the recruit-

ment of HJURPS™3 by the Misl8 complex and the loading of Cnpl©ENP-A at the

centromere.
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In a somewhat different vein, ccp1 A mutants have been found to have a small pres-
ence of heterochromatin in the central centromeric core and has been implicated in
the regulation of H3K9me2 levels at small heterochromatin islands[4]. Therefore, a
role for Cepl1VP5™ in maintaining the boundary between the pericentromeric hete-
rochromatin and the centromere core has also been implied.

1 Vps75

There is also data indicating that Ccp aids the incorporation of the proteins of

the inner kinetochore, Mis6 NPT and Sim4“FNP-K | However, in a temperature sen-

GCENP—I 1Vps75

sitive mutant of Mis , mis6-302 the recruitment of Cep is impaired, sug-
gesting that there is interdependence between the inner kinetochore and Cepl1VPs™,
It is, however, important to keep in mind that CcplVPs™ is not localised at the

centromere during mitosis, and therefore is not a constitutive kinetochore element.

TBZ sensitivity assays presented in Chapter 3 indicate that there are chromo-
some segregation defects in the ccpl A mutant, which could be due to a decrease
in Cnpl1“FNF-A Jevels at the centromere. These results therefore reinforce the idea
that CcplVP¥™ is a Cnpl“FNP-A Joading factor, rather than a factor that antagonises
Cnp1©“ENP-A oading, as suggested by Dong et al.[3].

However, due to the fact that it is possible to delete ccpl, it is expected that

1 Vps75

Ccep . while it is a Cnpl1®FNP-A Joading factor, is not crucial for Cnpl©FNP-A

deposition at the centromere; otherwise its deletion would be lethal.

The rtt109A mutant exhibits the smallest effect on the GFP-Cnpl1©FNF-A Jevels
- there is a very small decrease in the number of cells with GFP-CnplCENP-A foci.
This result suggests that Rtt109 is not crucial for the deposition of CnplCFNF-A at
the centromere.

It has been found that post-translational modifications of histone H3 have an

important role to play in the assembly of Cnp1“FNFP-A and Rtt109 is a histone acetyl-

transferase[142, 301]. With the above in mind, it is quite interesting that in all of
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the experiments conducted in the course of this project Rtt109 does not appear to
have a role to play in Cnpl®FNF-A deposition at the centromere, as indicated by

results presented in Figures 4.3, 77, 4.4, 4.5 as well as Chapter 3.

Another interesting finding on the potential role of Rtt109 in the dynamics of

1CENP-A g the fact that rtt109/A mutants show enhanced silencing at the cen-

Cnp
tromere as presented in Figure 4.2. A possible explanation for this observation is
that Rtt109 could be involved in exchange of histone H3 with Cnp1®FNP-4 during
DNA replication. This has already been suggested by previous studies in S. cere-

visiae so it is possible that a similiar process takes place in S. pombe[302].

When the findings presented in this thesis are considered with the findings from
previous studies of the role of CeplVPS™ it appears that CeplVPS™ has multiple roles
- it maintains the boundary between pericentromeric heterochromatin and the cen-
tral centromeric core, aids kinetochore assembly, and aids the Cnp1“FNP-4 deposition
- although this remains a somewhat open question.

As noted above, there is a study arguing that CcplVP*™ is an anti-Cnpl©“ENP-4
loading factor[3] while other authors[4], including the author of this thesis, put
forward the idea that its role is to aid the exact opposite. Additionally, CcplVPs™

may also be involved in modulating the epigenetic stability at non-centromeric loci.
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Chapter 5

Investigation of the interaction
between CcplVYPS™ and
CanOCENP'T in the context of

Cnpl1CENP-A 15ading

5.1 Introduction

An interacting partner of CeplVP*™| identified by Dr Subramanian in an immuno-
precipitation experiment followed by LC-MS/MS, is Cnp20“FNP-T | a CCAN protein
(unpublished data).

Cnp20°ENP-T is part of the CENP-TWSX tetramer, in which all subunits have hi-
stone fold domains. It is thought that the CENP-TWSX complex forms a nucleosome-

like structure which flanks CENP-A nucleosomes at the centromere[65].

Cnp20“"NP-T has been found to be important in promoting epigenetic stability of

centromeres in fission yeast and that cooperation of Cnp20“FNP-T and Cnp1CENP-4

is important for stable centromere inheritance[10], as the N-terminus of Cnp1“ENF-4

recruits Cnp20°FNP-T,
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A recently published study has shown that Ccpl1VP™ needs Cnp20“*NP-T to be

correctly localised to the centromere. The same study also proposes that CcplVPs™

binds Cnp20°ENP-T"s N terminus through what the authors dub the Cepl interaction
motif (CIM). CIM was found to be proximal to the motif binding Ndc80 in this
study[66].

Furthermore, deletion of the CIM domain of Cnp20“"NP-T produces the same
phenotype as deleting CeplVPS™ itself. and that phosphorylation of the CIM do-
main by CDK1 leads to a weaker interaction with Cnp20°FNP-T. Interestingly, the
authors also suggest a competition between CcplVP*™ and Ndc80 for binding of the

N terminus of Cnp20°ENP-T[66].

OCENP-T7

While previous studies have explored Cnp2 s role at the centromere, the

nature of its interaction with Cepl remains somewhat unknown - even though there

OCENP—T 1Vps757

are studies showing that Cnp2 is required for Ccp s localisation at

the centromere, this has not been replicated by any other research group and it

1Vps757

is not known which part(s) of Ccp s structure mediate the interaction with

CHPQOCENP_T.
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5.2 Results

5.2.1 Deleting ccpl affects Cnp20“ENP-T Jevels at the cen-

tromere

To investigate the interaction between Ccpl1VP*™ and Cnp20°ENP-T Cnp20CENP-T.
GFP levels at centromeres in wild type and cepl A backgrounds were investigated

by fluorescence microscopy and the results are shown in Figure 5.1.

wild type ccplA

GFP

DIC

Figure 5.1: Live images of wild type and ccpl A cells expressing Cnp20“ENP-T_GFP.
cepl A show a decrease in the intensity of the Cnp20°FNP-T focus. Scale bar = 5
pm. Some of the cells where this can be observed are noted with a red arrow.

