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Abstract 
Centromere identity is integral for proper kinetochore formation and chromosome 

segregation. In most species chromosomes have a centromere at a defined locus 

that is propagated across generations. The histone H3 variant CENP-A acts as an 

epigenetic mark for centromere identity in most species studied. CENP-A is absent 

from the inactivated centromere on dicentric chromosomes and present at 

neocentromeres that form on non-centromeric sequences. Thus, the canonical 

centromere sequence is neither necessary nor sufficient for centromere function. 

Nevertheless, centromeres are generally associated with particular sequences. 

Understanding the organisation of centromeric sequence features will provide 

insight into centromere function and identity. 

 

In this study I use the fission yeast Schizosaccharomyces pombe model system to 

address the relationship between CENP-ACnp1 and centromeric sequence features. 

These analyses reveal that CENP-ACnp1 nucleosomes are highly positioned within 

the central domain by large asymmetric AT-rich gaps. The same sequence features 

underlying CENP-ACnp1 positioning are conserved in the related species S. 

octosporus, but are not found at neocentromeres, suggesting that they are important 

but non-essential for centromere function. CENP-ACnp1 over-expression leads to 

ectopic CENP-ACnp1 incorporation primarily at sites associated with heterochromatin, 

including the sites where stable neocentromeres form. Ectopic CENP-ACnp1 also 

occupies additional sites within the central domain that are not occupied in cells with 

wild-type CENP-ACnp1 levels. In wild-type cells CENP-ACnp1 occupied sites are likely 

also occupied by H3 nucleosomes or the CENP-T/W/S/X nucleosome-like complex 

in a mixed population. Several candidate proteins were investigated to determine a 

protein residing in the large gaps between CENP-ACnp1 nucleosomes could be 

identified. No proteins could be localised to the AT-rich gaps between CENP-ACnp1 

nucleosomes, but the origin recognition complex in a promising candidate. 

 

The results presented in this thesis demonstrate that nucleosomes within the fission 

yeast centromere central domain are highly positioned by sequence features in a 

conserved manner. This positioning also allows for another complex, possibly the 

origin recognition complex, to bind to DNA. Nucleosome positioning, DNA 

replication, and transcription could individually and collectively influence CENP-ACnp1 

assembly and centromere function. Further experiments in fission yeast will 
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continue to provide insight into the general properties of centromere function and 

identity. 
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Chapter 1: Introduction 
 
Kinetochores are assembled at the centromere to mediate microtubule attachments 

to the mitotic and meiotic spindle and promote proper chromosome segregation 

during cell division. Accurate centromere identification, kinetochore formation, and 

microtubule attachment are integral to successful cell division. Errors in any of these 

processes can lead to aneuploidy, chromosomes breakage, and cell death. 

Ultimately these errors can lead to genetic abnormalities, disease, and cancer in 

humans with potential concomitant lethality.  

 

1.1 Centromere identity and organisation 

 

Sequence dependent point centromeres of budding yeasts 

Centromere structure varies widely between species with the budding yeast S. 

cerevisiae having sequence dependent centromere formation at a defined locus, 

termed a point centromere (Figure 1.1; Allshire and Karpen, 2008). Isolation and 

subcloning of yeast centromere sequences revealed that short sequences could 

confer centromere function (Clarke and Carbon, 1980; Fitzgerald-Hayes et al., 

1982). Nevertheless, centromere sequences did not share large-scale homologies 

between different centromeres. However, sequence analysis revealed short motifs 

that had conserved relative arrangement with slightly variable total lengths (~125 bp 

long) within different centromeres. These motifs were termed CDEs (centromere 

DNA elements) with CDEI and CDEIII separated by a highly asymmetrically AT-rich 

element CDEII. The 125 bp sequence conferred functional centromere activity on 

both plasmids and linear artificial chromosomes (Cottarel et al., 1989). Although not 

homologous between centromeres at a sequence level, the AT-content and DNA 

bending of CDEII, as well as the orientation of CDEIII, contribute to centromere 

functionality and proper chromosome segregation (Murphy et al., 1991). The CDEII 

sequence itself is not necessary for centromere function and sequences of similar 

homopolymer composition show a similar level of functionality, while disruption of 

homopolymer composition disrupted centromere function (Baker and Rogers, 2005). 

Importantly, CDEI and CDEIII are highly conserved between chromosomes and 

single and double point mutations in these elements can disrupt centromere activity, 
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indicating that centromere identity is sequence dependent in S. cerevisiae 

(Hegemann et al., 1988). 

 

The discovery of the budding yeast sequence dependent centromere opened up the 

possibility of similar genetic centromere determination in other species. This was 

supported by the isolation and sequencing of centromeres from the yeast 

Kluyveromyces lactis, which revealed a similar structure to that found in S. 

cerevisiae (Heus et al., 1990, 1993). This was comprised of a conserved four 

element structure with two elements (KlCDEI and KlCDEIII) homologous to S. 

cerevisiae centromeric motifs (CDEI and CDEIII, respectively) and an AT-rich 

element KlCDEII similar to S. cerevisiae CDEII. An additional adjacent element, 

KlCDE0, was also identified. Despite these similarities, K. lactis centromere 

fragments do not confer functional centromere activity in S. cerevisiae (Heus et al., 

1990). This species specificity is partially mediated by CDEIII/KlCDEIII (Heus et al., 

1994). Substituting S. cerevisiae CDEIII for KlCDEIII in a K. lactis centromere 

fragment confers partial centromere functionality in S. cerevisiae and abolishes 

function in K. lactis. Similar centromere organization was also observed in the 

pathogenic yeast Candida glabrata (Kitada et al., 1996).  

 

Chromosome fusions can lead to the formation of dicentric chromosomes containing 

two canonical centromere sequences. Consistent with the presence of sequence 

dependent centromere identity, budding yeast dicentric chromosomes that were 

generated by integrating centromeric sequences into a chromosomal arm resulted in 

low viability due to the presence of two functional centromeres, but some cells 

survive through deletion of the canonical centromere via flanking mobile elements 

(Surosky and Tye, 1985). Alternatively, the problems associated with dicentric 

chromosomes can be resolved through chromosome breakage between the two 

centromeres and subsequent telomere repair on the chromosome fragments (Jäger 

and Philippsen, 1989). Dicentric chromosome formation induced using a conditional 

centromere that is supressed by transcription from an adjacent regulatable promoter  

leads to dicentric chromosome formation and chromosome breakage (Hill and 

Bloom, 1987, 1989). Dicentric minichromosomes can be propagated through cell 

division, albeit unstably  and the stability of dicentric minichromosomes increases 

when the two centromeres are located more closely together or following mutations 
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in CDEII and CDEIII that affect the efficiency of one the centromeres (Koshland et 

al., 1987; Sullivan and Willard, 1998).  

 

Epigenetic regional mammalian centromeres 

Mammalian centromeres form over regional domains and are thus termed regional 

centromeres, in contrast to the point centromere of budding yeast. Initial analyses 

indicated that human centromeres potentially also form in a sequence dependant 

manner. This idea found early support with the identification of alpha satellite arrays 

composed of ~171 bp tandem repeats found specifically at all human centromeres 

with different subclasses of alpha satellite structures found at different centromeres 

(Figure 1.1; Choo et al., 1991; Mitchell et al., 1985). These arrays have a higher 

order structure composed of repeat units in an array contain the same diverged set 

of individual repeats and arrays on particular chromosomes are more related than 

those of other chromosomes (Waye and Willard, 1989). Centromeric repeats also 

contain CENP-B box motifs, which are bound by the centromeric protein CENP-B, 

while non centromeric alphoid repeats lack these characteristics (Ando et al., 2002; 

Masumoto et al., 1989a; Ohzeki et al., 2002; Willard, 1985). However, a direct 

relationship between sequence and centromere identity is not present since CENP-

B boxes are not necessary for centromere maintenance but have been reported to 

be necessary (though not sufficient) for de novo centromere formation (Ikeno et al., 

1998; Masumoto et al., 1989a; Okada et al., 2007). Furthermore, CENP-B boxes 

are absent from human and chimpanzee Y chromosomes (Haaf et al., 1995) and 

CENP-B may not be strictly necessary for centromere formation, as discussed 

below. Moreover, the higher order repeats are not always sufficient for centromere 

formation. The higher order repeats alone were able to confer centromere function 

to an artificial human chromosome (Schueler et al., 2001), but centromere formation 

on alpha satellite sequences of human artificial chromosomes is at least partially 

dependent on sequence length (Grimes et al., 2002, 2004). Characterisation of 

centromeres formed on satellite repeats has been hampered by the highly repetitive 

nature of the sequences, though these limitations are being addressed (Hayden and 

Willard, 2012).  

 

However, human centromeres were subsequently shown to be determined 

epigenetically, in part due to the observation of neocentromeres that form on 

normally non-centromeric sequences. Initial cytogenetic study of a clinical sample 
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revealed the presence of an additional chromosome derived from chromosome 10, 

which contained a neocentromere that had formed in a normally euchromatic region 

and lacked alpha satellite repeats (Voullaire et al., 1993). Further analysis confirmed 

the absence of alpha satellite repeats on the additional chromosome and showed 

that the centromeric sequence was unique to that chromosome (Sart et al., 1997). 

Rather, the neocentromere sequence was found to be AT-rich and enriched for 

repeat elements distinct from centromeric repeats (Lo et al., 2001). Multiple human 

neocentromeres have been observed to form at non-alpha satellite sequences and 

at regions distant from heterochromatin (Alonso et al., 2010; Nakano et al., 2003; 

Sart et al., 1997). Neocentromeres are associated with centromeric proteins CENP-

A and CENP-C, which indicate centromere and kinetochore formation, respectively 

(Warburton et al., 1997), but many do not contain a CENP-B box or bind CENP-B 

(Alonso et al., 2010; Chueh et al., 2005; Lam et al., 2006). These neocentromeres 

are nevertheless able to recruit all canonical centromeric proteins tested and form 

functional kinetochores (Saffery et al., 2000). Numerous human neocentromeres 

have been identified (Barry, 1999; Burnside et al., 2011; Marshall et al., 2008; Tyler-

Smith et al., 1999). Indeed, this process seems to be important on evolutionary 

timescales as well since humans possess a number of centromeres that have been 

repositioned relative to other primate species (Rocchi et al., 2012; Ventura et al., 

2007) and human centromeres have been observed to relocate back to ancestral 

locations (Capozzi et al., 2009; Ventura et al., 2004).  

 

Further evidence for epigenetically defined human centromeres came from 

observations of dicentric chromosomes. Human dicentric chromosomes produced 

by Robertsonian translocation often only have one remaining active centromere, 

marked as the primary chromosomal constriction, while the second centromere is 

inactivated and does not appear as a similar constriction (Earnshaw et al., 1989; 

Sullivan and Schwartz, 1995). Inactive centromeres show the presence of CENP-B 

and alpha satellite repeats by immunostaining, but the kinetochore proteins CENP-C 

and CENP-E are absent from inactivated centromeres, indicating that a kinetochore 

does not form at these sites despite the presence of centromeric sequences. 

Robertsonian translocations can also be induced experimentally through telomere 

disruption, which produces stable dicentric chromosomes with two functional 

centromeres, as well as chromosomes with a single functional centromere, resulting 

from either epigenetic inactivation or excision of alpha satellite sequences 
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(Stimpson et al., 2010). Dicentric chromosomes have also been produced through 

the reversible integration of an artificial chromosome containing centromeric alpha 

satellite sequences into a chromosome arm (Nakano et al., 2003). Centromeric 

proteins CENP-A and CENP-C were initially absent from the integrated 

minichromosome, consistent with epigenetic inactivation, but upon excision CENP-A 

and CENP-C were once again detected upon minichromosome reformation, 

consistent with centromere re-activation.  

 

Epigenetic regional chicken centromeres  

Similar to mammalian centromeres, chicken centromeres form large regional 

centromeres associated with repeat sequences, though centromeres on 

chromosomes 5, 27, and Z occur on unique sequences (Shang et al., 2010). 

Centromere identity is determined epigenetically since neocentromeres in chicken 

cells can be induced by cre-lox recombinase excision of the chromosome Z and 5 

centromeres in DT40 cells (Shang et al., 2013). Although neocentromeres form over 

the length of the chromosome, there is a bias towards sites around the deleted 

centromere that may be driven by low-level enrichment of the centromeric protein 

CENP-A in surrounding regions. CENP-A acts as an epigenetic mark for centromere 

identity and is discussed in more detail below (Black and Bassett, 2008). There are 

no defining sequences that determine neocentromere identity, although they 

preferentially form on AT-rich sequences, and have no enrichment of histone 

modifications associated with heterochromatin or active transcription. These 

neocentromeres form in transcriptionally inactive regions, but the Z chromosome 

only occurs in one copy so disruption of Z chromosome gene expression may be 

lethal. Chromosome 5 neocentromere can form over transcribed regions, but it is 

not known whether they remain transcriptionally active following neocentromere 

formation.  

 

Epigenetic regional Candida albicans centromeres 

Candida albicans canonical centromeres form over regional domains with each 

chromosome possessing a unique centromeric sequence (Figure 1.1; Sanyal et al., 

2004). All centromeres except one are flanked by inverted or direct repeat 

sequences. These repeat sequences are not shared between centromeres on 

different chromosomes and overall the centromeres are not enriched for repetitive 

sequences (Mishra et al., 2007). The centromeric sequences themselves are not 
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sufficient for centromere formation since the introduction of naked DNA containing 

an entire centromere does not form a functional centromere (Baum et al., 2006). 

Centromere identity is epigenetic since deletion of a centromere in C. albicans 

allows neocentromeres to form in multiple locations not associated with centromere 

sequences. Neocentromere were found to form frequently close to the deleted 

canonical centromere but also in intergenic and subtelomeric regions (Ketel et al., 

2009). Despite the range of locations where neocentromeres form, the regions 

where they arise share some similar attributes, although these conclusions are 

limited by the relatively small number of neocentromeres analysed. Noticeably, C. 

albicans neocentromeres tend to form near repetitive sequences, similarly to 

canonical centromeres. At neocentromeres formed in intergenic regions the repeat 

sequences are composed of flanking genes with shared sequence homology. 

Furthermore, neocentromeres can be induced to change their localization due to 

environmental stress (Ketel et al., 2009). 

 

Epigenetic regional fission yeast centromeres 

Fission yeast, Schizosaccharomyces pombe, centromeres are ~35-115 kb in size 

and are comprised of a non-repetitive central core flanked by centromere specific 

inner- and outer-repeat elements (Figure 1.1; Clarke and Baum, 1990; Clarke et al., 

1986; Fishel et al., 1988; Hahnenberger et al., 1991; Murakami et al., 1991; 

Nakaseko et al., 1987). The central core is immediately flanked by the inverted 

inner-repeats that are unique to each centromere (Clarke and Baum, 1990; 

Hahnenberger et al., 1991; Murakami et al., 1991). The outer-repeat elements are 

~4.4 kb and ~4.8 kb in length and termed dg and dh (or L and M) repeats, 

respectively (Clarke et al., 1986; Nakaseko et al., 1987). These repeat elements are 

present at all centromeres in a variable number and form a chromatin environment 

that exhibits repressed recombination and transcription (Clarke and Baum, 1990; 

Clarke et al., 1986; Fishel et al., 1988; Hahnenberger et al., 1991; Murakami et al., 

1991; Nakaseko et al., 1987). Two distinct domains of chromatin are formed at 

fission yeast centromeres (Partridge et al., 2000). The central core and the proximal 

part of the inner-repeats (collectively termed the central domain) are enriched for 

centromeric proteins associated with the kinetochore, while the distal part of the 

inner-repeats and the outer-repeats form heterochromatin and associate with the 

heterochromatic proteins Swi6 (homologous to HP1) and Chp1. These two domains 

are separated by tRNA boundary elements. Genes inserted into the central domain 
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and outer repeats are transcriptionally silenced through different mechanisms 

(Allshire et al., 1994, 1995; Partridge et al., 2000). The central core is necessary for 

centromere activity on a minichromosome, but there is no specific sequence within 

the central core that is itself required and the central core alone is unable to direct 

kinetochore assembly (Baum et al., 1994; Catania et al., 2015). Neighbouring 

heterochromatin, directed by outer repeats or by artificial tethering, is required to 

induce kinetochore assembly on the central domain (Folco et al., 2008; Kagansky et 

al., 2009). 

 

Centromere identity in S. pombe is determined epigenetically. Neocentromeres 

have been generated in S. pombe through cre-lox recombination mediated 

centromere deletion (Ishii et al., 2008). Neocentromeres the centromere proteins 

CENP-ACnp1 and CENP-CCnp3 occupy a regional domain relatively close to a 

heterochromatic domain similar to canonical centromeres. These neocentromeres 

form over a domain of low transcription of tens of kilobases proximal to the 

subtelomeric heterochromatin in a manner that is only partially dependant on 

heterochromatin. Furthermore, neocentromeres were also found to form internal to 

the arrays of subtelomeric rDNA repeats on chromosome III (Ogiyama et al., 2013). 

However, such neocentromeres show lower levels of CENP-ACnp1 and its chaperone 

Scm3 and are unstably propagated. Stable chromosome segregation was recovered 

upon fusion with another chromosome carrying a normal centromere, or a 

rearrangement that brought the neocentromere closer to the telomere. Dicentric 

chromosomes were also created by forced recombination using cre/lox or selectable 

markers (Sato et al., 2012). Dicentric chromosomes were resolved by chromosome 

breakage, centromere deletion, or irreversible epigenetic inactivation. Centromere 

inactivation was associated with histone H3 hypoacetylation and heterochromatin 

formation across the central domain of one centromere. However, this inactivation 

did not require heterochromatin factors and in the presence of heterochromatin this 

epigenetic centromere inactivation was irreversible, even upon deletion of the active 

centromere.  