As shown in the Figure 5.1 above, in the ccpl A mutant, Cnp20°FNP-T-GFP foci
show a decrease in intensity. As CnplCENP-A ChIP results suggest that there is a de-
crease in the Cnp1“FNP-A Jevels in the cepl A mutant, the decrease in Cnp20“FNP-T-
GFP levels detected by ChIP could be due to the loss of Cnpl®FNF-A from the
centromere and the effect that this has on the kinetochore proteins, rather than a

direct interaction with Cep1VPs™.

In the previous chapter results suggesting that the centromere clustering may be
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defective in the ccpl A cells (Figure 4.3). If the centromeres are declustered in this
mutant, then the signal from declustered Cnp20“"NP-T_-GFP may be more difficult
to detect, leading to the signal appearing fainter.

To validate this finding and quantify the Cnp20°FNP-T_GFP levels at the cen-
tromere, ChIPs were performed. The same strains which were used for fluorescence
microscopy in addition to an untagged wild type strain were also used for ChIPs

and the results are shown in the Figure 5.2 below.

Cnp20CENF-T.GFP ChIP (centromeres
1 and 3)
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Figure 5.2: Deletion of CcplVPs™ results in a decrease in Cnp20°ENP-T levels at
centromeres. ChIP comparing Cnp20“FNP-T_GFP levels at S. pombe centromeres in
the wild type and cepl A cells expressing Cnp20°FNP-T_-GFP. Error bars represent
standard error of the mean. The decrease in the Cnp20°FNP-T_GFP levels in the
ccpl A mutant was found to be significant at p values less than 0.01 using Student’s
t- test.

Consistent with the findings from the microscopy experiment, there is a decrease

in Cnp20“FNP-T_GFP levels at all centromeres in the ccpl A mutant.
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1Vps75

5.2.2 The physical interaction between Ccp and

CnpzoCENP-T

1Vps75 and

To establish whether there is a direct physical interaction between Ccp
Cnp20“ENP-T immunoprecipitation followed by liquid chromatography and mass
spectrometry (IP-LC/MS-MS) was used. The strains used for these experiments
were the CeplVPS™-GFP strain used in previous experiments in Chapter 3 and the
untagged wild type fission yeast strain, also used previously for other experiments
in Chapters 3 and 4.

When the experiment was first attempted, results presented in Table 5.1 below
were obtained.
Table 5.1: Results obtained in an IP-LC/MS-MS experiment using the wild type

fission yeast and CcplVPS™-GFP strains. Accession numbers given in the table below
refer to the UniProt database.

Total spec- Total spec
Identified pro- | Accession trum count
. trum count VpsT5
tein number (wild type) (CcplVPsro-
GFP)

60S  ribosomal
protein L36-A RL36A_SCHPO |1 1
Putative nu-
cleosome as-
sembly  protein | YO48_SCHPO 0 3
C36B7.08¢c
(Cepl)
40S  ribosomal
protein S18-B RS18B_SCHPO | 2 2
405 ° ribosomal | g3 soppo | 2 1
protein S13
Coronin-like

. CORO_SCHPO |0 1
protein Crnl
60S  ribosomal
protein L23-B RL23B_.SCHPO |1 1
60S  ribosomal
protein L35 RL35_SCHPO 0 1
Glyceraldehyde-
3-phosphate G3P1_.SCHPO 0 1
dehydrogenase 1

The data obtained in the experiment shows an enrichment of Ccpl1VP™ in the
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sample obtained from the immunoprecipitation of the CcplVP*™-GFP strain, which
is expected, however, the rest of the identified proteins appear to be proteins that

are simply abundant in the cell rather than specific interacting partners of Cepl VP,

As the initial experiment was not successful, the mass spectrmetry experiment was
repeated and 287 proteins were identified. Of the 287 proteins, only twelve were
from S. pombe (these are listed in the Table 5.2 below) and there were identified as

histones (listed in the Table 5.3).
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Table 5.2: Results obtained in an IP-LC/MS-MS experiment using the wild type
fission yeast and CcplVPS™-GFP strains. Accession numbers given in the table below
refer to the UniProt database.

Total spec- Total spec
Identified pro- | Accession trum count
. trum count VpsT5
tein number (wild type) (CcplVPsio-
GFP)
Putative nu-
cleosome as-
sembly  protein | YO48_SCHPO 0 6
C36B7.08¢c
(Cepl)
Glyceraldehyde-
3-phosphate G3P1_.SCHPO 9 4
dehydrogenase 1
Microtubule-
associated MU164_SCHPO | 2 2
protein Mugl64
P‘hosphoglycerate PGK SCHPO 9 9
kinase
40S  ribosomal
protein S18-B RS18B_.SCHPO | 2 2
Pyruvate kinase | KPYK_SCHPO |1 4
605 ribosomal | py 31 goppo | 1 0
protein L31
60S  ribosomal
protein L36-A RL36A_SCHPO |1 0
ADP-
ribosylation ARF1_SCHPO 3 0
factor 1
60S  ribosomal
brotein L12-A RL12A_SCHPO | 2 0
Cell division
control  protein | CDC42_SCHPO | 2 0
42 homolog
Heat shock pro-
tein 90 homolog HSP90_SCHPO | 2 0
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Table 5.3: Results obtained in an IP-LC/MS-MS experiment using the wild type
fission yeast and CcplVPS™-GFP strains. Accession numbers given in the table below
refer to the UniProt database.

Total spec- Total spec
Identified pro- | Accession p trum count
. trum count Vps75
tein number (wild type) (Ccp1VPsTs-
yp GFP)
Histone H4 type
VI H48_CHICK 6 2
Histone H2A HoA1C RAT 3 5
type 1-C
Histone — H2B | poppg HuMAN| 4 2
type F-S

The results confirm enrichment of Cep1VP*™ in the CeplVPS™-GFP strain, which
is expected. The rest of the proteins identified are largely the same proteins identified
previously, which are not interacting partners of CeplVPs™,

Three histones (H4, H2A, H2B) were identified as well, however these appear to

be from different organisms and not S. pombe.

Because experiments using mass spectrometry did not prove successful, it was nec-
essary to change the experimental approach to investigating the potential physical
interaction between CcplVP*™ and Cnp20CFNP-T,

Co-immunoprecipitation followed by SDS-PAGE electrophoresis and Western
blotting was performed using the strains expressing CcplVP™-GFP, Cnp20“ENP-T.
FLAG or CeplVP™.GFP and Cnp20“*NP-T_-FLAG. The a-FLAG M2 antibody and
Dynabeads magnetic beads were used for immunoprecipitation followed by a West-
ern blot using the Invitrogen a-GFP antibody. The results are shown in Figure 5.3
below.

As it can be seen in Figure 5.3, the resulting Western blot has a lot of background
signal and that there appears to be interference from the IgG heavy chains. There-
fore as it cannot be said with certainty that the detected bands are the proteins of
interest, no conclusions about the potential physical interaction between CcplVPs™

and Cnp20“"NFP-T could be made.
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Figure 5.3: Co-IP of CeplVP™-GFP and Cnp20°FNP-T_-FLAG. o-FLAG M2 antibody
and Dynabeads were used for the immunoprecipitation, followed by a Western blot
using the a-GFP antibody. The chemiluminescent signal was detected using BioRad
Chemidocimaging system.

To attempt to fix this issue, in following experiments the antibody (either the In-
vitrogen a-GFP or the o-FLAG M2) was crosslinked to magnetic beads to minimise
the interference from the IgG heavy chain and instead of using the conventional
secondary antibodies Abcam VeriBlot was used as the secondary antibody, again to
remove the IgG heavy chain interference as much as possible. The results are shown

in Figures 5.4 and 5.5.
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Figure 5.4: Co-IP of CcplVP™-GFP and Cnp20°FNP-T_FLAG. Invitrogen o-GFP
antibody was crosslinked to Dynabeads and used for IP followed by a Western blot
using o-FLAG M2 antibody and Abcam VeriBlot as the secondary antibody. The
chemiluminescent signal was detected using Thermofisher iBright system.
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While the Western blot shown in Figure 5.4 is much cleaner, it was still not
possible to detect any specific bands - not just in the immunoprecipitates but also
in the whole cell extracts. Using the o-GFP antibody for immunoprecipitation and
the a-FLAG M2 antibody for the Western blot was abandoned as it has been found

through such experiments that the detected bands are unspecific.

Finally, the co-IP was performed using o-FLAG M2 crosslinked to Dynabeads and

a-GFP antibody for Western blotting. The results are shown in Figure 5.5 below.
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Figure 5.5: Co-IP of Cep1VP™-GFP and Cnp20“NP-T_-FLAG. o-FLAG M2 antibody
was crosslinked to Dynabeads and used for IP, followed by a Western blot using the
Invitrogen o-GFP antibody and Abcam VeriBlot as the secondary antibody. The
chemiluminescent signal was detected using Thermofisher iBright system.

In Figure 5.5 above a band corresponding to CeplVP*™-GFP can be seen in the

sample obtained by immunoprecipitation from the strain expressing Cnp20°FNP-T_

FLAG Ccpl1VP™-GFP, which may indicate that Ccp1VP*™® and Cnp20“FNFP-T physi-

cally interact, possibly through the NAP domain of Cepl1VPs™,
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5.3 Discussion

CENP-T®"20 j5 an inner kinetochore protein and an essential part of the CCAN.
It is essential for viability in higher eukayotes as well as in fission yeast[303]. It has
been found to serve as a platform for outer kinetochore assembly, namely as the
platform upon which the Ndc80 complex is assembled during mitosis[65, 304-307].
The Ndc80 complex then mediates the microtubule attachments and acts as an in-

terface between the kinetochore and microtubules[60, 308].

In addition, it has been found that CENP-T“"20 contains histone folds and in-
teracts with CENP-WWirl - CENP-SMb! and CENP-XM2 - which all have histone
folds too. The four proteins form the CENP-T-W-S-X complex in wvitro, which is a
heterotetrameric complex with a nucleosome-like structure[65, 309].

The CENP-T-W-S-X complex has also been shown to associate directly with the
centromeric DNA. Indeed, the DNA binding of CENP-T-W-S-X has been shown to
play a role in the formation of the kinetochore[65, 304]. The complex has also been
shown to interact with histone H3 rather than CENP-A“"P[304, 310].

1VPs75 is a NAP family protein and NAP proteins are known to be histone

Cep
chaperones, and Ccpl1VP¥® has been found to play a role in promoting Cnpl“ENP-4
deposition at the centromere during the course of this study, as discussed in Chap-
ter 4. Furthermore, Cnp20“FNP-T contains histone folds and forms a nucleosome-like
structure. With the above in mind, it was hypothesised that the two proteins in-
teract in the context of Cnpl®FNP-A deposition at the centromere. To test this
hypothesis, Cnp20°FNP-T-GFP levels in wild type and ccpl A cells were assessed
using fluorescence microscopy and results presented in Figure 5.1.

As shown in the Figure 5.1, in the ccpl A mutant, Cnp20°FNP-T_-GFP foci show
a decrease in intensity. However, this does not indicate a direct interaction with

CcplVPs™ - the obesrved effect in the cepl A cells could in fact be due to the declus-

tering of Cnp20“"NP-T_GFP, possibly due to centromere declustering in the ccpl A
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mutant as discussed in Chapter 4.

To validate and quantify the results obtained by microscopy, ChIPs using the same
strains that were used in the microscopy experiments, as well as an untagged wild
type strain, were performed. The results of the anti-Cnp20°FNP-T-GFP ChIPs are
presented in the Figure 5.2.