 

Holocentromeres 

Despite large organisational differences, point and regional centromeres both form 

at a single locus on chromosomes. Such chromosomes are termed monocentric. In 

contrast, a third type of centromeres, termed holocentromeres, form along the entire 
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length of chromosomes and have arisen independently multiple times in plants and 

animals (Melters et al., 2012). Holocentric chromosomes can be identified in a 

number of ways: mitotic holocentric chromosomes lack a primary constriction; 

chromatids segregate parallel to spindle poles; following chromosome fragmentation 

individual fragments retain segregation activity; and centromere proteins are 

enriched across the length of the chromosomes (Melters et al., 2012). The most well 

studied holocentric species is the nematode Caenorhabditis elegans. In C. elegans 

the centromeric protein CeCENP-A is enriched at regional domains located across 

the length of chromosomes and in embryos is correlated with regions that are 

transcriptionally inactive in the maternal germline (Gassmann et al., 2012). A later 

study found evidence that there are additional peaks of CeCENP-A primarily in 

intergenic regions that resemble point centromeres, which were proposed to be the 

primary sites of kinetochore formation (Steiner and Henikoff, 2014). There may be 

changes in the genome that associate with transition to holocentricity. In insects four 

independent transitions to holocentricity were correlated with the loss of the 

centromeric protein CENP-A in each case and it was proposed that some change in 

centromere organisation or kinetochore structure made these species susceptible to 

transitioning to holocentricity with an associated loss of CENP-A, but loss of CENP-

A is not observed in other holocentric species (Drinnenberg et al., 2014). A similar 

transition from monocentricity to holocentricity may even be in the process of 

occurring in the pea Pisum sativum and related species (Neumann et al., 2012, 

2015). These species contain metapolycentric chromosomes that possess 

elongated primary constrictions that span up to hundreds of megabases and in 

some cases are associated with multiple domains of CENP-A (Neumann et al., 2012, 

2015). 

 

Evolutionary new centromeres  

Neocentromeres that become fixed in the population can then segregate as 

evolutionary new centromeres (ENCs). As mentioned above, chicken chromosomes 

5, 27, and Z have non-repetitive centromeres and were proposed to be ENCs, 

(Shang et al., 2010). An ENC has also been identified on chromosome 11 in the 

domesticated horse Equus caballus (Wade et al., 2009). This horse ENC does not 

contain alpha satellite sequences or other repetitive sequences normally associated 

with mammalian centromeres. Sequencing of cell lines from multiple horses 

revealed distinct chromosomal domains on chromosome 11 coated with the CENP-
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A in different individuals. Moreover, some individuals contained two non-overlapping 

domains of CENP-A (Purgato et al., 2014). Single nucleotide polymorphisms 

showed that in those individuals with two CENP-A domains the two homologous 

chromosome 11s carried different singular CENP-A domains. ENCs have also been 

observed in zebra, horse, donkey, humans and macaques (Carbone et al., 2006; 

Ventura et al., 2007). Indeed, there may be a general evolutionary trajectory for 

ENCs where they initially form on non-repetitive sequences, as observed for human 

neocentromeres and chicken and horse ENCs, and later accumulate repeat 

elements, as observed for macaque ENCs (Figure 1.2; Ventura et al., 2007).  

 

It is clear that centromere identity and organisation can vary widely, from a 

sequence dependent point centromere to epigenetically regulated regional 

centromeres and holocentromeres. Nevertheless, some of the centromere and 

kinetochore proteins are conserved in diverse species. 

 

1.2 Centromere and kinetochore proteins 

Studies of vertebrate kinetochore structure have contributed greatly to the 

understanding of kinetochore structure. Electron microscopy of HeLa cells showed 

that multiple spindle microtubules make attachments with a single kinetochore 

(Robbins and Gonatas, 1964). The kinetochore itself forms a trilaminar plate, 

composed of electron dense inner- and outer-plates separated by an electron 

sparse middle plate (Comings and Okada, 1971; Jokelainen, 1967; Roos, 1973). 

The interaction between DNA and the kinetochore is restricted to the inner-plate, 

while no DNA was observed in association with the outer plate in muntjac by 

immunoelectron microscopy (Cooke, 1993). Kinetochore structure and centromere 

organisation vary somewhat between species, though some kinetochore and 

centromere proteins are conserved (Table 1.1; adapted from Westermann and 

Schleiffer, 2013).  

 

CENP-A 

CENP-A is a centromere specific histone H3 variant (Figure 1.3).  Human CENP-A 

is a 17-kD protein that is centromere specific and forms a MNase resistant particle 

that is associated with canonical histone proteins (Palmer et al., 1987). Isolation of 

CENP-A from bull sperm revealed that CENP-A has homology to the canonical 

histone H3 (Palmer et al., 1991). Human CENP-A similarly has homology to histone 
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H3 (Sullivan et al., 1994) and purified CENP-A can replace H3 in an octameric 

complex with H2A, H2B, and H4 in vitro (Yoda et al., 2000). Thus CENP-A can 

replace histone H3 to form distinct types of nucleosomes. The homology with H3 is 

restricted to the C-terminus, which contains the histone fold domain, while the N-

terminal domain is variable between species. The C-terminal histone fold domain 

was shown to confer centromere localization in chimeric CENP-A/H3 proteins, while 

the unique N-terminal domain did not.  

 

CENP-A, along with CENP-B and CENP-C, localises to centromeres constitutively 

throughout the cell cycle (Earnshaw and Rothfield, 1985; Masumoto et al., 1989b). 

In vivo CENP-A was shown to be mainly associated with alpha satellite DNA (Vafa 

and Sullivan, 1997). However, it is only associated with a subset of centromeric 

alpha satellite DNA types and at neocentromeres CENP-A chromatin assembles on 

non-alphoid DNA (Warburton et al., 1997). All other proteins that associate with 

centromeres throughout the cell cycle, termed the constitutive centromere 

associated network (CCAN), function downstream of CENP-A and require CENP-A 

for their proper localization (Carroll et al., 2010; Hori et al., 2008). CENP-A is 

discussed further below. 

 

CENP-B 

Human CENP-B binds to a 17 bp motif, termed the CENP-B box, present between 

CENP-A nucleosomes at some alpha satellite repeats (Henikoff et al., 2015; 

Masumoto et al., 1989a; Muro et al., 1992). CENP-B may position flanking CENP-A 

nucleosomes. In vitro studies showed that CENP-B binds to DNA as a dimer via N-

terminal alpha helices (Yoda et al., 1992). The crystal structure revealed that these 

helices form two helix-turn-helix domains that induce kink-straight-kink bends in 

CENP-B box DNA (Tanaka et al., 2001). CENP-B dimers can bind to two CENP-B 

boxes on a DNA strand to position a nucleosome on the intervening DNA loop 

(Yoda et al., 1998). ChIP analyses also demonstrate that CENP-A containing 

nucleosomes are positioned in vivo around CENP-B boxes (Ando et al., 2002). 

Unlike other centromeric proteins such as CENP-A and CENP-C, CENP-B can be 

detected at inactivated centromeres on dicentric chromosomes by immunostaining 
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of mitotic spreads, consistent with sequence dependent binding to CENP-B boxes 

(Earnshaw et al., 1989). 

 

The CENP-B box is also present in mouse (Mus musculus) centromeric minor 

satellite repeats and similarly co-localises with CENP-B by immunostaining (Mitchell 

et al., 1993). Full CENP-B box motifs are not present in Mus caroli but a degenerate 

centromeric motif containing the nine essential base pairs of a CENP-B box are 

detectable and can bind both mouse and human CENP-B (Kipling et al., 1995). 

African green monkey alpha satellite repeats lack CENP-B boxes despite the 

presence of a CENP-B homolog (Goldberg et al., 1996). Fission yeast contains 

three potential CENP-B homologs: the replication origin binding protein Abp1 

(Locovei et al., 2006), the replication origin binding protein Cbh1 that also binds to 

centromeric repeat sequences in vitro (Lee et al., 1997), and the centromere central 

core and inner repeat associated protein Cbh2 (Irelan et al., 2001). Abp1 and Cbh1 

are required for transcriptional silencing and heterochromatin structure at the 

centromeric outer-repeats (Nakagawa et al., 2002). However, human CENP-B and 

the fission yeast proposed CENP-B homologs belong to different clades of pogo-like 

transposases so it is likely that the three fission yeast proteins are not homologs of 

CENP-B, but rather these arose from the convergent evolution of pogo-like 

transposases (Casola et al., 2008). 

 

CENP-C and the Mis12 complex 

Interactions between centromeric CENP-A chromatin and the outer kinetochore are 

mediated via two pathways, one of which is via CENP-C and the Mis12 complex. 

CENP-C localises to the centromere via a 60 bp domain and can bind DNA non-

specifically via a distinct domain (Yang et al., 1996). Like human CENP-C, the 

budding yeast CENP-CMif2 is a centromere specific protein and contains a CENP-C 

box and AT-hook that are required for centromere localization (Cohen et al., 2008; 

Meluh and Koshland, 1995, 1997). Immuno-electron microscopy localised human 

CENP-C to a thin band associated only with the kinetochore inner-plate and not 

reflecting the broader distribution of CENP-B, which additionally localises to 

centromeric heterochromatin (Saitoh et al., 1992).  

 

Most evidence supports an interaction between CENP-A and CENP-A nucleosomes. 

Initial co-immunoprecipitation results indicated that CENP-C directly associated with 
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CENP-A (Ando et al., 2002). In vitro CENP-C was found to bind directly to DNA and 

was also shown to bind the extreme C-terminal region of CENP-A (Carroll et al., 

2010). CENP-C interacts directly with CENP-A and CENP-C recruitment to 

endogenous centromeres is dependent on CENP-A (Carroll et al., 2010; Fukagawa 

et al., 2001; Hori et al., 2008; Kwon et al., 2007; Milks et al., 2009). CENP-C alone 

is unable to recruit other centromeric proteins following over-expression so cannot 

itself mediate functional centromere formation (Fukagawa et al., 1999). However, 

tethering human CENP-C to an ectopic locus is sufficient to assemble functional 

kinetochores (Gascoigne et al., 2011; Przewloka et al., 2011; Rago et al., 2015). In 

vivo the C-terminal Mif2 homology domain (named for the S. cerevisiae homolog) is 

necessary for proper centromere localization and also confers proper localization of 

human CENP-C in Xenopus cells (Lanini and McKeon, 1995). However, in chicken 

DT40 cells the co-immunoprecipitation of CENP-C with CENP-A disappeared after 

further MNase digestion, suggesting that CENP-A and CENP-C do not directly 

interact, and CENP-C co-immunoprecipitated with H3 under these conditions (Hori 

et al., 2008). This difference might be due to disrupting the interaction between 

CENP-C and CENP-A under these conditions.  

 

CENP-C interacts with the Mis12 complex and subsequently the outer kinetochore 

Ndc80 complex. The Mis12 complex contains 4 subunits: known as Mtw1/Mis12, 

Dsn1/Mis13, Nsl1/Mis14, and Nnf1 depending on the organism being studied 

(Euskirchen, 2002; Kline et al., 2006; Pinsky et al., 2003). Human and Drosophila 

Mis12 has also been shown to associate with the N-terminus of CENP-C. The in 

vitro reconstituted human Mis12 complex has been shown to associate with the 

Ndc80 complex via the C-terminus of Nsl1 (Petrovic et al., 2010) and Drosophila 

Ndc80 requires Mis12 and Nsl1 for localisation to centromeres (Venkei et al., 2011).  

Thus the Mis12 complex appears to form a conserved bridge between the inner- 

and outer-kinetochore complexes connecting the kinetochore with microtubules via 

its association with Ndc80 and with chromatin via CENP-C (Figure 1.4; Screpanti et 

al., 2011). Consistent with this, depletion of CENP-C in HeLa and DT40 cells leads 

to kinetochore disruption and mitotic death (Fukagawa and Brown, 1997; Tomkiel et 

al., 1994). Similarly, S. cerevisiae CENP-CMif2 interacts with CENP-ACse4 and CENP-

Cmif2 mutations lead to defects in attachments between chromosomes and spindle 

microtubules (Pinsky et al., 2003). Conditional CENP-C deletion in DT40 cells 

reveals that CENP-A localisation at centromeres is unaffected by loss of CENP-C, 
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but the Mis12 complex shows highly reduced centromere association (Kwon et al., 

2007). However, interpreting the role of Mis12 was complicated by the finding that 

artificial tethering of human CENP-T also recruits Mis12 and allows formation of 

functional kinetochores (Rago et al., 2015). Moreover, at endogenous centromeres 

the Mis12 complex was found to be recruited by CENP-T, even in the absence of 

CENP-C, and Mis12 recruitment by CENP-T was shown to require the Ndc80 

complex (Rago et al., 2015). Thus, it was proposed that the CENP-C and CENP-T 

pathways mediate interactions between chromatin and the outer kinetochore are not 

redundant, but rather specifically regulated aspects of a more complex architecture.  

 

CENP-T/W/S/X Complex 

The second pathway that mediates the interaction between centromeric CENP-A 

chromatin and the outer kinetochore is via the CENP-T/W/S/X complex. CENP-T 

was also identified as a CCAN component that localises to centromeres throughout 

the cell cycle (Figure 1.4; Foltz et al., 2006; Obuse et al., 2004). Immuno-electron 

microscopy showed that CENP-T localised to the inner kinetochore of DT40 

chromosomes (Suzuki et al., 2011). CENP-T was identified by immunoprecipitation 

from chicken DT40 cells followed by mass spectrometry as forming a complex with 

CENP-W (Hori et al., 2008). Both CENP-T and CENP-W are essential proteins that 

contain histone fold domain and their localisation to centromeres displays 

interdependency and is dependent on their histone fold domains and CENP-A (Hori 

et al., 2008). However, in Xenopus egg extracts it was found that CENP-T and 

CENP-W display distinct temporal localisation patterns and depletion of CENP-W 

only partially co-depleted CENP-T but also co-depleted CENP-C, suggesting that 

CENP-T and CENP-W form distinct complexes in addition to their direct interaction 

(Krizaic et al., 2015).  

 

CENP-S and CENP-X were identified in immunoprecipitates of Fanconi anemia 

nuclear core complex (FANC) from HeLa cells by mass spectrometry and originally 

named Mhf1 and Mhf2, respectively (Singh et al., 2010; Yan et al., 2010). CENP-

S/Mhf1 and CENP-X/Mhf2 interact more closely with each other than with FANC 

and form a heterodimer capable of binding double stranded DNA (Yan et al., 2010). 

Structural analyses have revealed that CENP-S/CENP-X form a hetero-tetramer 

that binds to a single subunit of FANCM (Tao et al., 2012). In vitro the CENP-

S/CENP-X complex cooperatively binds DNA and in HeLa cells they associate with 
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DNA crosslinks induced during S phase (Yan et al., 2010). The fission yeast 

homologue of the FANCM homolog is Fml1 (Yan et al., 2010). Although CENP-S 

and CENP-X (Mhf1 and Mhf2) also associate with Fml1 in fission yeast, deletion of 

the fml1 gene does not affect chromosome segregation, while cells lacking CENP-

SMhf1 or CENP-XMhf2 exhibit defective chromosome segregation (Bhattacharjee et al., 

2013). This indicates that CENP-SMhf1 and CENP-XMhf2 have a function at 

centromeres outside of its interaction with Fml1. Consistent with this Fml1 is 

required for Mhf1/Mhf2 localization to sites of DNA repair and recombination, but not 

for their localization to centromeres.  

 

The vertebrate CENP-T/W/S/X complex may interact with CENP-A or H3 

nucleosomes (Foltz et al., 2006a; Ribeiro et al., 2010; Schleiffer et al., 2012) but it 

was also proposed to form a nucleosome-like DNA binding complex (Nishino et al., 

2012). Super-resolution microscopy of unwound chromatin fibers from chicken DT40 

cells revealed that CENP-T localises to the H3 domains interspersed between 

CENP-A nucleosomes (Ribeiro et al., 2010). Furthermore, FRET experiments using 

human CENP-T found that CENP-T resides in close proximity to H3.1 but not H3.2, 

H3.3, or CENP-A (Abendroth et al., 2015). Earlier reported interactions between 

CENP-A and CENP-T may have resulted from partial MNase digestion of chromatin 

(Foltz et al., 2006a). Nevertheless, CENP-T complex is recruited to centromeres via 

CENP-A and associated proteins (Fukagawa et al., 2001; Okada et al., 2006; 

Sugata et al., 1999).Interestingly Drosophila lacks proteins homologous to CENP-T, 

-W, -S, and -X, along with counterparts of many other kinetochore components that 

are conserved between other metazoans (Westermann and Schleiffer, 2013). It 

therefore relies completely on the CENP-C-Mis12-Ndc80 pathway for kinetochore-

microtubule attachment. 

 

CENP-T, CENP-S, and CENP-X were shown to localise to centromeres during S 

and G2, but CENP-T is not propagated across cell cycles and is assembled every 

cell cycle (Dornblut et al., 2014; Prendergast et al., 2011). This suggests that if the 

CENP-T/W/S/X complex binds to DNA as a nucleosome-like complex then it must 

be assembled every cell cycle unlike the epigenetic mark CENP-A. CENP-T directly 

interacts with the outer kinetochore Ndc80 complex and plays a role in anchoring 

the outer kinetochore (Figure 1.4; Schleiffer et al., 2012). Tethering of CENP-T can 

also induce ectopic kinetochore formation in humans and budding yeast, but does 
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not recruit CENP-A during kinetochore formation (Gascoigne et al., 2011; Rago et 

al., 2015; Schleiffer et al., 2012).  

 

The Ndc80 complex 

Both the CENP-T/W/S/X and CENP-C/Mis12 complex pathways ultimately interact 

with the outer kinetochore Ndc80 complex. The Ndc80 complex contains four 

conserved subunits: Ndc80/Hec1, Nuf2, Spc24, and Spc25 (Janke et al., 2001; 

McCleland et al., 2004; Wigge and Kilmartin, 2001). EM analysis of the budding 

yeast Ndc80 complex found that two subcomplexes, Ndc80/Nuf2 and Scp24/Spc25, 

form a tetrameric rod-like structure with the two subcomplexes connected by coiled-

coil domains and globular heads at both ends of the complex (Wei et al., 2005). The 

Spc24/Spc25 dimer is responsible for the localisation of the Ndc80 complex, while 

the Ndc80/Nuf2 dimer interacts with microtubule ends (Ciferri et al., 2008). The 

Spc24/Spc25 dimer associates directly with both Mis12Mtw1 and CENP-TCnn1 

(Petrovic et al., 2010; Schleiffer et al., 2012). Mis12Mtw1 and CENP-TCnn1 share a 

similar motif that is required for competitive binding to the same site in the 

Spc24/Spc25 dimer (Malvezzi et al., 2013). EM tomography of vertebrate 

kinetochores showed that fibers, which were hypothesised to be the Ndc80 complex, 

extend from the outer kinetochore plate and interact with microtubules (Dong et al., 

2007).  