The ChIP data shows that there is a significant decrease in the Cnp20°FNP-T-
GFP levels at the centromere in the ccpl A mutant. This result could be due to
the loss of Cnpl®FNP-A from the centromere in the ccpl A mutant as the loss of
Cnpl1©“FNP-A hag an effect on levels of multiple kinetochore proteins.

0CENP-T is required

A recently published study has found that in fission yeast Cnp2
for the centromere localisation of CcplYPs™®. The study analysed the localisation of
GFP-Ccp1VP*™ in the temperature sensitive mutant of Cnp20“"NP-T " cnp20-9, and
has found that GFP-Ccpl1VP*™ does not localise to the centromere throughout the
cell cycle in the cnp20-9 mutant at the restrictive temperature[66], suggesting that
Cnp20°FNP-T g needed to recruit CeplVP™ to the centromere.

The authors also found that the centromere localisation of Cnp20°FNP-T_-GFP

and the focus intensity in the ccpl A mutant was unchanged when examined by

fluorescence microscopy[66].

This finding is in stark contrast to what has been found in this study. As the
authors of the study which found the centromeric Cnp20“*NP-T-GFP to be unaf-
fected in the ccpl A mutant did not perform ChIPs to quantify the centromeric
Cnp20CFNP-T_GFP levels in the mutant, it is not possible to make a comparison to
the ChIP results obtained in this study, which clearly show a significant decrease in
the Cnp20°ENP-T_GFP levels at the centromere in the ccpl A (Figure 5.2).

This is in agreement with the microscopy data (Figure 5.1) obtained in this

study, which shows a decrease in the intensity of the Cnp20“FNP-T_GFP focus in the
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ccpl A mutant. This would, therefore, suggest that Ccpl1VP™ is needed to recruit
Cnp20“ENP-T t6 the centromere, rather than the other way around.

1VPs75 g needed

Because the findings obtained in this study have suggested that Ccp
to maintain Cnp20°FNP-T Jevels at the centromere, it was hypothesised that the
two proteins physically interact through the NAP domain of Ccpl1VP™ which could
recognise the histone folds in Cnp20“FNF-T,

The initial approach to testing this hypothesis has been to perform IP-LC/MS-
MS to investigate this potential interaction, and to identify other interacting part-

ners of CeplVPS. The results obtained by mass spectrometry have been presented

in Tables 5.1, 5.2 and 5.3.

As it can be seen from the results obtained by mass spectrometry experiments,
Cnp20“ENP-T has not been identified in these experiments. An enrichment of Ccp1VPs7
in the IP sample obtained from the strain expressing CcplVP™-GFP was shown,
however other identified proteins appear to be proteins which are abundant in the
cell and are not specific interacting partners of CeplVPs™,

In subsequent modifications of the experiment it was still not possible to identify
Cnp20°FNP-T a5 an interacting partner of CcplVP™ and the only proteins which
were enriched in the IP sample from the CcplVPS™-GFP strain were CeplVP™ itself

and pyruvate kinase, which again was an unspecific hit (Table 5.2).

Due to the fact that CcplVP™ has been shown to interact with Cnpl“ENP-A and

1CENP-A 1 other histones in

has a NAP domain, it would be expected to see Cnp
an experiment like this. While three histones (H4, H2A and H2B) were identified
(Table 5.3) in the mass spectrometry experiments, these appear to be from different
organisms and not S. pombe.

However, as the core histones are highly conserved across eukaryotes in terms

of both sequence and structure, it is possible that the histones identified in the MS
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were incorrectly attributed to different species for this reason. Nonetheless, even
with that in mind, an enrichment of histones in the IP sample from the CcplVPs7-

GFP strain was still not observed.

Given all of the problems that have been encountered with performing the IP-
LC/MS-MS experiments, an alternative approach to investigating the potential
physical interaction between CcplVP™ and Cnp20“FNP-T had to be devised, and
co-IP was performed using the wild type strain and strains expressing CcplVPs7-

GFP, Cnp20°FNP-T_FLAG and both. The results were presented in Figures 5.3, 5.4
and 5.5.

While not without teething issues of their own, these experiments have been able to
confirm that in the IP sample obtained from the strain expressing CcplVPS™-GFP
Cnp20°ENP-T 3 band corresponding to CcplVP™-GFP can be observed in a West-
ern blot using the a-GFP antibody performed after a pulldown using «-FLAG M2
antibody.

Therefore, this finding may indicate that Cepl1VP™ and Cnp20°FNP-T do in fact
physically interact, however further experiments are needed to validate this hypoth-
esis. It may be that this interaction is required to recruit Cnp20“FNP-T to the
centromere during interphase when Cepl1VP™ localises to the centromere[3, 4].

Furthermore, it has been observed in this study that centromeric levels of Cnp20“FNP-T-
GFP decrease in the ccp! A mutant(Figures 5.2, 5.1), so the loss of the direct physical
interaction between Ccepl1VP¥® and Cnp20°FNP-T in the ccpl A mutant could explain
this observation. However, as discussed above, this is not the only feasible explana-

tion for this observation.

In a recently published study, the interaction of CcplVP™ and Cnp20“ENP-T has
been confirmed in a yeast two hybrid system, as well as using tandem affinity pu-

rification of Cepl1VPS™S-TAP followed by mass spectrometry[66]. These results are in
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agreement with what has been found in this study and provide further confirmation
of the hypothesis that Ccp1VP*™ and Cnp20°FNP-T physically interact.
Furthermore, through yeast two hybrid screens it has been found that the CeplVPs™

homodimer mutant has been unable to interact with Cnp20°FNF-T

, suggesting that
the homodimeric structure of Cepl1VP™ in wvivo is crucial for establishing an inter-
action with Cnp20“*NP-T. The interaction may be facilitated by the N terminus of
Cnp20°FNF-T a5 in the same yeast two hybrid screen it was found that the minimal

interaction domain for the interaction between CcplVP*™® and Cnp20“FNP-T not to

be abolished is the first 55 amino acids of Cnp20“ENF-T[66].