 

The Ndc80 complex binds to microtubules in vitro (Cheeseman et al., 2006). 

Furthermore, in vitro studies showed that S. cerevisiae Ndc80 complex coupled to 

beads allow their association with growing and shortening microtubule ends. This 

association was moderately maintained even when physical tension was applied 

under low stringency conditions (Powers et al., 2009). The fission yeast Ndc80 

complex is part of a greater NDC80-MIND-Spc7 (NMS) complex (Liu et al., 2005). 

NMS remains associated with centromeres throughout the cell cycle and also 

interacts with the spindle pole body (Hayashi et al., 2006; Kerres et al., 2007; Liu et 

al., 2005; Pidoux et al., 2003). There is evidence of independent Ndc80 and MIND 

complexes in budding yeast (De Wulf et al., 2003), though the interaction between 

the two seems to be tighter in fission yeast (Kerres et al., 2007). 
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Dam1/DASH complex 

Interactions between the Ndc80 complex and spindle microtubules are stabilised by 

other complexes, including the Dam1/DASH complex. The Dam1/DASH complex is 

composed of subunits: Dam1, Duo1, Ask1, Spc34, Spc14, Dad1, Dad2/Hsk1, 

Dad4/Hsk2, and Hsk3 (Cheeseman et al., 2001a, 2001b; Janke et al., 2002; Li et al., 

2002). Duo1 and Dam1 are essential in budding yeast and mutations exhibit spindle 

defects and lead to activation of the spindle checkpoint (Cheeseman et al., 2001a). 

The budding yeast DASH complex can bind to microtubules in vitro (Asbury et al., 

2006; Cheeseman et al., 2001b) and forms a ring around microtubules that 

stabilises the microtubule plus end (Figure 1.5; Westermann et al., 2005). 

Consistent with its proposed ring structure, microscopic analyses suggested that the 

number of DASH complexes per centromere in vivo is sufficient for ring formation in 

both fission and budding yeast (Coffman et al., 2011). Tethering of Dam1 increases 

the rate of successful minichromosome segregation in a manner that does not 

depend in CENP-ACse4 or Ndc80 (Kiermaier et al., 2009; Lacefield et al., 2009). The 

DASH complex associates with kinetochore microtubule ends in vivo and remains 

associated with lengthening and shortening microtubule ends in vitro (Lampert et al., 

2010). The DASH complex alone can stably associate with depolymerising 

microtubule plus ends in vitro. In contrast, in vitro the Ndc80 complex requires the 

DASH complex to stabilise interactions with depolymerising microtubules under 

physiological conditions (Lampert et al., 2010; Tien et al., 2010). The DASH 

complex also increases the tension bearing capacity of bead-coupled Ndc80 

complexes (Tien et al., 2010). The fission yeast DASH complex only localises to the 

centromere during mitosis and is not essential but its loss leads to errors in 

chromosome segregation (Liu et al., 2005; Sanchez-Perez et al., 2005). Dad1 is 

part of both the DASH and Sim4 complexes and is required for the localization of all 

other DASH components to centromeres (Liu et al., 2005). Dad1 is the only DASH 

component that localises to fission yeast centromeres throughout the cell cycle 

(Sanchez-Perez et al., 2005).  

 

The DASH complex is not conserved outside of fungi, although functionally 

equivalent complexes have been proposed. Vertebrate kinetochore have no known 
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DASH homolog, but the SKA complex has also been shown to form a ring structure 

and to bind depolymerizing microtubule plus ends in vitro (Figure 1.5; Gaitanos et al., 

2009; Jeyaprakash et al., 2012). However, the SKA complex has not yet been 

shown to mediate the association of the Ndc80 complex with microtubules.  

 

The above summary demonstrates that some centromere and kinetochore proteins 

are widely conserved. One of the most widely conserved centromere proteins is 

CENP-A, which has been shown in many systems to be vital for centromere identity, 

kinetochore assembly, and thus chromosome segregation.  

 

1.3 CENP-A nucleosomes: the epigenetic mark for centromere identity  

In several species analysed it became clear that centromere identity was not 

dependent on particular DNA sequences and therefore an epigenetic mechanism for 

determining centromere identity was proposed (Karpen and Allshire, 1997). The 

centromere specific histone-fold containing protein CENP-A has attracted 

considerable attention and has become accepted as the epigenetic mark that 

governs centromere identity (Black and Bassett, 2008). CENP-A localizes to 

centromeres in all characterized model species and replaces canonical histone H3 

in centromere specific nucleosomes (Foltz et al., 2006a; Van Hooser et al., 2001; 

Yoda et al., 2000). CENP-A nucleosomes are assembled at neocentromeres 

activated in chromosomal regions with no homology to canonical centromere 

sequences and CENP-A remains at the active centromere of dicentric 

chromosomes while it is lost from epigenetically inactivated centromeres (Burrack 

and Berman, 2012; Sato and Saitoh, 2013; Scott and Sullivan, 2014). Furthermore, 

the tethering of CENP-A to an ectopic site has been shown to induce functional 

kinetochore formation at non-centromeric locations on Drosophila (Heun et al., 

2006; Mendiburo et al., 2011) and human chromosomes (Tachiwana et al., 2015). In 

addition, tethering of HJURP, the CENP-A chaperone, to an ectopic non-

centromeric chromosomal location leads to the incorporation of CENP-A and the 

formation of a functional kinetochore (Barnhart et al., 2011). 

 

CENP-A evolution 

CENP-A is highly functionally conserved with described orthologs in diverse species 

from yeasts to mammals (Figure 1.6; Blower and Karpen, 2001; Palmer et al., 1987, 

1990, 1991; Sanyal and Carbon, 2002; Stoler et al., 1995; Takahashi et al., 2000; 
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Talbert et al., 2002; Wieland et al., 2004). However, CENP-A has undergone rapid 

evolution in many lineages. 

 

The Drosophila CENP-A homolog, CENP-ACID, shows evidence of rapid evolution 

and positive selection at the N-terminal tail and histone fold domain Loop 1, which 

are predicted to interact with DNA (Figure 1.7; Malik et al., 2002). CENP-ACID shows 

length variability between species, which is primarily driven by differential 

oligorepeat expansions in the N-terminal tail. In contrast, the region of the histone 

fold domain that is predicted to dimerise with a second subunit is highly conserved. 

It has been proposed that the adaptive evolution of CENP-ACID is related to the rapid 

divergence of centromeric satellite repeats between Drosophila species (Malik and 

Henikoff, 2001). Indeed, when D. bipectinata CENP-ACID was expressed in D. 

melanogaster it was found to be unable to localize to D. melanogaster centromeres 

due to divergence in the histone fold domain loop 1 (Vermaak et al., 2002). The 

centre of loop 1 was found to be unnecessary for targeting to centromeres. Further 

analyses revealed that regions on either end of loop 1 of CENP-ACID, as well as the 

increased length of CENP-ACID loop 1 relative to histone H3 loop 1, were required 

for its targeting to centromeres. Similarly, Arabidopsis thaliana CENP-AcenH3 has a 

conserved histone fold domain with high similarity with H3, but the N-terminal tail 

shares no similarity to histone H3 and has undergone rapid positive selection 

(Talbert et al., 2002). In primates CENP-B is highly conserved with no evidence of 

positive selection, while CENP-A and CENP-C are rapidly evolving with evidence of 

positive selection (Schueler et al., 2010). The N-terminal tail of CENP-A in primates 

shows evidence of positive selection, including known phosphorylation sites that 

differ between species.  

 

Despite its extensive functional conservation among eukaryotes, there are a number 

of species where CENP-A does not function, or is completely absent, at the 

interface between chromosomes and kinetochores. During meiosis II in C. elegans 

the levels of CENP-AHCP-3 associated with chromosomes were shown to be 

extremely reduced and chromosome segregation does not require CENP-A, 

suggesting that a CENP-A independent pathway exists for kinetochore function 

(Monen et al., 2005). Surprisingly, CENP-A has been shown to be absent in four 

independently derived holocentric groups of insects (Drinnenberg et al., 2014). 

These sequence analyses also indicated a varying degree of loss of genes 
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encoding many inner-kinetochore proteins, but the outer-kinetochore components 

homologous to Ndc80 complex subunits were detected in most species. It was 

proposed that an ancestral mutation allowed CENP-A to be functionally replaced in 

these insect groups since all other analysed holocentric species retain a gene that 

encodes CENP-A. However, these studies could not determine whether the loss of 

CENP-A triggered the transition to holocentricity or whether CENP-A was rapidly 

lost following the formation of holocentric chromosomes.  

 

It has been noted that the discussion of extensive conservation of CENP-A (as well 

as of proteins in general) has focused largely, if not entirely, on model organisms 

belonging to a single eukaryotic supergroup known as the Opisthokonta (Akiyoshi 

and Gull, 2013). Kinetoplastids have been put forward as a more evolutionarily 

diverged eukaryotic species to be developed as a model organism in order to study 

chromosome segregation. Kinetoplastids include Trypanosomatida and Bodonida, 

and split from the main eukaryotic lineage at an early point in evolution. The 

centromere regions have been identified in Trypanosoma cruzi and Trypanosoma 

brucei genomes and based on synteny are conserved in position (Echeverry et al., 

2012; Obado et al., 2007). In both species the centromeres formed over regions 

comprised of retroelement arrays, though the T. cruzi centromeres were GC-rich 

and the T. brucei centromeres were AT-rich. T. brucei was identified as of interest 

for the study of chromosome segregation because the genome assembly failed to 

identify proteins homologous to most of the key conserved centromere and 

kinetochore proteins, including CENP-A, CENP-C, CENP-E, CENP-F, and Ndc80 

(Berriman, 2005). More recently, screening has allowed the identification of nineteen 

T. brucei kinetochore proteins which share no detectable homology with the 

characterised kinetochore proteins of fungi, plants, or metazoa (Akiyoshi and Gull, 

2014). There are six eukaryotic supergroups and the unexpected finding that a 

distinct set of kinetochore proteins mediate chromosome segregation in a second 

eukaryotic supergroup completely opens up the question of how exactly conserved 

either of the two characterised segregation systems are and which, if either, is 

ancestral. 

 

Centromere DNA evolution 

The centromeres sequences are also rapidly evolving, even between closely related 

lineages. The dimorphic yeasts C. albicans and C. dubliniensis diverged 20 million 
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years ago and, although the location of their centromeres has been conserved and 

the surrounding genes are syntenic, their centromeres do not share any detectable 

sequence homology (Padmanabhan et al., 2008). Similarly, species in the genus 

Schizosaccharomyces also have conserved centromere locations that are syntenic 

with flanking genes, but their centromeres exhibit no detectable sequence homology 

between species (Rhind et al., 2011). Although budding yeast centromeres are 

rapidly evolving they do not show evidence of selective sweeps, indicating that their 

rapid evolution is not due to positive selection (Bensasson, 2011; Bensasson et al., 

2008). Nevertheless, discovery of sequence dependent point centromeres in the 

budding yeast Naumovozyma castellii that distinct CDE motifs revealed that point 

centromeres can evolve rapidly (Kobayashi et al., 2015). The rapid evolution of both 

centromere sequences and CENP-A protein may be linked as it has been proposed 

that meiotic drive in species with asymmetric meiosis may lead to positive selection 

of CENP-A that prevents centromeric sequences from expanding as selfish 

elements (Dawe and Henikoff, 2006; Malik, 2002). 

 

CENP-A nucleosome structure 

Canonical histones form an H2A/H2B/H3/H4 octameric nucleosome composed of a 

tetrameric [H3-H4]2 core bound by two [H2A-H2B] dimers that wraps ~147 bp of 

DNA (Luger et al., 1997). Human nucleosomes containing the H3 variant H3.3, has 

a very similar crystal structure to that of canonical H3 (H3.1) containing 

nucleosomes (Tachiwana et al., 2011a). The crystal structure of in vitro 

reconstituted CENP-A containing nucleosomes assembled from recombinant 

proteins expressed in E. coli has also been determined (Tachiwana et al., 2011b). 

The overall structure of these CENP-A nucleosomes is similar to that of canonical 

H3 nucleosomes (Figure 1.8; Dunleavy et al., 2013). These CENP-A nucleosome 

are composed of an octameric complex that, despite not being more compact than 

H3 nucleosomes, only wrap ~121 bp of DNA with partly unwrapped nuclease 

sensitive DNA ends flanking the core particle (Tachiwana et al., 2011b; Yoda et al., 

2000). The protection of less DNA is explained by the shorter alpha-N helix in 

CENP-A nucleosomes that protects a longer stretch of DNA as it enters and exits in 

H3 nucleosomes (Tachiwana et al., 2011b; Yoda et al., 2000). This unbound DNA 

may normally contain the binding sites for the CENP-B DNA binding domain since 

CENP-B boxes are preferentially located at nucleosome boundaries (Tachiwana et 

al., 2012). Interestingly, two size classes of CENP-A nucleosomes were detected in 
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CENP-A over-expressing human cancer cell lines where CENP-A is ectopically 

incorporated. The smaller and larger sizes corresponded to nucleosome wrapping 

previously described for CENP-A (121 bp) and H3 (147 bp) nucleosomes, 

respectively (Lacoste et al., 2014). The larger footprint size was only observed for 

ectopic heterotypic nucleosomes that presumably contained a CENP-A-H3.3 dimer 

and was correlated with a higher GC-content. Thus the DNA sequence context may 

also influence the length of DNA wrapped around nucleosomes. 

 

Despite these analyses, the structure of CENP-A nucleosomes remains disputed, 

with tetrameric and octameric complexes being proposed. Both in vitro and in vivo 

MNase digestion of human CENP-A nucleosomes leads to a size distribution 

consistent with a ~100 bp MNase resistant core with loosely wrapped DNA termini, 

which is too large for protection by a tetrameric complex (Hasson et al., 2013). 

Nevertheless, a tetrameric ‘hemisome’ complex has also been proposed (Figure 

1.6; Dalal et al., 2007). AFM analyses indicated that CENP-A nucleosomes isolated 

from Drosophila and human cells are half the height of canonical nucleosomes 

(Dalal et al., 2007; Dimitriadis et al., 2010) and an CENP-A/H4 tetrameric complex 

was crystalized in association with the CENP-A chaperone HJURP, which is 

homologous to Scm3 (Hu et al., 2011). In addition, it has also been proposed that 

the structure of human CENP-A nucleosomes may differ between cell cycle stages, 

with both tetrameric and octameric complexes being detected (Bui et al., 2012). 

Related to this, fluorescence microscopy and FRET analyses of S. cerevisiae 

CENP-ACse4 suggest that the number of CENP-ACse4 molecules per S. cerevisiae 

centromeres varies between one and two across the cell cycle (Shivaraju et al., 

2012). Moreover, a hexameric complex consisting of two subunits each of CENP-A, 

H4, and Scm3, but lacking H2A and H2b, has also been proposed to exist at S. 

cerevisiae centromeres (Camahort et al., 2009; Mizuguchi et al., 2007; Xiao et al., 

2011). However, centromeric Scm3 was shown highly dynamic in contrast to the 

stable centromere association of CENP-ACse4 and it was therefore concluded that 

Scm3 is likely to be an assembly factor for CENP-ACse4 (Wisniewski et al., 2014).  

 

Other analyses have provided further support for an octameric CENP-A nucleosome 

model. First, a nanotrap was designed to visualize individual chromatin bound 

CENP-A complexes with a fluorescent tag isolated from HeLa cells (Padeganeh et 

al., 2013). Successive photobleaching allowed detection of stoichiometry of CENP-A 
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in the nucleosomes. The majority of nucleosomes across the cell cycle contained 

two CENP-A molecules and histone H4 but not HJURP, while a small subset 

contained a single CENP-A molecule as well as HJURP. The latter species may 

represent a subset of partially assembled nucleosomes that are in the process of 

being deposited. Second, CENP-ACID in Drosophila S2 cells is isolated as an 

octameric complex that is less stable than a canonical H3 nucleosomes (Zhang et 

al., 2012). Crosslinking analyses suggested that the structural basis of dimerization 

was shared with that of H3 nucleosomes (Zhang et al., 2012). Third, budding yeast 

CENP-ACse4 containing an internal photobleachable fluorophore showed no 

evidence of differences in nucleosome structure across the cell cycle (Wisniewski et 

al., 2014). Reported changes in the number of CENP-ACse4 molecules at 

centromeres across the cell cycle were attributed to fluorophore maturation and two 

CENP-ACse4 molecules were detected at each centromere (Wisniewski et al., 2014). 

Fourth, the most direct evidence comes from AFM studies using recombinant fission 

yeast and human CENP-A nucleosomes (Miell et al., 2013). Octameric 

nucleosomes assembled in vitro showed a similar height difference depending on 

whether they contained CENP-ACnp1, CENP-A or histone H3, and the difference 

could be attributed to the CENP-A targeting domain (Miell et al., 2013). It was 

concluded that the difference in height results from CENP-A nucleosomes having a 

more compact structure.  

 

CENP-A domain function 

Human CENP-A is a histone H3 paralog with C-terminal homology to histone H3, 

but a divergent N-terminal region (Sullivan et al., 1994). The CENP-A histone fold 

domain is necessary and sufficient for targeting CENP-A to centromeres. Indeed, 

deletion of the N-terminal tail from CENP-A does not affect the localization of CENP-

A to centromeres (Shelby et al., 1997). This function is conserved as the histone 

fold domain of Drosophila CENP-ACID alone can localize CENP-ACID to centromeres 

(Vermaak et al., 2002). In budding yeast overexpression of the CENP-ACse4 histone 

fold domain alone was able to confer functionality and CENP-ACse4 also contains an 

non-essential N-terminal domain (END) (Chen et al., 2000; Morey et al., 2004).  

 

The region of the CENP-A histone fold domain that is sufficient for centromere 

localisation has been termed the CENP-A targeting domain (CATD) (Sullivan et al., 

1994). Expression of a chimeric histone H3 containing the CATD in place of the 
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normal H3 histone fold domain in HeLa cells allows localisation to centromeres, 

rescues depletion of endogenous CENP-A, and confers proper chromosome 

segregation and recruitment of CENP-B and CENP-C (Black et al., 2007a). These 

functions of the CATD are dependent on the histone fold loop1 and α2 helix and are 

achieved by interaction of the CATD with the CENP-A chaperone HJURP (Black et 

al., 2007a; Shuaib et al., 2010). CATD function requires the HJURP mid-domain, 

which contains a DNA binding region necessary for CENP-A deposition but not 

localization (Müller et al., 2014). The CATD provide nucleosomes formed by the 

chimeric H3CATD protein the same increased rigidity shown by CENP-A nucleosomes 

(Black et al., 2004, 2007b). H3CATD can be propagated at human centromeres 

following CENP-A deletion, but H3CATD is unable to stably recruit kinetochore 

components (Fachinetti et al., 2013). The similar CATD of budding yeast CENP-

ACse4 (loop 1 and α2 helix) is also sufficient to confer centromere localization (Black 

et al., 2007a). The centromere specific localization of budding yeast CENP-ACse4 is 

partly achieved by degradation of non-centromeric, euchromatin associated CENP-

ACse4 by the E3 ubiquitin ligase Psh1 and this prevents the ectopic incorporation of 

CENP-ACse4 (Hewawasam et al., 2010; Ranjitkar et al., 2010). This process depends 

on specific interactions between CENP-ACse4 and Psh1 mediated by the CATD 

(Ranjitkar et al., 2010) and is counteracted by association of Scm3 with CENP-ACse4 

(Hewawasam et al., 2010). 

 

CENP-A nucleosome numbers and dynamics 

Estimates of the number of CENP-A nucleosomes per centromere, even in the 

same species, vary widely. In fission yeast multiple CENP-ACnp1 nucleosomes 

assemble on the central domain of each centromere (Appelgren et al., 2003; 

Coffman et al., 2011; Joglekar et al., 2008; Lawrimore et al., 2011) and estimates 

using super resolution microscopy suggest that ~12-14 CENP-ACnp1 nucleosomes 

occupying ~20 possible sites per centromere (Lando et al., 2012). In budding yeast 

a single CENP-ACse4 nucleosome is thought to occupy each centromere (Furuyama 

and Biggins, 2007; Henikoff and Henikoff, 2012). At mammalian and Drosophila 

centromeres arrays of CENP-A and H3 nucleosomes are interspersed on repetitive 

elements such as satellite repeats (Blower et al., 2002; Lam et al., 2006; Vafa and 

Sullivan, 1997). Recent 3D fluorescent microscopy analyses resulted in estimate of 

400 CENP-A molecules per centromere of HeLa cell chromosomes (Bodor et al., 

2014). However, this number was found to vary directly with the amount of CENP-A 
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present within each cell. Differences in the amount of centromeric CENP-A did not 

affect kinetochore attachments although when the level of CENP-A was reduced 

below 50% of normal chromosome segregation defects were indicated by the 

formation of micro-nuclei.  

 

Most H3 nucleosomes are thought to partition randomly during DNA replication and 

(if this also applies to CENP-A) both chromosomes will receive centromeric CENP-A, 

making de novo establishment unnecessary (Jansen et al., 2007; Xu et al., 2010). 

Following replication, CENP-A levels at human centromeres drop by half and thus 

CENP-A levels must be replenished at some point during the cell cycle (Jansen et 

al., 2007). However, in budding yeast both copies of centromeric CENP-ACse4 are 

replaced during S phase following centromere replication (Wisniewski et al., 2014). 

Initial analyses in fission yeast indicated that CENP-ACnp1 may be loaded at two 

stages of the cell cycle with initial loading during S phase and further loading 

occurring progressively during G2 (Takahashi et al., 2005; Takayama et al., 2008). 

However, the counting of CENP-ACnp1 tagged with a photo-activated fluorophore 

(mEos2) in single cells using super resolution microscopy revealed that CENP-ACnp1 

loading is restricted to G2 (Lando et al., 2012). Thus in fission yeast centromeric 

CENP-ACnp1 levels are at their maximum prior to and during mitosis.  

 

The timing of the deposition of newly synthesised CENP-A is not conserved in other 

species. In HeLa cells CENP-A synthesis was initially shown to occur in G2 or 

mitosis, uncoupled from DNA replication, and incorporation of CENP-A into 

centromeric chromatin was inferred to also occur during this period (Shelby et al., 

2000). More recently, pulse labelling of SNAP-tagged CENP-A was used to 

determine that incorporation occurs only during a short period of the cell cycle 

between telophase and early G1 (Jansen et al., 2007). Thus, in contrast to fission 

yeast, human cells undergo mitosis with only ~50% of the maximal level of 

centromeric CENP-A. Inhibition of Cyclin Dependent Kinase (CDK) activity leads to 

CENP-A incorporation at human centromeres during G2 and in DT40 cells double 

mutation of both CDK1 and CDK2 leads to new CENP-A incorporation at 

centromeres during either S phase or G2, while normal incorporation takes place 

upon mitotic exit in G1 (Silva et al., 2012). In Xenopus CENP-A incorporation occurs 

during G1 in a manner that is dependent on HJURP (Bernad et al., 2011).  
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CENP-A requires its chaperone, HJURP in mammals and Scm3 in budding and 

fission yeast, for incorporation at centromeres (Barnhart et al., 2011; Dunleavy et al., 

2009; Foltz et al., 2009; Hayashi et al., 2004; Pidoux et al., 2009; Sanchez-Pulido et 

al., 2009; Shuaib et al., 2010). The CENP-ACid chaperone in Drosophila is Cal1, 

which has no homology to HJURP or Scm3 (Chen et al., 2014). In mammals the 

recruitment of CENP-A and HJURP to centromeres requires the Mis18α/β and 

Mis18BP1 proteins (Fujita et al., 2007). Mis18BP1 is recruited to centromeres by 

CENP-C, thus allowing a reinforcing loop where resident CENP-A recruits new 

CENP-A via CENP-C→Mis18BP→Mis18α/β→HJURP (Dambacher et al., 2012; 

Moree et al., 2011). In fission yeast CENP-ACnp1 recruitment also depends on Scm3 

and Mis18, as well as Mis16 (Hayashi et al., 2004; Pidoux et al., 2009). Analyses 

performed in this thesis supported a role for a novel protein, Eic1, in recruiting Mis16 

and Mis18 to centromeres, leading to recruitment of Scm3 and CENP-ACnp1 

incorporation (Figure 1.9; Subramanian et al., 2014). Thus the role of Eic1 is similar 

to that of mammalian Mis18BP1 (Subramanian et al., 2014). 

 

CENP-A is a widely conserved centromere specific histone variant and in many 

species acts as the epigenetic mark for centromere identity. As seen above, 

centromere organisation varies widely between different species, but they may 

share the common feature of transcription of centromeric DNA. 

 

1.4 Transcription of centromere DNA  

Transcription has been observed to be associated with centromere sequences. 

Transcription of the outer repeats at fission yeast centromeres has been well 

characterised. Initially transcripts from centromeres were not detected in wild type 

fission yeast (Fishel et al., 1988), but transcripts and siRNAs corresponding to the 

centromeric outer-repeats were subsequently detected (Reinhart and Bartel, 2002; 

Volpe et al., 2002). Outer-repeat siRNAs are generated from two conserved non-

coding regions (Djupedal et al., 2009) that are transcribed by RNA polymerase II 

(RNAPII) (Djupedal et al., 2005; Kato et al., 2005). These outer repeat transcripts 

are not easily detectable in wild-type cells but accumulate following deletion of 

components of the RNA interference (RNAi) pathway such as Dicer (Dcr1), RNA-

directed RNA polymerase (RdRP; Rdp1), and Argonaute (Ago1) (Volpe et al., 2002). 

The reverse strand of outer-repeats are primarily transcribed with much lower levels 

of transcription of the forward strand (Volpe et al., 2002). Forward strand 
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transcription (which originates at origins of replication within the outer repeats) 

occurs primarily during S-phase when heterochromatin is partially disrupted and 

RNAPII occupancy peaks on the outer-repeats, leading to a pulse of siRNA 

synthesis (Chen et al., 2008; Kloc et al., 2008).  

 

Transcription of the fission yeast centromeric outer-repeats plays a role in 

heterochromatin structure (Figure 1.10; Holoch and Moazed, 2015). The RNAi 

machinery is necessary for silencing of transgenes inserted into the outer-repeats 

and deletion of RNAi components leads to disruption of heterochromatin, including 

decreased H3K9 methylation (H3K9me) and binding of the HP1 homolog Swi6 

(Volpe et al., 2002). The RITS (RNA-induced initiation of transcriptional gene 

silencing) complex is composed of Ago1, the chromodomain protein Chp1, and a 

GW domain protein Tas3 (Verdel et al., 2004). siRNAs are loaded into Ago1, 

allowing RITS to associate with centromeric outer repeats in an RNAi dependent 

manner (Verdel et al., 2004). Disrupting the interaction between Chp1 and Tas3 

leads to loss of RITS localisation to centromeric outer-repeats, loss of centromeric 

siRNAs and a corresponding accumulation of outer repeat transcripts, and reduction 

of H3K9me levels at centromeres (Debeauchamp et al., 2008). Tethering Tas3 to a 

non-centromeric transcript produced from an ectopic locus leads to siRNA 

generation and RNAi dependent silencing (Bühler et al., 2006). RITS association 

leads to the recruitment of the RNA-Directed RNA Polymerase Complex (RDRC), 

containing Rdp1, Hrr1, and Cid12, which synthesizes double stranded RNA 

(dsRNA) from the nascent RNA template and is required for siRNA generation 

(Halic and Moazed, 2010; Motamedi et al., 2004; Sugiyama et al., 2005). This 

dsRNA is cleaved by Dcr1 and incorporated into the RITS complex for further 

recruitment. The engagement of transcript by Ago1/RITS allows the recruitment of 

the CLRC complex which contains the H3K9 methyltransferase Clr4 (Shanker et al., 

2010; Zhang et al., 2008a). Tethering of Clr4 allows the formation of synthetic 

heterochromatin in the absence of RNAi at ectopic loci (Kagansky et al., 2009). The 

methylation of lysine 9 of histone H3 by Clr4 results in the binding of the 

chromodomain containing proteins Swi6 and Chp2 (both orthologous to HP1), and 

Chp1, to outer repeat or ectopically methylated chromatin (Ekwall et al., 1996; 

Kagansky et al., 2009; Shanker et al., 2010; Zhang et al., 2008a).  
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Transcription also plays a role in forming boundaries between chromatin domains at 

fission yeast centromeres. Clusters of tRNA genes form barriers that separate the 

distinct heterochromatin on outer-repeats from the CENP-A chromatin assembled 

over the central domain where the kinetochore forms (Kuhn et al., 1991; Partridge et 

al., 2000; Takahashi et al., 1991). Transcription of tRNA genes by RNAPIII is 

required to maintain the boundary between heterochromatin and CENP-A chromatin 

and the insertion of a tRNA gene has also been shown to form a boundary that can 

prevent the spreading of heterochromatin at an ectopic locus (Scott et al., 2006). 

The boundary activity is not limited to a specific tRNA and is independent of tRNA 

orientation (Scott et al., 2007). 

 

The central domain of fission yeast centromeres is transcribed by RNAPII, but the 

function of this transcription is less well understood. These central domain 

transcripts are rapidly degraded by the exosome (Choi et al., 2011). Promoters 

within the central domain recruit the chromatin remodeller Hrp1Chd1, suggesting that 

transcription might involve H3 nucleosome eviction (Choi et al., 2011). Other 

analyses suggest that stalling of RNAPII-mediated transcription of central domain 

sequences may play a role in CENP-ACnp1 incorporation (Catania et al., 2015).  

 

Centromere sequences in many other species are also transcribed. Maize 

centromeric CENP-ACENH3 occupied CentC repeats are transcribed into long RNA 

(Du et al., 2010) and Maize CENP-ACENH3 has been found to associate with long 

single-stranded RNAs that originate from the CentC repeats and centromeric 

retrotransposable elements (Topp et al., 2004). Budding yeast centromere and 

pericentromere sequences are transcribed by RNAPII (Ohkuni and Kitagawa, 2011). 

Transcription of the pericentromeric major satellite repeats has been detected in 

mouse ES cells (Lehnertz et al., 2003) and transcripts from minor satellite repeats, 

which peak during G2/M and may be degraded or processed into small RNAs that 

are not detected in other experiments, have also been detected in mouse MEL and 

NIH3T3 cells (Ferri et al., 2009; Kanellopoulou et al., 2005). Transcription of human 

centromeric alpha-satellite repeats by RNAPII has been observed during mitosis, 

which was unexpected as RNAPII is normally removed from metazoan 

chromosomes during mitosis (Wong et al., 2007). Importantly, active RNAPII was 

also detected at the non-alpha-satellite containing human mardel(10) 

neocentromere during mitosis (Chan et al., 2012). Centromeres on human artificial 
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chromosomes are also transcribed and contain histone modifications that are 

associated with active transcription (Bergmann et al., 2011).  

 

In contrast, it is also known that high levels of transcription can be incompatible with 

centromere function. Transcription at budding yeast centromeres impairs 

centromere function (Ohkuni and Kitagawa, 2011) and transcription from an 

inducible promoter has been used to regulate centromere activity and create 

inducible dicentric chromosomes (Mythreye and Bloom, 2003). Similarly, the 

induction of high levels of centromere transcription on a human artificial 

chromosome results in defective CENP-A incorporation and chromosome 

segregation (Bergmann et al., 2012). The neocentromeres induced by centromere 

deletion in chicken DT40 cells preferentially form over regions containing inactive 

genes and neocentromere formation was found to be associated with transcriptional 

inactivation (Shang et al., 2013). However, transcription of genes underlying the 

human mardel(10) neocentromeres were largely unaffected (Saffery et al., 2003). 

Fission yeast neocentromeres form over genes that are transcribed at low levels 

and following neocentromere formation their transcription remains low even during 

nitrogen starvation when they would normally be up-regulated (Ishii et al., 2008). 

Thus, proper centromere function may depend on maintaining a sufficiently low level 

of transcription to aid centromere activity but which does not interfere with 

kinetochore assembly (Ohkuni and Kitagawa, 2011).  

 

However, the function of transcription at centromeres is not well understood outside 

of transcription of fission yeast heterochromatin repeats. Transcription of fission 

yeast central domains may promote the replacement of H3 with CENP-A 

nucleosomes (Catania et al., 2015; Choi et al., 2011). However, the exact details 

remain to be determined. In other systems transcription may also be related to 

CENP-A incorporation. This is supported by the observation that the RNA 

transcribed from the mardel(10) neocentromere is associated with CENP-A 

chromatin and its transcription was found to be required to maintain full levels of 

CENP-A occupancy (Chueh et al., 2009). Furthermore, the transcriptionally active 

histone modification H3K4me2 is required for CENP-A incorporation and the 

maintenance of centromere activity on a human artificial chromosome (Bergmann et 

al., 2011). Alternatively, centromeric transcription could lead to recruitment of other 

centromeric proteins. RNAPII inhibition during mitosis leads to lagging 
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chromosomes and decreased levels of CENP-C at human centromeres (Chan et al., 

2012). Additionally, human CENP-C has been shown to associate with alpha-

satellite RNA in vitro and in vivo (Wong et al., 2007) and this association appears to 

be required for the localisation of CENP-C but not CENP-A to centromeres (Wong et 

al., 2007). Maize CENP-C has been shown to bind both double-stranded DNA and 

single-stranded RNA in vitro and short single-stranded RNAs stabilise its interaction 

with DNA (Du et al., 2010). 

 

The potential relationship between centromere transcription and CENP-A 

incorporation may involve the activity of the FACT (facilitates chromatin 

transcription) complex and CHD1 (Figure 1.11; Allshire and Karpen, 2008). In 

chicken DT40 cells components of the FACT complex, which is involved in the 

transcription coupled disassembly and reassembly of nucleosomes, were found to 

associate with CENP-A at centromeres, where it recruits the chromatin remodeller 

CHD1 (Okada et al., 2009). It was proposed that transcription-coupled remodelling 

activity of CHD1Hrp1 within the central domain might play a role in evicting H3 

nucleosomes and incorporating of CENP-ACnp1 nucleosomes in their place (Choi et 

al., 2011). Both FACT and CHD1 were found to be required for proper CENP-A 

incorporation (Okada et al., 2009). FACT was also found to associate with CENP-A 

extracted from human cells (Foltz et al., 2006b; Obuse et al., 2004) and CHD1 

interacts with FACT components in Drosophila, humans, and budding yeast (Kelley 

et al., 1999; Simic et al., 2003). However, it remains to be determined exactly how 

FACT and CHD1 influence CENP-ACnp1 incorporation. In fission yeast 

overexpressing CENP-ACnp1 and loss of FACT function allowed the widespread 

promiscuous ectopic incorporation of CENP-ACnp1 and prevented its accumulation at 

subtelomeric regions and non-centromeric central domain sequences (Choi et al., 

2012). Loss of FACT allowed replacement of H3 with CENP-ACnp1 on transcribed 

genes throughout the genome, and consequently CENP-ACnp1 could not accumulate 

at those regions as normally observed in wild-type cells (Choi et al., 2012). Thus, 

depletion of FACT may result in CENP-A being redistributed from centromeres and 

may not be directly involved in CENP-A deposition. However, this does not explain 

the role of the conserved association observed between FACT and CENP-A. 