Similarly to NAP1 and Vps75, Ccpl forms a homodimer with a central cleft that
forms between two acidic earmuff domains. The central cleft of NAP1 and Vps75
has been shown to interact with the H3-H4 histone heterodimer|3, 311].

Keeping that in mind, as well as the findings outlined above, the author of this
thesis hypothesises that the cleft formed in the CcpYP™ homodimer by the two
NAP domains mediates the interaction between CcplVP*™ and Cnp20“FNP-T as it
is possible that the histone folds of Cnp20“"NP-T can be recognised by central cleft

1Vps75

of Cep just like canonical histones are recognised by the central cleft of NAP1

and Vps75.

The findings presented in this chapter suggest that the absence of CcplVP™ has
an effect on Cnp20“ENP-T levels at the centromere, and that the two proteins may

associate in a complex.

1Vps75 1CENP—A at

As presented in Chapter 4, Ccp may promote the loading of Cnp
the centromere. CcplVP™ has been shown to interact with both Cnp20°FNFP-T[66]
and Cnp1“ENP-A[3]) while the Cnp20“ENF-T and Cnpl1©ENF-A do not interact, so it is
possible that Ccpl1VP*™ may act as an interface between the two proteins and bring

Cnp20CENP-T t6 the centromere.

The findings presented in this chapter suggest that Ccp1VP™ may help to main-
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tain not only the Cnp1“ENF-A Jevels at the centromere, but also the levels of Cnp20©ENP-T

at the centromere (Figures 5.1, 5.2).
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Chapter 6

Summary, conclusion and future

perspectives

6.1 Summary of the results presented in the the-
sis

In Chapter 3 the potential interaction of CeplVP™ and Rtt109 in the context of
CnplCENP-A deposition at the centromere was investigated. It has been shown in
this study that S. pombe Ccpl and S. cerevisiae Vps75 may not be true functional
orthologs. It has been found that budding yeast Rtt109 and Vps75“°P! work to-
gether to bring about correct acetylation of histone H3 at K9, K27 and K56(5, 6].
However, in fission yeast Rtt109 does not appear to be essential for the function of

1VPs7 and they may have separate functions. Alternatively, they could be a part

Cep
of a larger pathway involved in the maintenance of Cnp1®FNP-A. This is supported
by the hypersensitivity of the ccpl A rtt109A mutants to TBZ compared to the

cepl A and rtt109A single mutants (Figure 3.1).

Previous work has highlighted the role of Rtt109 in the cells’ response to genotoxic
agents[267], so it was investigated whether that Ccp1VPs™ and Rtt109 work together

to regulate the resistance to genotoxic agents in S. pombe. The results presented
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in this thesis suggest that rtt109A cells are hypersensitive to genotoxic agents, in
agreement to what has previously been reported in both budding and fission yeast.
However, ccpl A cells were found not to show sensitivity to genotoxic agents, and
the observed sensitivty shown by cepl A rtt109 A mutants was likely attributable to
the deletion of rtt109 (Figure 3.2). This is in agreement with previous budding yeast
studies that examined the sensitivity of vps75A cells to genotoxic agents. It also
suggests that CeplVPs™ likely does not support the function of Rtt109 in regulating
the resistance to genotoxic agents.

1VPS7™ in S. pombe even

It is possible that Rtt109 may promote the function of Ccp
though it is not essential to its function. A decrease in CcplVP™ levels in rtt109A
mutants can be observed (as shown in Figures 3.3, 3.4, 3.5), however the observed
decrease is not statistically significant. Therefore, fission yeast Rtt109 and CcplVPs™
most likely have separate functions and the budding yeast Vps75 and fission yeast
Ccpl may not be true functional orthologs. However, a possibility that both pro-

teins are involved in a larger pathway that regulates chromosome segregation in S.

pombe also remains to be considered.

In Chapter 4 the potential role of CcplVP*™ in the context of Cnpl®FNP-A Joad-

ing was investigated. Previous studies have found that CcplVPs™

may act as a
Cnpl©ENP-A anti-loading factor[3]. The results presented in this study show that
cepl A and cepl A rtt109A mutants show higher levels of de-silencing at the cen-
tromere compared to wild type cells. This indicated that there is a decrease in the

1CENP-A at centromeres (Figure 4.2). The rtt109A mutant, interest-

levels of Cnp
ingly, shows enhanced silencing at the centromere compared to the wild type (Figure
4.2). Tt is possible that this happens due to Rtt109 being involved in exchange of
histone H3 with Cnpl1“®NP-A during DNA replication, which has been found to be

the case in budding yeast[302].
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In addition to this, in Chapter 3 it has been shown that the ccpl A mutant is
hypersensitive to TBZ. This finding suggests that there are chromosome segregation
defects in this mutant, which could be due to a decrease in Cnp1©FNP-A Jevels at the
centromere, which is supported by the results from the centromere silencing assays
(Figure 4.2). Put together, suggest that CcplVP™ may in fact be a Cnpl©ENP-A
loading factor, rather than a factor that antagonises Cnpl®FNP-A Joading, as hy-

pothesised by Dong et al.[3].

A significant effect on the number of GFP-Cnpl®FNP-A foci was observed in the
ccpl A mutant in experiments using fluorescence microscopy on cells expressing
GFP-Cnp1©ENP-A in the wild type, ccpl A and rtt109A backgrounds (Figure 4.3).
Interestingly, the microscopy experiments have also shown that there is a decrease
in the number of cells with a single GFP-Cnpl CENP-A focus, as well as an increase
in the number of cells with more than one GFP-Cnpl®®NP-A focus in the cepl A
mutant (Figure 4.3. The GFP-Cnp1“ENP-A Jevels are least affected by the rtt109A
mutation (Figure 4.3), which suggests that Rtt109 may not required for the deposi-

tion of Cnpl®FNF-A at the centromere, as previously suggested in Chapter 3.