Fission yeast Chd1Hrp1 is required for silencing of the outer-repeats and central 

domain, as well as being necessary for maintaining normal CENP-ACnp1 levels 

(Walfridsson et al., 2005). A subset of promoters occupied by Chd1Hrp1 require 
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Chd1Hrp1 to maintain a nucleosome depleted state (Walfridsson et al., 2005). 

However, low levels of CENP-A were detectable at these promoters. ChdHrp1 is also 

required to maintain normal CENP-ACnp1 levels within the central domains and in its 

absence CENP-A levels decline and H3 levels increase.  

 

It is also possible that, as at the outer repeats in fission yeast, the transcription of 

centromeric sequences in other species is instead required for RNAi-mediated 

transcriptional inactivation and heterochromatin integrity. Several studies support 

such a role for centromere DNA transcription, but this remains to be verified. Similar 

to fission yeast heterochromatic outer repeats, mouse ES cells lacking Dicer have 

reduced viability and display increased levels of transcripts from the pericentromeric 

major satellite repeats, but H3K9me was not found to be affected on these repeats 

(Murchison et al., 2005). In contrast, another study of Dicer deficient mouse ES cells 

found elevated transcript levels from both pericentromeric major satellite repeats 

and centromeric minor satellite repeats along with an overall reduction in H3K9me 

on these repeats (Kanellopoulou et al., 2005). Moreover, Dicer deficient chicken 

cells containing a human chromosome display mitotic defects, accumulation of 

human pericentromeric satellite transcripts, and loss of HP1 localisation to 

centromeres (Fukagawa et al., 2004). The localisation of mouse HP1α to 

pericentromeric regions has also been shown to dependent on the binding of its 

hinge domain to RNA (Muchardt et al., 2002). In Drosophila RNAi components have 

also been reported to be required for the proper localisation of heterochromatic 

proteins, with mutations leading to mislocalisation of HP1 and H3K9me (Pal-Bhadra 

et al., 2004). Transcription at centromeres may play a role in heterochromatin 

structure in these species. Heterochromatin itself may also play a role in the 

recruitment of centromere or kinetochore proteins, since it is required for 

establishment of fission yeast centromeres, but this function remains less well 

understood.  

 

1.5 Nucleosome positioning and occupancy 

Nucleosomes are not assembled at all positions in the genome with equal 

probability and their localisation can be defined in terms of positioning and 

occupancy (Figure 1.12; Struhl and Segal, 2013). Nucleosome positioning is a 

measure of whether a nucleosome occupying a particular site always has its 

midpoint positioned at the same base. The degree of positioning ranges from 
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perfectly positioned nucleosomes, with their midpoint always at the same site within 

the 147 bp bound region, to nucleosomes that are not positioned so that their 

midpoint occurs at any base within a 147 bp sequence with equal frequency. 

Nucleosome occupancy measures the probability of any given base pair being 

occupied by a nucleosome in an individual cell within a population of cells. Synthetic 

DNA fragments and mouse genomic DNA were both shown to display a large range 

of nucleosome binding affinities in competition assays, but no genomic sequence 

was found to possess a similar relative affinity as the most highly occupied synthetic 

sequences (Thåström et al., 1999). Genomic sequences with TA dinucleotides 

occurring with a 10 bp periodicity had the highest affinity for nucleosomes. 

Dinucleotide bendability measured by x-ray crystallography of protein-DNA 

complexes have indicated that certain dinucleotides, such as TA, have a relatively 

high level of bendability (Olson et al., 1998). Dinucleotides were subsequently 

assessed to define motifs that correlate with in vivo nucleosome occupancy in the 

budding yeast, S. cerevisiae (Segal et al., 2006). TT/AA/TA motifs with a 10 bp 

periodicity were again identified, as well as an alternating CG dinucleotide motif with 

an ~10 bp periodicity. The periodic nature of these dinucleotides probably reflects 

the rotational positioning of nucleosomes relative to the bendability of the underlying 

sequences. Higher resolution maps resulting from cleavage of nucleosomal DNA 

due to a centrally positioned cysteine in histone H4 supported the relevance of 

TT/AA/TA periodicity with even greater significance and the refined 10.3 bp 

periodicity indicated that DNA helix stretches slightly to accommodate nucleosome 

binding (Brogaard et al., 2012).  

 

Long stretches of A and T, poly(dA:dT) tracks, including those at the promoters of 

many genes, disfavour nucleosome occupancy in vivo in budding yeast (Figure 

1.13; Field et al., 2008; W. Lee et al., 2007; Yuan et al., 2005). Although long 

poly(dA:dT) tracks can wrap around nucleosomes in vitro (Prunell, 1982; 

Schieferstein and Thoma, 1996), their wrapping around nucleosomes is disfavoured 

(Kunkel and Martinson, 1981). Overall, a high level of correlation was evident 

between the sites occupied by nucleosomes in vivo in budding yeast and the sites 

where chicken nucleosomes assembled on budding yeast genomic DNA in vitro, 

although there were also some differences observed (Kaplan et al., 2009). Notably, 

both poly(dA:dT) tracks and transcription start sites were found to be depleted for 

nucleosomes both in vivo and in vitro, but the paucity of nucleosomes at promoters 
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was more pronounced in vivo. Furthermore, some promoter sequences that were 

depleted for nucleosomes in vitro were found to be occupied in vivo. It should be 

noted that although nucleosome occupancy in vivo and in vitro was generally 

dependent on similar sequence features, nucleosomes assembled in vitro showed 

less precise positioning (Zhang et al., 2009). Such analyses suggests that, apart 

from the sequence dependent features identified in vitro and in vivo, additional in 

vivo factors and biological activities are required for proper formation of nucleosome 

depleted regions and influence nucleosome occupancy in general.  

 

Many promoters of S. cerevisiae genes contain a nucleosome depleted region that 

is flanked by highly positioned +1 and -1 nucleosomes on either side. Nucleosomes 

within the 5’ end of the gene exhibit precise positioning that gradually decays with 

distance from the transcription start site so that the +1 nucleosome is highly position 

but positioning of the +2, +3, +4 becomes sequentially less pronounced (Figure 

1.14; Mavrich et al., 2008). The observed ~10 bp TA/AT dinucleotide periodicity was 

found to be strongest for both the +1 and -1 nucleosomes and consequently may be 

less relevant for nucleosome positioning residing elsewhere in the genome. The 

phased nucleosomes at the 5’ end of most genes is thought to reflect statistical 

positioning resulting from the boundary element created by the nucleosome 

depleted region that constrains the possible position the +1 nucleosome and thus 

neighbouring nucleosomes (Mavrich et al., 2008). However, this does not explain 

why nucleosomes downstream of the +1 nucleosome are phased while those 

beyond the -1 nucleosome show no ordered phasing pattern. The fact that the in 

vitro reconstruction of nucleosomes on genomic DNA does not result in a highly 

positioned +1 nucleosome and phasing of downstream nucleosomes also indicates 

that in vivo activities such as transcription associated chromatin remodelling are 

required to generate these distinctive nucleosomal patterns. Consistent with this, 

these characteristics can be induced on in vitro assembled templates the addition of 

cell extract and ATP (Zhang et al., 2011). Nucleosome depleted regions have been 

shown to have clear effects on the expression of associated genes. Increasing the 

poly(dA:dT) track length causes a progressive increase in reporter gene expression 

levels by reducing the probability of a nucleosome occupying the transcription factor 

binding site (Raveh-Sadka et al., 2012). 
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The extent to which DNA sequence alone influences nucleosome positioning has 

also been investigated. When sequences from other yeast species (K. lactis, 

K. waltii, and D. hansenii) were introduced on artificial chromosomes into S. 

cerevisiae the nucleosome depleted regions at promoters associated with 

poly(dA:dT) tracks were largely maintained (Hughes et al., 2012). However, the 

nucleosome depleted regions associated with promoters that lack poly(dA:dT) 

tracks were not maintained to the same extent, suggesting that some promoter 

nucleosome depleted regions are maintained by transcription initiation and 

chromatin remodelling activities rather than innate DNA sequence features (Hughes 

et al., 2012). Additional nucleosome depleted regions were also observed within 

coding regions that happened to contain sequences that defined transcription factor 

binding sites in S. cerevisiae. Moreover, the phased nucleosomes downstream of 

the +1 nucleosomes of genes exhibited spacing that was indicative of the normal 

nucleosome spacing observed in the host S. cerevisiae rather than that normally 

observed in the donor species. A comparison of nucleosome positioning in 

Hemiascomycota yeasts also found support for genetically determined nucleosome 

depleted regions defined by poy(dA:dT) tracks, but also identified nucleosome 

depleted regions that are dependent on binding sites for chromatin remodelling 

activities (Tsankov et al., 2010). In contrast, the promoter regions of S. pombe 

(fission yeast) have been shown to be not enriched for poly(dA:dT) tracks and 

models trained on S. cerevisiae and S. pombe promoter sequences perform poorly 

at cross species predictions (Lantermann et al., 2010). In Ascomycota fungi 

poly(dG) tracks have also been shown to be unfavourable for nucleosome 

occupancy, a pattern that was also observed in vitro (Tsankov et al., 2011). The 

prevalence of poly(dG) and poly(dA:dT) tracks was at least partially related to the 

nucleotide composition of the genomes of different species analyses.  

 

Transcription may play an additional role in nucleosome positioning in vivo since the 

location of the +1 nucleosome is strongly correlated with the transcription start site 

of genes (Zhang et al., 2009). When nucleosome positioning was examined on DNA 

sequences from other yeasts in S. cerevisiae (see above) the position of the +1 

nucleosome differed from its position in the donor species in a manner that was 

highly correlated with changes in the positions of transcription start sites (Hughes et 

al., 2012). Transcriptionally regulated S. cerevisiae genes that have multiple levels 

of transcription also display multiple stable phased configurations with differing 
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nucleosome densities that potentially reflect changes in transcriptional activity 

(Vaillant et al., 2010). The 5’ ends of genes with variable transcription levels and 

with multiple nucleosome configurations have also been found to be associated with 

less H2A.Z, a histone H2A variant. This lack of H2A.Z may reflect the fact that these 

nucleosomes containing H2A.Z are more stable and highly positioned to phase 

downstream nucleosomes. Higher transcription rates have also been correlated with 

more densely phased nucleosome arrays over corresponding genes 

 

As mentioned above, the positioning of CENP-A nucleosomes may be an important 

aspect of centromere organisation. Therefore, understanding the sequence features, 

factors and activities that influence nucleosome positioning should provide 

additional insight into centromere organisation. 

 

1.6 Replication proteins and centromeres 

 Replication origins  

Cells face the challenge of replicating their genetic material once per cell cycle. DNA 

synthesis is nucleated at replication origins. Hundreds to thousands of replication 

origins are found throughout eukaryotic genomes. It was initially observed in S. 

cerevisiae that small DNA sequences were able to initiate DNA synthesis on an 

ectopic plasmid and these were termed autonomously replicated sequences (ARS 

elements). In agreement with this, S. cerevisiae replication origin identity is 

determined in a partially sequence dependent manner with the 11-bp ARS 

consensus sequence (ACS) and less conserved B elements being present at all 

origins of replication (Chang et al., 2011; Eaton et al., 2010; Rehman et al., 2006; 

Xu et al., 2006). The origin recognition complex (ORC) binds to origins of replication 

and has subsequently been used to identify origins more directly genome-wide. 

ORC recruits other replication proteins (see below) to origins in order to license 

origins to fire during S phase (Figure 1.15; Aladjem, 2007). This results in the 

synthesis of DNA by bidirectional replication forks, originating from origins, that 

progress along the chromosome until meeting another fork or a chromosome end. 

ORC based genome-wide replication origin maps show that S. cerevisiae origins are 

preferentially located in intergenic regions (Wyrick et al., 2001; Xu et al., 2006). ACS 

elements are present at locations that do not form replication origins and therefore 

other features must also contribute to origin identity (W. Xu et al., 2006). One 

possible additional feature is the presence of a nucleosome depleted region, which 
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is found at known replication origins but not at non-origin ACS elements (Eaton et 

al., 2010). The nucleosomes that flank active replication origins have been shown to 

be highly positioned by the binding of ORC and Abf1 (Lipford and Bell, 2001).  

 

As with centromeres, it was assumed that the identification of S. cerevisiae 

replication origins would facilitate the identification of replication origins in other 

species based on similar sequence features. However, again as with centromeres, 

identifying sequences that specify replication origins in other species turned out to 

be far more complicated than just searching for homologous sequences features. It 

turned out that S. pombe replication origins are AT-rich but lack other more specific 

DNA sequence features (Houchens et al., 2008; Kong and DePamphilis, 2001, 

2002; Lee et al., 2001; Segurado et al., 2003). Mammalian replication origins initially 

evaded stringent characterisation since mammalian replication origins do not exhibit 

ARS activity on extrachromosomal plasmids (Schaarschmidt et al., 2004). However, 

the mapping of ORC localisation in genome-wide studies has shed light on the 

sequence features underlying replication origin identity in mammals as well as 

Drosophila. Such analyses show that origins are associated with AT-rich sequences 

in both mammals and Drosophila (Cadoret et al., 2008; Delgado et al., 1998; Eaton 

et al., 2011; Gómez and Antequera, 2008; Liu et al., 2012; MacAlpine et al., 2004; 

Prioleau et al., 2003; Sequeira-Mendes et al., 2009). In support of this, it was found 

that human ORC preferentially binds to non-specific AT-rich DNA in vitro (Vashee et 

al., 2003). However, further analyses revealed that an asymmetric G-rich motif was 

the primary sequence feature associated with human and Drosophila replication 

origin identity (Cayrou et al., 2011). Replication origins are preferentially located 

near transcribed genes in mammals and Drosophila and are associated with CpG 

islands and CpG-like regions, respectively (Cadoret et al., 2008; Cayrou et al., 2011; 

Delgado et al., 1998; Gómez and Antequera, 2008; Ladenburger et al., 2002; 

Sequeira-Mendes et al., 2009). These analyses indicated that replication origin 

identity is quite distinct in fission yeast and mammals, but it is possible that there are 

some underlying mechanistic similarities between fission yeast and metazoan 

replication origins. In mouse cells CG-rich sequences have been shown to exclude 

nucleosomes and thus nucleosome exclusion may be one important and conserved 

feature involved in origin identity (Fenouil et al., 2012). Indeed, it has been proposed 

that the property of nucleosome exclusion, rather than specific sequence features, is 
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the primary determinant of origin identity and allows ORC binding to origin DNA (Xu 

et al., 2012).  

 

Replication proteins 

In contrast to the varying sequence features found at replication origins, the proteins 

involved in recognising replication origins are highly conserved among eukaryotes. 

ORC is a widely conserved six-subunit complex, consisting of Orc1-6, that binds to 

DNA at replication origins (Dhar and Dutta, 2000; Duncker et al., 2009; Foss et al., 

1993; Grallert and Nurse, 1996; Kong et al., 2003; McNairn et al., 2005; 

Zisimopoulou et al., 1998). ORC binds to DNA in nucleosome depleted regions and 

generates a nuclease resistant footprint of ~130 bp in Drosophila (MacAlpine et al., 

2010; Remus et al., 2004). Similarly, AFM measurements of fission yeast ORC 

showed that it wraps ~140 bp of DNA (Gaczynska et al., 2004). S. pombe ORC is 

recruited to AT-rich DNA due to the nine AT-hooks of Orc4 that preferential bind 

asymmetric AT-rich DNA stretches (Chuang and Kelly, 1999; Kong and 

DePamphilis, 2001; Lee et al., 2001). The presence of AT-hooks domains in the 

Orc4 protein is restricted to all fission yeast species despite the wide conservation of 

Orc4 itself (Chuang and Kelly, 1999; Lee et al., 2001; Mojardín et al., 2013). The 

presence of AT-hooks is therefore likely be related to the general AT-rich DNA 

sequence content found at fission yeast origins. Apart form Orc4, the Orc2 subunit 

in S. cerevisiae and the fission yeast Schizosaccharomyces japonicus contains AT-

hook domains, although their functional significance has not been explored (J. Xu et 

al., 2012). None of the human ORC subunits contain AT-hook domains, but human 

ORC has been shown to interacts with the AT-hook containing protein HMGA1a and 

may localize to some sequences through this interaction (Thomae et al., 2008, 

2011). However, the importance of HMGA1a and its AT-hook domain for recruiting 

ORC is now unclear given that asymmetric G-rich motifs appear to determine origin 

identity in mammals and Drosophila.  

 

ORC binding defines the location of replication origins, but other proteins must be 

recruited to license origins in order to initiate DNA synthesis upon entry into S phase. 

During G1 ORC recruits Cdc6/18 and Cdt1 and subsequently the minichromosome 

maintenance (MCM) complex is recruited to origins, where it forms a ring structure 

around the DNA at each side of an origin (Asano et al., 2007; Chen et al., 2007; 

Donovan et al., 1997; Hua and Newport, 1998; Kawasaki et al., 2006; Kearsey et al., 
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2000; Matsunaga et al., 2001; Prokhorova and Blow, 2000; Remus et al., 2009; 

Takahashi et al., 2003; Takara and Bell, 2011; Tsakraklides and Bell, 2010; 

Tsuyama et al., 2005; Weinreich et al., 1999). The MCM helicases are part of a 

highly conserved family of AAA+ ATPases, each possessing an MCM box, and 

together form a six-subunit helicase complex consisting of Mcm2-7 (Iyer et al.; 

Neuwald et al., 1999). All components of the MCM complex are required to form 

licensed replication origins and initiate DNA synthesis (Labib et al., 2000, 2001; 

Schwacha and Bell, 2001). MCM loading licenses origins for replication, meaning 

that origins are capable of firing a single time during S phase, and reflects the 

formation of a pre-replicative complex (Pre-RC). Restricting origin licensing to G1 

prevents re-licensing and origin firing and thus restricts origin firing to only once 

during S phase. MCM is loaded onto chromatin throughout G1 in excess relative to 

the number of ORC complexes present in Xenopus early embryo and higher levels 

of Cdc45 bound to the MCM complex correlate positively with origin strength 

(Edwards et al., 2002a). In Xenopus and humans MCM is not restricted to origins, 

but instead MCM can be observed broadly distributed throughout chromatin 

(Edwards et al., 2002b; Harvey and Newport, 2003; Ritzi, 1998). The reason for this 

excess loading of MCM proteins is not known, but experiments with Drosophila 

suggest that MCM may be repositioned by transcription in order to form dormant 

replication origins that may only fire under conditions of replicative stress (Powell et 

al., 2015). Other processes can also affect origin licensing and ultimately determine 

what subset of origins fires during S phase. Shifting the positioned flanking 

nucleosomes away from S. cerevisiae replication origins can prevent origin licensing 

even though ORC remains bound to DNA (Lipford & Bell, 2001). Related to the 

chromatin context of origins is the finding that following transcription across an origin 

replication proteins dissociate and it is necessary to reload replication proteins to 

relicense the origin (Lõoke et al., 2010).  