Fluorescence microscopy has also been used to investigate strains expressing GFP-
Cnpl1©ENP-A Gid4-Tomato or GFP-Cnpl®FNP-A Sid4-mCherry in the wild type and
ccpl Abackground. In Figure 4.3, it can be seen that in the ccp! A mutant the cen-
tromere clustering may be defective as more than one GFP-Cnp1°FNP-A focus can be
observed. Additionally, the GFP-Cnp1“FNP-4 gignals do not always overlap with the
Sid4-Tomato or Sid4-mCherry signals, so the centromeres may not always cluster
at the SPB as expected in the ccpl A mutant. This finding suggests the centromere
clustering in the ccpl A mutant may be defective. It is possible that the observed
defects are due to the chromosome missegregation in this mutant, as indicated by
TBZ assays (Figure 3.1). However, further experiments are needed to determine

whether the multiple GFP-Cnpl1“FNP-A foci are all centromeres, or whether some
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of these foci represent ectopic GFP-Cnpl®ENP-A - Further research also needs to be
done to explore whether the ccpl A mutant is diploid as these cells appear to be

larger in all microscopy experiments.

To determine the Cnpl®FNP-A Jevels at centromeres anti-Cnpl®FNP-4 ChIPs were
performed. In Figure 4.4, it can be seen that the ChIP data suggests that there is a
significant decrease in Cnp1©FNP-A levels in the ccp? A mutant, whereas the changes
in Cnp1©FNP-A Jevels in the rtt109 A mutant were not significant. These results pro-
vide further support to the hypothesis that Ccpl1VP*™ aids CnplCFNP-A deposition
at the centromere, and that Rtt109 may not be required for this process. The data
obtained by anti-Cnp1®FNP-4 ChIP is supported by the findings from anti-H3 ChIPs
(Figure 4.5). In the ccpl A mutant the centromeric histone H3 levels increase com-
pared to wild type levels. This validates the results obtained from the centromere
silencing assays and the anti-Cnpl1®®NP-A ChIP, which both suggested that in the
absence of CcplVP™ the levels of Cnpl©"NP-A at the centromere decrease. As the
centromeric Cnpl1©FNP-4 Jevels decrease, histone H3 levels are expected to increase,
and the anti-H3 ChIP suggests that this is indeed what happens. Again, these
results suggest that Rtt109 may not be involved in Cnpl1“FNP-A deposition at the
centromere, and that CcplVP¥™ is likely a Cnp1©FNP-4 Joading factor in contrast to
what has previously been reported|[3].

Therefore, the results presented in this study indicate that Ccpl1VP¥™ is a Cnp1CFNP-A
loading factor. Cnpl1“ENP-A Jevels decrease in the absence of Cepl1VPs™, as the ccpl A
mutant shows transcriptional de-silencing at the centromere. Enhanced silencing is
observed in the rtt7109 A mutant, which is possibly due to exchange of histone H3
with Cnp1¢FNP-A during DNA replication. Anti-Cnpl1“FNP-A ChIPs solidify the idea
that Ccpl1VPs™ aids Cnpl©FNP-A deposition at the centromere as there is a decrease
in CnplCFNP-A Jevels at the centromere in the ccpl A mutant. The same can not
be observed in the rtt109A mutant. In addition, there is also data to suggest that

in the ccpl A mutant the centromere clustering is defective because a population of

160



cells with multiple GFP-Cnp1©FNP-A foci can be observed. In fact, in the ccpl A

mutant there is a proportion of cells in which the GFP-Cnp1“FNP-A

signal does not
overlap with the SPB marker, so the centromeres may not cluster at the SPB in
this mutant. However, as noted previously, further research needs to be done to
ascertain if the multiple GFP-Cnp1®FNP-A foci obsrved are in fact centromeres or if

they are ectopic GFP-Cnp1CENP-A,

In Chapter 5 the potential interaction between CcplVP*™ and Cnp20“FNP-T was
investigated. Previous studies have shown that Cnp20“"NF-T is essential for viabil-
ity in higher eukaryotes as well as in fission yeast[303] and that it is a platform for

outer kinetochore assembly[65, 304-307].

In addition, it has been found that CENP-T®"?0 contains histone folds and in-
teracts with CENP-WWiPl  CENP-SMM! and CENP-XM2 to form the CENP-T-W-
S-X complex in wvitro, which is a heterotetrameric complex with a nucleosome-like
structure[65, 309]. The CENP-T-W-S-X complex has also been shown to associate
directly with the centromeric DNA, which plays a role in the kinetochore forma-
tion[65, 304]. The complex interacts with histone H3, but not CENP-ACP![304,
310].

CcplVPs™ has previously been found to be a NAP family protein and NAP pro-
teins are known to be histone chaperones. Furthermore, in this study findings have
been presented that suggest that Cepl1VP*™ promotes Cnpl®FNP-4 deposition at the

0CENP-T contains histone folds and forms

centromere (see Chapter 4). Because Cnp2
a nucleosome-like structure it was hypothesised that the two proteins interact in the
context of Cnpl®FNP-A deposition at the centromere. Firstly, it was found that in
the ccpl A mutant the intensity of the Cnp20°FNP-T_-GFP foci decreases compared to

1Vps75

the wild type cells (Figure 5.1). Therefore, Ccp may have a role in maintaining

Cnp20“ENP-T Jevels at the centromere. Interestingly, this finding contrasts a recently
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published study, which suggested that the focus intensity of the Cnp20°FNP-T_-GFP

remains unchanged in the cep? A mutant[66].