 

Upon entry into S phase the kinases Cdc7, Cdc2/Cdk2 and the initiation factor 

Cdc45 are recruited to origins to trigger DNA synthesis (Tanaka and Araki, 2010). 

Only a subset of origins fire in any given cell cycle and different origins have 

different probabilities of firing, which may depend on levels of MCM loaded at 

individual origins (Grishina and Lattes, 2005; Jares and Blow, 2000; Jares et al., 

2004; Lei and Tye, 2001; Pasero et al., 1999; Patel et al., 2008; Yang et al., 2010). 

There are also dormant origins present in the genome that do not fire under normal 
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conditions but can fire following replicative stress (Courbet et al., 2008; Ge et al., 

2007; Schultz et al., 2010; Woodward et al., 2006). To ensure that the genome is 

only replicated a single time it is necessary to prevent origins from firing again 

during S phase. Additional rounds of replication in a single S phase are prevented 

by the accumulation of Cdc2 and the releasing of MCM and Cdc6/18 from origins, 

thereby preventing them from being relicensed in that S phase (Hua et al., 1997; 

Kuipers et al., 2011).  

 

Replication Timing 

Certain regions in the genome have characteristic timing of DNA replication during S 

phase. In particular, centromeres and heterochromatic domains generally show 

distinct replication timing. In S. cerevisiae (McCarroll and Fangman, 1988), fission 

yeast (Hayashi et al., 2009), and C. albicans (Koren et al., 2010) replication of 

centromere DNA occurs early in S phase. In S. cerevisiae Sld3-Sld7 loading by 

DDK is responsible for the early replication of centromeres (Natsume et al., 2013). 

This timing potentially has functional importance as neocentromeres at ectopic loci 

in C. albicans (Koren et al., 2010) and centromeres located at ectopic locations in 

budding yeast (Pohl et al., 2012) replicate early, even though these regions would 

normally replicate later during S phase. Neocentromere formation in C. albicans 

also leads to ORC recruitment, further suggesting that replication timing is 

functionally important (Koren et al., 2010). Early replication of S. pombe 

centromeres depends on origins present within the heterochromatic outer-repeats 

that require Swi6 for their very early replication activity (Kim et al., 2003; Li et al., 

2011). ORC has also been detected in the S. pombe central domains but this region 

is replicated passively by replication forks originating from the flanking outer repeats 

(Hayashi et al., 2007; Kim et al., 2003; Segurado et al., 2003). In other species 

centromeres also display specificity in timing of centromere replication, but the 

timing itself differs from that of the species discussed. In chickens (Shang et al., 

2013), Drosophila (Sullivan and Karpen, 2001), and humans (Ten Hagen et al., 

1990; Hultdin, 2001) centromeres replicate during mid to late S phase and chicken 

neocentromeres shift their replication timing to that of canonical centromeres 

(Shang et al., 2013).  
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Replication protein function outside of DNA replication 

Replication proteins, such as ORC subunits, can also function in processes outside 

of replication. A well-known example of this is the role that S. cerevisiae ORC plays 

in silencing of the mating type loci. The mechanism of budding yeast 

heterochromatin formation differs greatly from that of mammals and fission yeast 

since it lacks RNAi, H3K9 methylation, and HP1 orthologs (Harrison 2009). 

Silencing of the S. cerevisiae cryptic mating type loci (HML ad HMR) and at 

telomeres is mediated by the silent information regulator (Sir) proteins, Sir1-4 

(Figure 1.16A; Hickman et al., 2011). The E and I silencers at the cryptic mating 

type loci contain ARS elements that provide binding sites for ORC. In this context 

ORC acts as a platform to recruit the Sir proteins via an interaction between the 

Orc1 BAH domain and the Sir1 ORC interacting region (Gardner et al., 1999; Hou et 

al., 2005; Triolo and Sternglanz, 1996; Zhang et al., 2002). Sir1, along with the DNA 

binding proteins Rap1 and Abf1, recruit Sir2, Sir3 and Sir4 to the silencing elements 

(Gasser and Cockell, 2001; Moretti and Shore, 2001; Triolo and Sternglanz, 1996). 

The Sir2 HDAC deacetylates H4K16, thereby allowing the Sir complex to spread 

along chromatin using the binding of Sir3 to deacetlyated H4 (Rusché et al., 2002; 

Tanny et al., 1999; Yang et al., 2008). The silencing pathways are partially 

redundant as silencing can also be achieved by the SUM1 complex and ORC 

(Sutton et al., 2001). Thus ORC is required to recruit silencing proteins to HML and 

HMR in S. cerevisiae independently of its role in replication.  

 

ORC is also directly involved in forming silent chromatin at the cryptic mating type 

loci in other yeasts. The phylogenetic branch of the budding yeasts leading to S. 

cerevisiae contains a whole genome duplication and therefore the Sir proteins have 

paralogs in some budding yeast species (Figure 1.16B; Hickman et al., 2011). Sir1 

paralogs have undergone expansions and contractions and the number of Sir1 

paralogs present in different related species varies, with no gene encoding Sir1 

being present in C. glabrata and Kluyveromycis lactis (Gallagher et al., 2009). The 

Sir1 paralogs, termed kin of Sir1 (Kos; Kos1 to Kos4), are found in S. paradoxus, S. 

mikatae, S. kudriavzevii, S. bayanus, and S. castellii (Gallagher et al., 2009). The 

Kos proteins appear to have a conserved function in silencing since all S. bayanus 

Kos proteins localise to mating type locus silencers (Gallagher et al., 2009). In these 

species Hst1, a paralog of Sir2, provides the deacetylase function. Hst1 is part of 

the SUM1 complex that is involved in silencing (Sutton et al., 2001). Intriguingly, 
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Orc1 is a paralog of Sir3 and, in fact, Orc1 in these species is more similar to the 

ancestral Orc1/Sir3 protein (Kellis et al., 2004). Thus, S. cerevisiae Sir3 may have 

been adapted from ancestral Orc1/Sir3 for a specialised role in silencing. 

Experiments in K. lactis support this view since, although it lacks Sir3, it utilises 

Orc1, along with other Sir proteins, to form silent chromatin at the mating type loci 

and telomeres (Hickman and Rusche, 2010).  

 

Related to this, ORC also functions in heterochromatin structure in mammals and 

Drosophila. The localisation of ORC and the heterochromatic protein HP1 to 

heterochromatic foci are inter-dependent in both human and Drosophila cells (Auth 

et al., 2006; Badugu et al., 2005; Pak et al., 1997; Prasanth et al., 2010; Shareef et 

al., 2001, 2003). ORC is required for heterochromatin integrity and proper sister-

chromatin cohesion and defective ORC or HP1 localisation leads to chromosome 

segregation defects (Auth et al., 2006; Badugu et al., 2005; Pak et al., 1997; 

Prasanth et al., 2010; Shareef et al., 2001, 2003). The inter-dependence of 

Drosophila ORC and HP1 is due to their direct interaction and both proteins also 

interact with HOAP (HP1/ORC associated protein) to prevent chromosome fusions 

and maintain telomere structure (Badugu et al., 2003; Cenci et al., 2003; Pak et al., 

1997; Prasanth et al., 2004, 2010; Shareef et al., 2001). Moreover, the mammalian 

pre-replication complex component known as ORCA (Origin Recognition Complex-

Associated) is required to maintain proper levels of H3K9 methylation at 

heterochromatic loci (Giri et al., 2015). Such observations stress the fact that ORC 

and associated proteins can influence the state nearby chromatin independently of 

its role in replication.  

 

The alternative functions of ORC make it an interesting candidate for further study in 

S. pombe. In particular, no known function has been ascribed to the ORC that has 

been shown to associate with the central domains of fission yeast centromeres. This 

is particularly intriguing since replication is not initiation from these centromeric ORC 

bound sites during S phase (Kim et al., 2003; Smith et al., 1995). Since ORC has 

been shown to influence nucleosome phasing and chromatin structure it is possible 

that this centromeric ORC plays a role in centromere architecture or determining 

centromere identity. 
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1.7 Aims of this thesis 

The above discussion summarises the general mechanisms that contribute to 

chromatin organisation and centromere identity. Some of these mechanisms are not 

fully understood. This thesis seeks to investigate the evolution and organisation of 

sequence features within fission yeast centromeres and how they relate to DNA 

replication, nucleosome positioning, and kinetochore interactions. 

 

Chapter 3: Conservation of sequence features that position CENP-ACnp1 in fission 

yeasts.  

Regional centromeres with epigenetically determined centromere identity are 

paradoxically associated with particular sequences. Unlike in vertebrates and 

Drosophila, fission yeast CENP-ACnp1 is known to occupy the centromere central 

domains, which are primarily non-repetitive. The aim of this chapter was to more 

precisely map the location of CENP-ACnp1 nucleosomes relative to underlying DNA 

sequences to determine sequence features that may be important for centromere 

function and identity. CENP-ACnp1 occupied sites in S. pombe and S. octosporus 

were mapped at centromeres, as well as at S. pombe neocentromeres. The 

analyses presented show that CENP-ACnp1 occupied sites are highly positioned by 

large asymmetric AT-rich gaps at centromeres of both species, indicating that this 

may be a conserved feature of fission yeast centromeres. In contrast, CENP-ACnp1 

occupied sites are not strongly positioned by sequence features at neocentromeres, 

indicating that the AT-rich gaps are a part of optimal centromere organisation but 

are dispensable for centromere function. In particular, the identified gaps are 

potential binding sites for the origin recognition complex (ORC). 

 

Chapter 4: Analysis of CENP-ACnp1 distribution following CENP-ACnp1 over-

expression.  

The analyses presented in chapter 3 reveal that CENP-ACnp1 occupancy at fission 

yeast centromeres is highly related to underlying sequence features. When CENP-A 

is overexpressed in fission yeast it is known to accumulate at additional locations. 

The aim of this chapter was to determine if these additional locations are associated 

with particular sequence or other features and whether these sequences are related 

to those identified at centromeres. Therefore, we investigated whether sequence 

features may play a role in ectopic CENP-ACnp1 incorporation, which may be 

important for neocentromere formation and CENP-ACnp1 targeting. Chromatin 
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structure or nuclear organisation likely plays a much larger role in determining sites 

of ectopic CENP-ACnp1 incorporation, but asymmetric AT-rich sequence features 

may play a secondary role. Furthermore, CENP-ACnp1 may occupy additional sites 

within the central domains and the increased occupancy leads to changes in 

chromatin extraction that could reflect structural changes.  

 

Chapter 5: A high-resolution sequence-based map of CENP-A/kinetochore 

interactions.  

Conservation of strongly positioned CENP-ACnp1 nucleosomes in fission yeasts 

indicates that positioning may be important for optimal centromere organisation. 

This could reflect the structure of interactions between CENP-ACnp1 and the 

kinetochore or binding of a protein complex to the AT-rich DNA. The aim of this 

chapter was to investigate whether any proteins or complexes could be identified 

that make contacts with the asymmetric AT-rich DNA within the central domains and 

determine how kinetochore interactions were mediated at the highly positioned 

CENP-ACnp1 nucleosomes. The analyses presented show that no kinetochore 

protein tested makes direct or indirect contacts with the AT-rich DNA, although the 

main candidate complex, the origin recognition complex, could not be tested at this 

time. However, this data supports a model where interactions with the kinetochore 

are mediated at all highly positioned CENP-ACnp1 occupied sites, although within the 

population different sites would be occupied by CENP-ACnp1 nucleosomes in 

different cells. 
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Chapter 2: Materials and methods 
 

2.1 Growth media  

 

PMG agar (500ml):  

 Pthallic acid   1.5 g 

 Na2HPO4   1.1 g 

 L-glutamic acid  1.875 g 

 D-glucose anhydrous  10 g 

 Salts 50x   10 ml 

 Minerals 10,0000x  0.05 ml 

 Vitamins 1000x  0.5 ml 

 Agar (OCOID)   10 g 

 

PMG liquid (500ml): 

 Pthallic acid   1.5 g 

 Na2HPO4   1.1 g 

 L-glutamic acid  1.875 g 

 D-glucose anhydrous  10 g 

 Salts 50x   10 ml 

 Minerals 10,0000x  0.05 ml 

 Vitamins 1000x  0.5 ml 

 

YES agar (500ml):  

 Yeast extract   2.5 g 

 D-glucose anhydrous  15 g 

Adenine   0.1125 g 

Histidine   0.1125 g 

Leucine   0.1125 g 

Uracil    0.1125 g 

Lysine    0.1125 g 

 Agar (OXOID)   10 g 

 

YES liquid (500ml): 

 Yeast extract   2.5 g 
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 D-glucose anhydrous  15 g 

Adenine   0.1125 g 

Histidine   0.1125 g 

Leucine   0.1125 g 

Uracil    0.1125 g 

Lysine    0.1125 g 

 

Vitamins 1000x (100ml): 

 Pantothenic acid  0.5 g 

 Nicotinic acid   1 g 

 Inositol    1 g 

 Biotin    1 mg 

 

Minerals 10,000x (100ml): 

 Boric acid   5 g 

 MnSO4    4 g 

 ZnSo4    4 g 

 FeCl2 6H2O   2 g 

 Molybdic acid   1.6 g 

 CuSO4 5H2O   0.4 g 

 Citric acid   10 g 

 

Salts 50x: 

 Magnesium chloride  53.5 g 

 Calcium chloride  1 g 

 Potassium chloride  50 g 

 di-sodium sulphate  2 g 

 

Supplements: 

 Adenine 50x (Sigma)  5 g/L 

 Arginine 100x (Sigma) 10 g/L 

 Histidine 100x (Sigma) 10 g/L 

 Uracil 20x (Sigma)  2 g/L 

 Leucine 100x (Sigma)  10 g/L 
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2.2 Chromatin-Immunoprecipitation (ChIP) 

A 150 ml culture of cells was grown to a density of 1x107 cells/ml in a shaking 

incubator at 32 °C. The density of cells was determined by measuring 100 µl of cells 

diluted in 10 ml of Isoton II using a Beckman Z2 Particle Count and Size Analyzer.  

Cells were transferred to 50ml falcon tubes and fixed in a fume hood with 1% 

formaldehyde for 15 minutes. Fixation was stopped with the addition of 1/20th 

volume 2.5 M glycine. Cells were centrifuged for 2 minutes at 2500 rpm. Cells were 

washed twice with 20-40 ml PBS buffer. Cells were frozen at -80°C for further 

processing. 

 

Cells were resuspended and lysed in PEMS with zymolase-100T at a density of 0.4 

mg zymolase and 1x108 cells per ml of PEMS. Cells were incubated for 1 hour at 

37°C in a shaking incubator. Cells were centrifuged for 2 minutes. 

 

Cells were resuspended in a 1.5ml eppendorf tube in 1ml lysis buffer with the 

addition of 1% protease inhibitor and 1% 2 mM PMSF by volume. Cells were 

sonicated using a BioRuptor for 20 minutes on high. Cells were centrifuged at 4°C 

for 20 minutes at 13000 rpm and the supernatant was transferred to a new tube. 

Protein G agarose beads or Dynabeads were washed with lysis buffer twice, 

centrifuged at 4°C for 1 minute at 5000rpm or placed on a magnet between washes, 

and resuspended in their original volume. If agarose beads were used then the 

crude lysates were pre-cleared by incubation with 40ul protein G agarose beads at 

4°C for 10 minutes on a rotating wheel. 50ul of the crude lysate was taken for use 

as a control and processed directly for Proteinase K digestion with all subsequent 

steps being the same. The remaining sample was incubated with 50 ul anti-CENP-

ACnp1 serum or 7.5 ul anti-GFP antibody and 125 ul of beads overnight at 4°C on a 

rotating wheel.  

 

Samples were washed with 1 ml lysis buffer, lysis buffer with 0.5 M NaCl (incubated 

on a rotating wheel for 10 minutes at 4°C), wash buffer (incubated on a rotating 

wheel for 10 minutes at 4°C), and TE at pH8. Between washes samples were either 

centrifuged at 2000 rpm at 4°C for 1 minute or placed on a magnet and 

resuspended by inverting. Samples were resuspended in 170 ul TES with 50 ul of 

10 mg/ml proteinase K, vortexed, and incubated for 4 hours at 65°C. 
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Following incubation samples were vortexed and centrifuged or placed on a magnet. 

The supernatant was transferred to 1.3 ml buffer PB (Qiagen) in a new 2 ml 

eppendorf tube. For protein G agarose beads 100 ul TES was added to the sample, 

incubated for 5 minutes at 65°C, and transferred to the buffer PB to retrieve 

additional supernatant. Supernatant was transferred to a Qiagen PCR spin column 

750 ul at a time and centrifuged to discard the supernatant. Samples were washed 

with 750 ul or 70% ethanol, centrifuged, and the flowthrough discarded. Further 

flowthrough was removed by knocking the collection tube on a paper towel. The 

column lids were cut off and the columns were centrifuged for 4 minutes at 13000 

rpm. The spin basket was transferred to a new 1.5 ml eppendorf tube. 20 ul buffer 

EB was added to the spin basket and samples were incubated to 5 minutes. 

Samples were centrifuged for 30 seconds at 13000 rpm and frozen at -20°C.  

 

Samples were subsequently analyzed by qPCR. Control samples were diluted 5 ul 

per 495 ul H20 and ChIP samples were diluted 5ul/95ul H20. A qPCR master mix 

was prepared with 5 ul KAPA SYBR FAST Master Mix Universal 2X qPCR Master 

Mix, 0.2 ul PCR forward primer, 0.2 ul PCR reverse primer, and 2.1 ul H20 per 

sample. 3 ul of diluted sample and 7 ul of the qPCR master mix were aliquoted in 

each well in a 365 well PCR plate.  

          

Lysis Buffer: 50 mM Hepes -KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-

100, 0.1% Sodium Deoxycholate (DOC)      

Lysis buffer w/ 0.5 M NaCl: Replace 140mM NaCl w/ 500mM   

Wash Buffer:10 mM Tris-HCl, pH8, 0.25 M LiCl, 0.5% NP-40 (IGEPAL CA630) , 

0.5% Sodium deoxycholate (DOC), 1 mM EDTA   

TE: 10 mM Tris-HCl, pH8, 1 mM EDTA 

TES: TE+1% SDS 

 

2.3 Illumina library preparation 

ChIP DNA was quantified by Qubit. 1-20 ng of input DNA was blunt ended by the addition 

of 1 mM dNPTs, 1 ul blunt enzyme mix, 5 ul 10X blunting buffer, and dH20 in a total volume 

of 50 ul. Samples were incubated for 45 minutes at room temperature. DNA was purified by 

a 1.6:1 Ampure bead purification and eluted in 27.7 ul in dH20.  

 



Chapter 2:Materials and Methods  

64 

DNA was A-tailed by the addition of 3.3 ul Buffer 2 (NEB), 1 ul 10 mM dATP, and 1 ul 5000 

U/ml klenow (exo-). DNA was incubated on hot blocks at 37°C for 30 minutes, 75°C for 5 

minutes to heat inactivate the enzyme, and 5 minutes on ice. DNA was immediately 

processed for adapter ligation. Adapters were ligated by the addition of 35 ul 2x Rapid DNA 

ligation buffer, 0.5 mM internally barcoded NEXTFLEX adaptors, and 1 ul quick T4 DNA 

ligase. DNA was incubated for 15 minutes at room temperature and purified via a 1:1 

Ampure bead purification. DNA was eluted in 20 ul dH20. 

 

DNA was amplified by PCR to obtain libraries for sequencing by the addition of 10 ul 

sample DNA, 1 ul 10 mM dNTPs, 10 ul 5x Phusion HF buffer, 1 ul PCR primer mix, 1.5 ul 

DMSO, 0.5 ul Phusion polymerase, and dH20 to a total volume of 50 ul. DNA was 

denatured at 98°C for 30 seconds and amplified by 16 cycles of denaturing at 98°C for 10 

seconds, primer annealing at 65°C for 30 seconds, and extension at 72°C for 30 seconds, 

followed by a final extension at 72°C for 5 minutes. DNA was purified and size selected with 

a 0.7:1 Ampure bead purification with 1:1 Ampure bead cleanup and an additional 1:1 

Ampure bead purification. Libraries were eluted in 20 ul. DNA concentration was measured 

by Qubit and library quality was assessed using a Bioanalyzer. Libraries were sent to Ark 

Genomics, Edinburgh for 100 bp paired end sequencing on a HiSeq2000. 

 

Blunting Buffer: 100 mM Tris-HCl, 50 mM NaCl, 10 mM MgCl2, 0.025% Triton X-100, 5 mM 

dithiothreitol, pH 7.5 at 25°C 

Blunt Enymze mix: T4 DNA polymerase, T4 Polynucleotide Kinase, 100 mM KCl, 10 mM 

Tris-HCl (pH 7.4), 0.1 mM EDTA, 1 mM dithiothreitol, 0.1% Triton X-100 and 50% Glycerol 

Quick Ligation Reaction Buffer: 66mM Tris-HCl, 10 mM MgCl2, 1mM Dithiothreitol, 1 

mM ATP, 7.5% Polyethylene glycol (PEG6000), pH 7.6 @ 25°C 

 

2.4 General data analysis 

Sequencing quality was assessed using FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were mapped to 

the S. pombe genome (S. pombe 972h- assembly ef2, 2007) using bowtie2 

(Langmead and Salzberg, 2012; Langmead et al., 2009). Read pairs that mapped 

concordantly with a fragment size less than 250 bp were output to a file in SAM 

format (Li et al., 2009). Multiple maximum fragment sizes were tested but values 

ranging from 150 to 300 bp had minimal affect on the results since fragment sizes 
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were relatively tightly distributed around 150 bp. Mapped pairs were converted to 

BAM file format and sorted using SAMtools (Li et al., 2009). Peak calling and WIG 

format file generation was performed using MACS (Zhang et al., 2008b), keeping all 

duplicate fragments. The tight size selection and high enrichment over a small 

domain in some samples results in duplicate reads that are most likely not due to 

PCR artefacts. In agreement with this, FastQC finds no over-represented 

sequences and instead indicates that many read pairs are present more than once, 

which is consistent with very high enrichment of centromeres, and duplicate reads 

are observed primarily for samples with very high centromeric enrichment. 

Subpeaks were called using PeakSplitter with a valley depth cutoff of 0.6 

(http://www.ebi.ac.uk/bertone/software/PeakSplitter_Cpp_usage.txt).  

 

Subsequent general analyses were done using custom scripts I wrote in R (Team, 

2013). Fragment coverage was calculated at per base resolution, normalised 

relative to millions of read pairs mapping, and the IP/IN ratio was calculated. Local 

AT-content was calculated genome-wide, at peaks, and at gaps at per-base 

resolution using a 147 bp sliding window using rollapply {zoo} 

(http://svitsrv25.epfl.ch/R-doc/library/zoo/html/rollapply.html). 2D density histograms 

were made using his2d {gplots} (http://svitsrv25.epfl.ch/R-

doc/library/gplots/html/hist2d.html) and scatter plots were made using 

scatter.smooth {stats} (https://stat.ethz.ch/R-manual/R-

patched/library/stats/html/scatter.smooth.html). Coverage bias due to AT-content 

was calculated at 10,000 random sites at the central domain and genome-wide for 

coverage of the IP, IN, and IP/IN ratio. Enrichment peaks were defined as +/-73 bp 

from the peak of enrichment and gaps were defined as regions outside these peak 

boundaries. Genome-wide S. pombe nucleosome occupancy prediction probabilities 

were downloaded from the Segal lab 

(http://genie.weizmann.ac.il/software/nucleo_genomes.html). Fragment coverage 

was plotted across the chromosomes and at regions of interest along with a track of 

annotated features downloaded from PomBase (Wood et al., 2012). 

 

2.5 Analysis of CENP-ACnp1 over-expression 

Analyses were done using a custom script I wrote in R. Per base coverage scaled to 

the mapped reads per million was averaged between replicates for the IP and IN of 

CENP-ACnp1 over-expression (OE) and CENP-ACnp1 wild-type (WT) expression.  
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To measure changes in chromatin structure and extraction bias following CENP-

ACnp1 OE a test statistic 

𝑹𝑰𝑵 =
𝑪𝒐𝒗𝒆𝒓𝒂𝒈𝒆(𝑶𝑬𝑰𝑵)
𝑪𝒐𝒗𝒆𝒓𝒂𝒈𝒆(𝑾𝑻𝑰𝑵)

 

was calculated as the ratio between OE an WT IN coverage. To measure ectopic 

incorporation a test statistic 

𝑹𝑰𝑷 =
𝑪𝒐𝒗𝒆𝒓𝒂𝒈𝒆(𝑶𝑬𝑰𝑷)
𝑪𝒐𝒗𝒆𝒓𝒂𝒈𝒆(𝑾𝑻𝑰𝑷)

 

was calculated as the ratio between OE an WT IP coverage. The 1% highest and 

lowest RIN values were used to set p-value significance thresholds for determining 

statistically significant higher and lower coverage following CENP-ACnp1 OE, 

respectively. These p-value thresholds were applied to the RIP values to determine 

regions of ectopic CENP-ACnp1 incorporation. 

 

The number of significant sites and the median RIP value was calculated was 

calculated for 1 kb and 10 kb windows across the genome to search for regions of 

ectopic CENP-ACnp1 incorporation. RIP and RIN values were plotted across 

chromosomes and at regions of interest along with a track of annotated features 

downloaded from PomBase (Wood et al., 2012). Violin plots were made using 

vioplot {vioplot} (http://cran.r-project.org/web/packages/vioplot/). 

 

2.6 Analysis comparing kinetochore ChIP-Seq samples 

Analyses were done using a custom script I wrote in R. Per base coverage scaled to 

the number of millions of reads mapping was determined for the IP, IN, and IP/IN 

ratio for all ChIP-Seq data sets. Pairwise correlations were done using the pairs 

{graphics} (http://stat.ethz.ch/R-manual/R-devel/library/graphics/html/pairs.html) 

function. Pairwise comparisons were calculated for 10,000 random sites within the 

central domains and genome-wide between all data sets using a non-parametric 

Kendall tau rank correlation coefficient. The number of peaks shared between data 

sets was calculated with a maximum distance between shared peaks ranging from 0 

bp to 100 bp by intervals of 5 bp and visualised using venn {gplots] 

(http://svitsrv25.epfl.ch/R-doc/library/gplots/html/venn.html).  
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2.7 Nextflex barcodes: 

Adapter Index Sequence Barcode Sequence 

HT Adapter 1 AACGTGATATCTCGTATGCCGTCTTCTGCTTG AACGTGAT 

HT Adapter 2 AAACATCGATCTCGTATGCCGTCTTCTGCTTG AAACATCG 

HT Adapter 3 ATGCCTAAATCTCGTATGCCGTCTTCTGCTTG ATGCCTAA 

HT Adapter 4 AGTGGTCAATCTCGTATGCCGTCTTCTGCTTG AGTGGTCA 

HT Adapter 5 ACCACTGTATCTCGTATGCCGTCTTCTGCTTG ACCACTGT 

HT Adapter 6 ACATTGGCATCTCGTATGCCGTCTTCTGCTTG ACATTGGC 

HT Adapter 7 CAGATCTGATCTCGTATGCCGTCTTCTGCTTG CAGATCTG 

HT Adapter 8 CATCAAGTATCTCGTATGCCGTCTTCTGCTTG CATCAAGT 

HT Adapter 9 CGCTGATCATCTCGTATGCCGTCTTCTGCTTG CGCTGATC 

HT Adapter 10 ACAAGCTAATCTCGTATGCCGTCTTCTGCTTG ACAAGCTA 

HT Adapter 11 CTGTAGCCATCTCGTATGCCGTCTTCTGCTTG CTGTAGCC 

HT Adapter 12 AGTACAAGATCTCGTATGCCGTCTTCTGCTTG AGTACAAG 

HT Adapter 13 AACAACCAATCTCGTATGCCGTCTTCTGCTTG AACAACCA 

HT Adapter 14 AACCGAGAATCTCGTATGCCGTCTTCTGCTTG AACCGAGA 

HT Adapter 15 AACGCTTAATCTCGTATGCCGTCTTCTGCTTG AACGCTTA 

HT Adapter 16 AAGACGGAATCTCGTATGCCGTCTTCTGCTTG AAGACGGA 

HT Adapter 17 AAGGTACAATCTCGTATGCCGTCTTCTGCTTG AAGGTACA 

HT Adapter 18 ACACAGAAATCTCGTATGCCGTCTTCTGCTTG ACACAGAA 

HT Adapter 19 ACAGCAGAATCTCGTATGCCGTCTTCTGCTTG ACAGCAGA 

HT Adapter 20 ACCTCCAAATCTCGTATGCCGTCTTCTGCTTG ACCTCCAA 

HT Adapter 21 ACGCTCGAATCTCGTATGCCGTCTTCTGCTTG ACGCTCGA 

HT Adapter 22 ACGTATCAATCTCGTATGCCGTCTTCTGCTTG ACGTATCA 

HT Adapter 23 ACTATGCAATCTCGTATGCCGTCTTCTGCTTG ACTATGCA 

HT Adapter 24 AGAGTCAAATCTCGTATGCCGTCTTCTGCTTG AGAGTCAA 

HT Adapter 25 AGATCGCAATCTCGTATGCCGTCTTCTGCTTG AGATCGCA 

HT Adapter 26 AGCAGGAAATCTCGTATGCCGTCTTCTGCTTG AGCAGGAA 

HT Adapter 27 AGTCACTAATCTCGTATGCCGTCTTCTGCTTG AGTCACTA 

HT Adapter 28 ATCCTGTAATCTCGTATGCCGTCTTCTGCTTG ATCCTGTA 

HT Adapter 29 ATTGAGGAATCTCGTATGCCGTCTTCTGCTTG ATTGAGGA 

HT Adapter 30 CAACCACAATCTCGTATGCCGTCTTCTGCTTG CAACCACA 

HT Adapter 31 CAAGACTAATCTCGTATGCCGTCTTCTGCTTG GACTAGTA 

HT Adapter 32 CAATGGAAATCTCGTATGCCGTCTTCTGCTTG CAATGGAA 
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HT Adapter 33 CACTTCGAATCTCGTATGCCGTCTTCTGCTTG CACTTCGA 

HT Adapter 34 CAGCGTTAATCTCGTATGCCGTCTTCTGCTTG CAGCGTTA 

HT Adapter 35 CATACCAAATCTCGTATGCCGTCTTCTGCTTG CATACCAA 

HT Adapter 36 CCAGTTCAATCTCGTATGCCGTCTTCTGCTTG CCAGTTCA 

HT Adapter 37 CCGAAGTAATCTCGTATGCCGTCTTCTGCTTG CCGAAGTA 

HT Adapter 38 CCGTGAGAATCTCGTATGCCGTCTTCTGCTTG CCGTGAGA 

HT Adapter 39 CCTCCTGAATCTCGTATGCCGTCTTCTGCTTG CCTCCTGA 

HT Adapter 40 CGAACTTAATCTCGTATGCCGTCTTCTGCTTG CGAACTTA 

HT Adapter 41 CGACTGGAATCTCGTATGCCGTCTTCTGCTTG CGACTGGA 

HT Adapter 42 CGCATACAATCTCGTATGCCGTCTTCTGCTTG CGCATACA 

HT Adapter 43 CTCAATGAATCTCGTATGCCGTCTTCTGCTTG CTCAATGA 

HT Adapter 44 CTGAGCCAATCTCGTATGCCGTCTTCTGCTTG CTGAGCCA 

HT Adapter 45 CTGGCATAATCTCGTATGCCGTCTTCTGCTTG CTGGCATA 

HT Adapter 46 GAATCTGAATCTCGTATGCCGTCTTCTGCTTG GAATCTGA 

HT Adapter 47 GACTAGTAATCTCGTATGCCGTCTTCTGCTTG CAAGACTA 

HT Adapter 48 GAGCTGAAATCTCGTATGCCGTCTTCTGCTTG GAGCTGAA 

HT Adapter 49 GATAGACAATCTCGTATGCCGTCTTCTGCTTG GATAGACA 

HT Adapter 50 GCCACATAATCTCGTATGCCGTCTTCTGCTTG GCCACATA 

HT Adapter 51 GCGAGTAAATCTCGTATGCCGTCTTCTGCTTG GCGAGTAA 

HT Adapter 52 GCTAACGAATCTCGTATGCCGTCTTCTGCTTG GCTAACGA 

HT Adapter 53 GCTCGGTAATCTCGTATGCCGTCTTCTGCTTG GCTCGGTA 

HT Adapter 54 GGAGAACAATCTCGTATGCCGTCTTCTGCTTG GGAGAACA 

HT Adapter 55 GGTGCGAAATCTCGTATGCCGTCTTCTGCTTG GGTGCGAA 

HT Adapter 56 GTACGCAAATCTCGTATGCCGTCTTCTGCTTG GTACGCAA 

HT Adapter 57 GTCGTAGAATCTCGTATGCCGTCTTCTGCTTG GTCGTAGA 

HT Adapter 58 GTCTGTCAATCTCGTATGCCGTCTTCTGCTTG GTCTGTCA 

HT Adapter 59 GTGTTCTAATCTCGTATGCCGTCTTCTGCTTG GTGTTCTA 

HT Adapter 60 TAGGATGAATCTCGTATGCCGTCTTCTGCTTG TAGGATGA 

HT Adapter 61 TATCAGCAATCTCGTATGCCGTCTTCTGCTTG TATCAGCA 

HT Adapter 62 TCCGTCTAATCTCGTATGCCGTCTTCTGCTTG TCCGTCTA 

HT Adapter 63 TCTTCACAATCTCGTATGCCGTCTTCTGCTTG TCTTCACA 

HT Adapter 64 TGAAGAGAATCTCGTATGCCGTCTTCTGCTTG TGAAGAGA 

HT Adapter 65 TGGAACAAATCTCGTATGCCGTCTTCTGCTTG TGGAACAA 

HT Adapter 66 TGGCTTCAATCTCGTATGCCGTCTTCTGCTTG TGGCTTCA 
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HT Adapter 67 TGGTGGTAATCTCGTATGCCGTCTTCTGCTTG TGGTGGTA 