ChIPs using the same strains that were used in the microscopy experiments, as
well as an untagged wild type strain, were performed to investigate the effect of
ccpl deletion on Cnp20°FNP-T_GFP levels. The ChIP data shows a significant de-
crease in the centromeric Cnp20“ENF-T_-GFP levels in the ccpl A mutant (Figure
5.2). This supports what has been found using fluorescence microscopy and the
hypothesis that CcplVP™ may be involved in the maintenance of Cnp20“ENP-T at
the centromere. ChIPs to quantify the centromeric Cnp20“"NP-T_-GFP levels in the
cepl A mutant were not performed in the study arguing that Cepl1VP™ does not con-
tribute to the maintenance of centromeric Cnp20°FNP-T levels, so it is not possible to
make a comparison to the ChIP results obtained in this study. However, the results
presented in Chapter 5 clearly show a significant decrease in the Cnp20°FNP-T_-GFP
levels at the centromere in the ccp? A mutant as well as a decrease in the intensity
of the Cnp20“ENFP-T_GFP foci in the ccpl A mutant (Figures 5.1, 5.2).

les 75

As the findings from this study have suggested that Ccp is needed to maintain

Cnp20°ENP-T Jevels at the centromere, it was hypothesised that the two proteins
physically interact. The initial approach to testing this hypothesis by using IP-
LC/MS-MS to investigate this potential interaction proved to be unsuccessful (Table
5.1, 5.2, 5.3). However, co-IP experiments have suggested that the two proteins do

in fact physically interact (Figure 5.5). This is in agreement with recently published

1Vps75 OCENP—T

findings which show that Ccp interacts with Cnp2 in experiments using

tandem affinity purification followed by mass spectrometry as well as in yeast two

OCENP—T

hybrid screens[66]. The interaction is mediated by the N terminus of Cnp2 on

one end, however it is still unclear which structural elements mediate the interaction

in Cep1VPs™,
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Findings presented this study suggest that Ccp1VP™ may have a role not just in the

1CENP-A OCENP-T lev-

loading of Cnp at the centromere, but also in maintaining Cnp2

els at the centromere (Chapters 4, 5). The two proteins have been shown to directly

1Vps75 OCENP—T

interact, and it is possible that Ccp is the missing link between Cnp2
and Cnpl®FNP-A which do not interact with one another, but both interact with
Ccpl1VP™. The author of this thesis hypothesises that the interaction between
Cepl1VPs® and Cnp20°FNP-T is mediated by the NAP domain of Ccpl1VPs™®. The
central cleft of human NAP1 and S. cerevisiae Vps75 has been shown to interact
with histone H3-H4 heterodimer, therefore the central cleft of S. pombe Ccpl may

OCENP-T

recognise the histone folds of Cnp2 in a mechanism similar to that employed

by other NAP family proteins.
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6.2 Conclusion

This PhD project aimed to investigate the mechanisms, specifically those relating

1CENP-A within centromeric chromatin, which regulate

to the incorporation of Cnp
chromosome segregation in S. pombe. The project explored the interaction between
Rtt109, Cepl1VPs™ and Cnp20°FNP-T in the context of Cnpl®FNF-A deposition regu-

lation.

The results presented in this thesis suggest that in fission yeast Rtt109 and Ccp1VPs™
may have separate functions, while in budding yeast Rtt109 and Vps75°?! work to-
gether to bring about correct acetylation of histone H3 at K9, K27 and K56. The
results presented in Chapter 3 suggest that the S. cerevisiae Vps75 and S. pombe
Ccpl may not be true functional orthologs. However, the possibility these proteins
are involved in a larger pathway that regulates chromosome segregation in S. pombe

remains.

Furthermore, the results presented in Chapter 4 suggest that Ccpl1VPs™ is a Cnp1CFNP-A
loading factor, while Rtt109 may not be involved in the process of CnplCFNP-A depo-
sition in fission yeast. In addition, the results suggest that there may be centromere
clustering defects in the ccp! A mutant, and that the centromeres are not clustering
at the SPB, however further research is needed for firm conclusions to be drawn

about this.

Lastly, the findings presented in Chapter 5 suggest that CcplVP*™ helps to main-
tain the Cnp20“FNP-T Jevels at the centromere in addition to promoting centromeric
Cnpl®ENP-A Joading. CeplVP™ and Cnp20°"NP-T may directly interact, and the

1VPS7 may play the role of a link between

author of this thesis hypothesises that Ccp
Cnp20“ENP-T and Cnpl®FNP-A given that they do not interact with one another, but
both interact with CcplVPs™. It is possible that the interaction between CcplVPs™

and Cnp20°FNP-T is mediated by the NAP domain of Ccpl1VP*™. This speculation
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is based on the fact that in human NAP1 and S. cerevisiae Vps75 the central cleft,
a feature found in the Ccpl homodimer as well, interacts with histone H3-H4 het-
erodimer. It is therefore not inconceivable that the central cleft of S. pombe Ccpl

OCENP—T

recognises the histone folds of Cnp2 in the same manner the other NAP

family proteins recognise histones.
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6.3 Future perspectives

Unfortunately, the scope of the experiments for this project was heavily impacted
by the COVID-19 pandemic, so while this project offers some answers about the role
of fission yeast Ccpl and Rtt109, the deposition of Cnp1“FNP-A and the interaction
of Cnp20“ENP-T with CeplVPS™ | it also raises interesting and exciting questions that

still remain to be explored.

First of all, the results presented in this thesis suggest that in fission yeast Rtt109

1VPS™ most likely have separate functions. Budding yeast research shows

and Ccp
that Rtt109 and Vps75°P! work together to bring about correct acetylation of his-
tone H3 at K9, K27 and K56. So while the results presented in Chapter 3 suggest
that in fission yeast these proteins may not work together, the possibility these pro-
teins are involved in a larger pathway that regulates chromosome segregation in S.

pombe remains. Therefore, establishing whether these two proteins interact in S.

pombe by using co-IP could bring more clarity to that question.

Secondly, it would be interesting to explore the chromosome missegregation in the
cepl A, rtt109A and the cepl A rtt109A mutants and the centromere clustering
defects observed in the ccpl A mutant in more depth. In TBZ assays presented in
this thesis both of the single mutants, and especially the double mutant, have been
shown to be sensitive to TBZ, indicating that they may have chromosome segrega-
tion defects. Using fluorescence microscopy to image such defects using an antibody
generated against Trypanosoma brucei TAT1 (tubulin) could provide more clarity
on the exact nature of the chromosome segregation defects that seem to arise in the

cepl A, rtt109A and cepl A rtt109A mutants.

To investigate centromere declustering, it could also be beneficial to synchronise
cells. By synchronising cells and imaging the ccpl A mutants throughout the cell

cycle, it may be possible to identify the phase(s) of the cell cycle when the declus-
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tering takes place. To do this, strains with the cdc25-22 mutation in the wild type
and ccpl A backgrounds would need to be made. cdc25-22 would allow for the cells
to be arrested in the Gy/M stage of the cell cycle, and then released into the M

phase while the GFP-Cnpl®ENP-A signal throughout the cell cycle is followed.

Another interesting avenue of research would be to explore the interaction between
Cep1VPs™ and Cnp20°FNP-T ysing temperature sensitive mutants of Cnp20©FNP-T,
ChIP and fluorescence imaging experiments could be used to determine CcplVPs™
levels and centromere localisation in cnp20* and cnp20® mutants, as well as a
wild type strain expressing CcplVPS™-GFP. This would help answer the question of
whether Cnp20°FNP-T is required for the centromere localisation of Ccpl1VP$™. The

results presented in this thesis suggest that CcplVP™ helps to maintain Cnp20°FNP-T

levels at the centromere, however a recently published study argues that in fis-

OCENP—T 1Vps75

sion yeast Cnp2 is required for the centromere localisation of Ccp and
that the centromere localisation of Cnp20“F*NP-T-GFP and the focus intensity in the

cepl A mutant was unchanged when examined by fluorescence microscopy[66].

Therefore, there is space to explore this interaction further and to bring clarity
to how kinetochores are assembled on centromere. Accurate chromosome segrega-
tion relies on correct kinetochore assembly; while this process is obviously crucial
to the survival of the cell, it is still poorly understood and the author of this the-

1Vps75

sis firmly believes that the potential role of Ccp as the missing link between

Cnp20“FNP-T and Cnpl®FNP-4 i an avenue worth exploring further.

Furthermore, the results presented in Chapter 5 suggest that Cnp20“FNP-T and

1VPS™ may physically interact. Indeed, the same has been found by other re-

Cep
searchers in a recently published study which confirmed the interaction through
yeast two hybrid screens and tandem affinity purification followed by mass spec-

trometry.
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While the same study found that the interaction is mediated through the N terminus
of Cnp20“ENP-T by the Ndc80 receptor-adjacent Cepl interacting motif (CIM)[66],
it is still unclear which structural features of Ccpl1VPs™® mediate this interaction. As
discussed in Chapter 5 the author of this thesis believes that the NAP domain of
CcplVPs™ | specifically the central cleft of the Cep1VP™ homodimer, mediates the

interaction with Cnp20CENP-T,

1VPS75 could be made.

To investigate this hypothesis NAP domain mutants of Ccp
This would allow for a study of whether point mutations of the conserved residues
in the NAP domain of CcplVP™ would cause the interaction between CcplVPs™
and Cnp20°FNP-T to be abolished. A multiple sequence alignment of NAP domain

proteins from different species and conserved residues which could be mutated in

such an experiment are shown in Figure 6.1 below.

y .Y

ACFWKITVISQHY - 5FAN IRAS FK FHFHQ'E fK VFQIK

KNFWV VL AAGD SELKN--BF L D LE INVR I E TK
NNFWVVVLEAAGD) LTFQPN- L@D! LVBEVR IKEEK
RNFWVVVLE AAGD LTFQPN LED| Nl LV@EVRVKEST
RNFWVVVFEAAGD) LTFQPN- LEDBNLNLVREVHIKEST
PNFWVTTFVNHP - v ALLGE DFYF--DENPYF: m(vl.l [FHLN SG
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23 45333 22
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Figure 6.1: Multiple sequence alignment of NAP proteins from different organisms
and the residues proposed for mutations. 5. pombe Ccpl sequence aligned with Nap1
from S. japonicus, S. cryophilus, S. octosporus, S. cerevisiae, C. elegans, Vps75 from
S. cerevisiae, and SET from H. sapiens. The conserved residues within the NAP
domain of S. pombe Ccpl indicated with red arrows could be mutated to alanine

to assess the impact of these mutations on the interaction between CcplVP™ and
Cnp2OCENP_T.
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Finally, as Rtt109 is a HAT protein that has been shown to acetylate histone H3
at K9, K27 and K56 in vivo in budding yeast and Vps75“P! aids this acetylation[6],
another interesting avenue of research could be to investigate whether in fission

yeast CeplVPS™ Rtt109 or acetylation of K56, K27 and K9 are required to deposit

1CENP—A 1CENP—A

Cnp on a minichromosome. A ChIP could be used to determine Cnp
levels in cepl A rtt109A and cepl A rtt109 A mutants compared to wild type cells
which harbour a centromeric plasmid/minichromosome encoding central domain
DNA and flanking DNA repeats, as well as ade6-704 which enables for determina-
tion of minichromosome loss (red colonies on low-adenine media) or minichromosome
retention (white/pink colonies on low-adenine media). If the minichromosome has
been retained by the cell, centromere function has been established because in the
absence of centromere establishment, minichromosomes are rapidly lost. This ex-

periment may suggest which proteins are required for Cnp1“FNF-A establishment on

nalve centromeric DNA.

In conclusion, the correct centromere, and subsequently kinetochore, establishment
is a crucial process to cell survival. However, this process is still relatively poorly un-
derstood, and this project aimed to shed more light on factors that aid Cnpl©“ENP-4
deposition at the centromere. In this thesis Ccpl1VP*® has been identified as a fac-
tor aiding the centromere deposition of Cnpl“FNP-A and Cnp20°FNP-T an inner
kinetochore protein, has been identified as its interacting partner. Therefore, the
author of this thesis suggests and believes that further research into fission yeast

1CENP-A

Ccpl could shed more light onto how Cnp is deposited at the centromere,

and how the CENP-T®"20 branch of the CCAN may be recruited to the centromere.

These findings could ultimately support basic and translational research into can-
cer as it has been well documented that chromosome missegregation can contribute
not just to development of cancer, but also to chemotherapeutic resistance due to

chromosomal instability.
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