HT Adapter 68 TTCACGCAATCTCGTATGCCGTCTTCTGCTTG TTCACGCA 

HT Adapter 69 AACTCACCATCTCGTATGCCGTCTTCTGCTTG AACTCACC 

HT Adapter 70 AAGAGATCATCTCGTATGCCGTCTTCTGCTTG AAGAGATC 

HT Adapter 71 AAGGACACATCTCGTATGCCGTCTTCTGCTTG AAGGACAC 

HT Adapter 72 AATCCGTCATCTCGTATGCCGTCTTCTGCTTG AATCCGTC 

HT Adapter 73 AATGTTGCATCTCGTATGCCGTCTTCTGCTTG AATGTTGC 

HT Adapter 74 ACACGACCATCTCGTATGCCGTCTTCTGCTTG ACACGACC 

HT Adapter 75 ACAGATTCATCTCGTATGCCGTCTTCTGCTTG ACAGATTC 

HT Adapter 76 AGATGTACATCTCGTATGCCGTCTTCTGCTTG AGATGTAC 

HT Adapter 77 AGCACCTCATCTCGTATGCCGTCTTCTGCTTG AGCACCTC 

HT Adapter 78 AGCCATGCATCTCGTATGCCGTCTTCTGCTTG AGCCATGC 

HT Adapter 79 AGGCTAACATCTCGTATGCCGTCTTCTGCTTG AGGCTAAC 

HT Adapter 80 ATAGCGACATCTCGTATGCCGTCTTCTGCTTG ATAGCGAC 

HT Adapter 81 ATCATTCCATCTCGTATGCCGTCTTCTGCTTG ATCATTCC 

HT Adapter 82 ATTGGCTCATCTCGTATGCCGTCTTCTGCTTG ATTGGCTC 

HT Adapter 83 CAAGGAGCATCTCGTATGCCGTCTTCTGCTTG CAAGGAGC 

HT Adapter 84 CACCTTACATCTCGTATGCCGTCTTCTGCTTG CACCTTAC 

HT Adapter 85 CCATCCTCATCTCGTATGCCGTCTTCTGCTTG CCATCCTC 

HT Adapter 86 CCGACAACATCTCGTATGCCGTCTTCTGCTTG CCGACAAC 

HT Adapter 87 CCTAATCCATCTCGTATGCCGTCTTCTGCTTG CCTAATCC 

HT Adapter 88 CCTCTATCATCTCGTATGCCGTCTTCTGCTTG CCTCTATC 

HT Adapter 89 CGACACACATCTCGTATGCCGTCTTCTGCTTG CGACACAC 

HT Adapter 90 CGGATTGCATCTCGTATGCCGTCTTCTGCTTG CGGATTGC 

HT Adapter 91 CTAAGGTCATCTCGTATGCCGTCTTCTGCTTG CTAAGGTC 

HT Adapter 92 GAACAGGCATCTCGTATGCCGTCTTCTGCTTG GAACAGGC 

HT Adapter 93 GACAGTGCATCTCGTATGCCGTCTTCTGCTTG GACAGTGC 

HT Adapter 94 GAGTTAGCATCTCGTATGCCGTCTTCTGCTTG GAGTTAGC 

HT Adapter 95 GATGAATCATCTCGTATGCCGTCTTCTGCTTG GATGAATC 

HT Adapter 96 GCCAAGACATCTCGTATGCCGTCTTCTGCTTG GCCAAGAC 

 

2.8 Strains used 

Strain Genotype 

143 S. pombe h- 



Chapter 2:Materials and Methods  

70 

3826 S. pombe h- LEU 1 mis12+GFP-LEU2+ 

4569 S. pombe h- Ndc80-GFP-KanR bub1-HA-ura4+ leu1-32 ura4D18? 

5147 S. pombe h- cnp3GFP::KanRade6-210 ura4D18 leu1-32 his3D1 arg3D4 

5929 S. pombe h+ sim1-GFP 

A86 S. pombe h- leu1 ura4 mis14-GFP[ura4+] 

A90 S. pombe h- leu1 ura4 mis16-GFP[ura4+] 

A94 S. pombe h- leu1 mis18-GFP[LEU2+] 

A244 S. pombe h? cnp20-GFP-KanR Rint:ura4 leu1-32 ura4DS/E his3D ade6-

210 arg3D4 

A325 S. pombe h- ars1(MluI)::pREP3X-leu2Sc leu1-32 (#100) 

A334 S. pombe h+ ars1(MluI)::pREP41XCnp1-leu2Sc leu1-32 (#109) 

A6372 S. pombe h- leu1 ura4 ∆cen1::pADH1-loxP-KanR cd39 (tel1L 

neocentromere) 

A6969 S. octosporus h90 

A6972 S. cryophillus h90 

A7984 S. pombe h+ leu1-32 ura4-D18 ade6-M210 his3-D1 arg3-D4 eic2:GFP-

KanR 

A7988 S. pombe h+ leu1-32 ura4-D18 ade6-M210 his3-D1 arg3-D4 eic1:GFP-

KanR 

A9589 h- GFP-cnp1 NAT 

 

2.9 ChIP antibodies used 

GFP Polyclonal antibody, rabbit IgG fraction, A11122 (Life Technologies) 

anti-CENP-ACnp1 serum sheep 

Monoclonal H3K9me2 antibody, m5.1.1 (Gift from Takeshi Urano) 

 

2.10 Primers used 

ID Info Primer sequence 

NT15 dg 108, F qPCR TCCAAATGTCGCATGAACACTC  

NT16 dg 108, R qPCR 

NT17 

Solexa Library 

PCR primer 1.1 

CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATT

CCTGCTGAACCGCTCTTCCGATC*T 

NT18 Solexa Library AATGATACGGCGACCACCGAGATCTACACTCTTTCCC
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PCR primer 2.1 TACACGACGCTCTTCCGATC*T 

NT19 

Solexa Library 

Adapter ACACTCTTTCCCTACACGACGCTCTTCCGATC*T 

NT20 

Solexa Library 

Adapter [Phos]GATCGGAAGAGCGGTTCAGCAGGAATGCCGAG 

HB 424 cc2 C, F qPCR AAGCGCTAACTCGTTTAAGTGAA 

HB 425 cc2 C, R qPCR ACATGGCGTGGAAAGTCATC 

HB 475 act1, F qPCR CCG GCG AGA TCA AGA CGC AT 

HB 476 act1, R qPCR TAT GTT GCT ATT CAA GCT G 

NFF 

NEXTFLEX 

primer F AATGATACGGCGACCACCGAGATCTACAC  

NFR 

NEXTFLEX 

primer R CAAGCAGAAGACGGCATACGAGAT  

 

 

2.11 ChIP-Seq data 

File Species Sequencer Experiment  # of reads Additional info 

NT01_J S. pombe Genepool 4569 IP  Ndc80-GFP 

chip-seq IP 

NT02_1 S. pombe Ark 

Genomics 

5929 IP 2530658 

 
 

Scm3-GFP 

Chip-seq IP 

NT02_7 S. pombe Ark 

Genomics 

5929 IP 3617448 Scm3-GFP 

Chip-seq IN 

NT04_1 S. pombe Ark 

Genomics 

3826 IP 2323507 
 

Mis12-GFP 

ChIP-Seq IP 

NT04_2 S. pombe Ark 

Genomics 

4569 IP 1977369 
  

Ndc80-GFP 

chip-seq IP 

NT04_3 S. pombe Ark 

Genomics 

5147 IP 3430878 
 

Cnp3-GFP 

ChIP-Seq IP 

NT04_4 S. pombe Ark 

Genomics 

5929 IP 3008540 
 

Scm3-GFP 

Chip-seq IP 
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NT04_5 S. pombe Ark 

Genomics 

A86 IP 2753575 
 

Mis14-GFP 

ChIP-Seq IP 

NT04_6 S. pombe Ark 

Genomics 

A90 IP 3692731 
 

Mis16-GFP 

ChIP-Seq IP 

NT04_7 S. pombe Ark 

Genomics 

A94 IP 2060548 
 

Mis18-GFP 

ChIP-Seq IP 

NT04_8 S. pombe Ark 

Genomics 

A244 IP 2909593 
 

Cnp20-GFP 

ChIP-Seq IP 

NT04_9 S. pombe Ark 

Genomics 

A7984 IP 3930432 
 

Eic2-GFP 

ChIP-Seq IP 

NT04_10 S. pombe Ark 

Genomics 

A7988 IP 3120510 
 

Eic1-GFP 

ChIP-Seq IP 

NT04_11 S. pombe Ark 

Genomics 

3826 IN 4497950 
 

Mis12-GFP 

ChIP-Seq IN 

NT04_12 S. pombe Ark 

Genomics 

4569 IN 4956220 
 

Ndc80-GFP 

chip-seq IN 

NT04_13 S. pombe Ark 

Genomics 

5147 IN 5005268 
 

Cnp3-GFP 

ChIP-Seq IN 

NT04_14 S. pombe Ark 

Genomics 

5929 IN 5722657 
 

Scm3-GFP 

Chip-seq IN 

NT04_15 S. pombe Ark 

Genomics 

A86 IN 5539295 
 

Mis14-GFP 

ChIP-Seq IN 

NT04_16 S. pombe Ark 

Genomics 

A90 IN 4717863 
 

Mis16-GFP 

ChIP-Seq IN 

NT04_17 S. pombe Ark 

Genomics 

A94 IN 6363904 
 

Mis18-GFP 

ChIP-Seq IN 

NT04_18 S. pombe Ark 

Genomics 

A244 IN 4803427 
 

Cnp20-GFP 

ChIP-Seq IN 

NT04_19 S. pombe Ark 

Genomics 

A7984 IN 5306861 
 

Eic2-GFP 

ChIP-Seq IN 

NT04_20 S. pombe Ark 

Genomics 

A7988 IN 5390005 
 

Eic1-GFP 

ChIP-Seq IN 

NT06_1 S. pombe Ark 

Genomics 

143 HA IP 5246888 
 

WT anti-HA 

ChIP-Seq IP 
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NT06_2 S. pombe Ark 

Genomics 

3826 IP 3777669 
 

Mis12-GFP 

ChIP-Seq IP 

NT06_4 S. pombe Ark 

Genomics 

5147 IP 5831976 
  

Cnp3-GFP 

ChIP-Seq IP 

NT06_7 S. pombe Ark 

Genomics 

5929 IP 7929579 
 

Scm3-GFP 

ChIP-Seq IP 

NT06_12 S. pombe Ark 

Genomics 

143 HA IN 6672482 
 

WT anti-HA 

ChIP-Seq IN 

NT06_13 S. pombe Ark 

Genomics 

3826 IN 5432137 
 

Mis12-GFP 

ChIP-Seq IN 

NT06_15 S. pombe Ark 

Genomics 

5147 IN 5251689 
 

Cnp3-GFP 

ChIP-Seq IN 

NT06_18 S. pombe Ark 

Genomics 

5929 IN 5981125 
 

Scm3-GFP 

ChIP-Seq IN 

N001_1 S. pombe Ark 

Genomics 

143 Cnp1 

IP 
1846906 

  

WT Cnp1 IP 

N001_2 S. pombe Ark 

Genomics 

143 GFP IP 2299922 
  

WT mock IP 

N001_4 S. pombe Ark 

Genomics 

A325 A 

Cnp1 IP 
4612335 

  

Cnp1 WT IP 

N001_5 S. pombe Ark 

Genomics 

A325 A 

Cnp1 IP 
4707432 

  

Cnp1 WT IP 

N001_6 S. pombe Ark 

Genomics 

A325 B 

Cnp1 IP 
5723511 

  

Cnp1 WT IP 

N001_7 S. pombe Ark 

Genomics 

A325 B 

Cnp1 IP 
3598962 

  

Cnp1 WT IP 

N001_8 S. pombe Ark 

Genomics 

A334 A 

Cnp1 IP 
4024882 

  

Cnp1 OE IP 

N001_9 S. pombe Ark 

Genomics 

A334 A 

Cnp1 IP 
7055320 

  

Cnp1 OE IP 

N001_10 S. pombe Ark 

Genomics 

A334 B 

Cnp1 IP 
6056199 

  

Cnp1 OE IP 

N001_11 S. pombe Ark 

Genomics 

143 Cnp1 

IN 
5803546 

  

WT Cnp1 IN 



Chapter 2:Materials and Methods  

74 

N001_12 S. pombe Ark 

Genomics 

143 GFP IN 6672482 
  

WT mock IN 

N001_14 S. pombe Ark 

Genomics 

A325 A 

Cnp1 IN 
2422495 

   

Cnp1 WT IN 

N001_15 S. pombe Ark 

Genomics 

A325 A 

Cnp1 IN 
5251689 

   

Cnp1 WT IN 

N001_16 S. pombe Ark 

Genomics 

A325 B 

Cnp1 IN 
5290804 

   

Cnp1 WT IN 

N001_17 S. pombe Ark 

Genomics 

A325 B 

Cnp1 IN 
3508456 

  

Cnp1 OE IN 

N001_18 S. pombe Ark 

Genomics 

A334 A 

Cnp1 IN 
5981125 

  

Cnp1 OE IN 

N001_19 S. pombe Ark 

Genomics 

A334 A 

Cnp1 IN 
6528925 

  

Cnp1 OE IN 

N001_20 S. pombe Ark 

Genomics 

A334 B 

Cnp1 IN 
6237334 

  

Cnp1 OE IN 

N002_1 S. pombe Ark 

Genomics 

A6372 

Cnp1 IP 
1469903 

  

cd39 Cnp1 IP 

N002_2 S. pombe Ark 

Genomics 

A6372 

H3K9me IP 
5844070 

  

cd39 H3K9 IP 

N002_3 S. pombe Ark 

Genomics 

A6372 

Cnp1 IP 
3105345 

  

cd39 Cnp1 IP 

N002_4 S. pombe Ark 

Genomics 

A6372 

H3K9me IP 
5459465 

  

cd39 H3K9 IP 

N002_5 S. 

octosporus 

Ark 

Genomics 

A6969 

Cnp1 IP 
3275997 

  

Cnp1 IP 

N002_6 S. 

octosporus 

Ark 

Genomics 

A6969 

H3K9me IP 
4012175 

  

H3K9 IP 

N002_7 S. 

cryophilus 

Ark 

Genomics 

A6972 

H3K9me IP 
7295375 

  

H3K9 IP 

N002_8 S. 

cryophilus 

Ark 

Genomics 

A6972 

Cnp1 IP 
3855782 

  

Cnp1 IP 

N002_9 S. pombe Ark 

Genomics 

A334 B 

Cnp1 IP 
7772166 

  

Cnp1 OE IP 
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N002_10 S. pombe Ark 

Genomics 

A6372 

Cnp1 IN 
3705419 

  

cd39 Cnp1 IN 

N002_11 S. pombe Ark 

Genomics 

A6372 

H3K9me IN 
6528255 

  

cd39 K9 IN 

N002_12 S. pombe Ark 

Genomics 

A6372 

Cnp1 IN 
4321576 

  

cd39 Cnp1 IN 

N002_13 S. pombe Ark 

Genomics 

A6372 

H3K9me IN 
4981959 

  

cd39 K9 IN 

N002_14 S. 

octosporus 

Ark 

Genomics 

A6969 

Cnp1 IN 
6860021 

  

Cnp1 IN 

N002_15 S. 

octosporus 

Ark 

Genomics 

A6969 

H3K9me IN 
3423126 

  

H3K9 IN 

N002_16 S. 

cryophilus 

Ark 

Genomics 

A6972 

H3K9me IN 
5488448 

  

H3K9 IN 

N002_17 S. 

cryophilus 

Ark 

Genomics 

A6972 

Cnp1 IN  6368701 
 

Cnp1 IN 

N002_18 S. pombe Ark 

Genomics 

A334 B 

Cnp1 IN 
10538219 

  

Cnp1 OE IN 

N2290_1_

1 

S. pombe Ark 

Genomics 

143 H3 IN 6226272 
 

WT H3 IN 

N2290_1_

4 

S. pombe Ark 

Genomics 

A9581 IN 10141980 
 

Mock IN 

agarose 

N2290_1_

5 

S. pombe Ark 

Genomics 

A9581 IN 7821695 
 

Mock IN 

dynabeads 

N2290_1_

6 

S. pombe Ark 

Genomics 

A9587 IN 12148659 
  

Ndc80-GFP 

ChIP-seq IN 

N2290_1_

7 

S. pombe Ark 

Genomics 

A9588 IN 7999281 
  

Cnp20-GFP 

ChIP-Seq IN 

N2290_1_

8 

S. pombe Ark 

Genomics 

A9589 IN 9989253 
 

GFP-Cnp1 

ChIP-Seq IN 

N2290_1_

9 

S. pombe Ark 

Genomics 

143 H3 IP 7221480 
 

H3 IP 

N2290_1_

12 

S. pombe Ark 

Genomics 

A9581 IP 6605032 
 

Mock IP 

agarose IP 
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N2290_1_

13 

S. pombe Ark 

Genomics 

A9587 IP 8377885 
 

Ndc80-GFP 

ChIP-seq IP 

N2290_1_

14 

S. pombe Ark 

Genomics 

A9588 IP 8228995 
 

Cnp20-GFP 

ChIP-Seq IP 

N2290_1_

15 

S. pombe Ark 

Genomics 

A9589 IP 7052673 
 

GFP-Cnp1 

ChIP-Seq IP 

N2290_2_

4 

S. pombe Ark 

Genomics 

A9581 IN 7643570 
  

Mock agarose 

beads IN  

N2290_2_

5 

S. pombe Ark 

Genomics 

A9581 IN 7499098 
 

Mock 

Dynabeads IN  

N2290_2_

6 

S. pombe Ark 

Genomics 

A9587 IN 10039662 
 

Ndc80-GFP 

ChIP-seq IN 

N2290_2_

7 

S. pombe Ark 

Genomics 

A9588 IN 5434914 
 

Cnp20-GFP 

ChIP-Seq IN 

N2290_2_

8 

S. pombe Ark 

Genomics 

A9589 IN 11753660 
 

GFP-Cnp1 

ChIP-Seq IN 

N2290_2_

12 

S. pombe Ark 

Genomics 

A9581 IP 6280832 
 

Mock IP 

agarose 

beads IP 

N2290_2_

13 

S. pombe Ark 

Genomics 

A9581 IP 4807301 
 

Mock IP 

Dynabeads IP 

N2290_2_

14 

S. pombe Ark 

Genomics 

A9587 IP 7536208 
 

Ndc80-GFP 

ChIP-seq IP 

N2290_2_

15 

S. pombe Ark 

Genomics 

A9588 IP 9339259 
 

Cnp20-GFP 

ChIP-Seq IP 

N2290_2_

16 

S. pombe Ark 

Genomics 

A9589 IP 9676541 
 

GFP-Cnp1 

ChIP-Seq IP 
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Chapter 3: Conservation of CENP-ACnp1 positioning sequence 
features in fission yeasts 
 

3.1: Introduction 

Despite the conservation of CENP-A and many kinetochore components between 

eukaryotic species, centromere sequences are rapidly evolving and often show no 

homology, even between closely related species (Henikoff et al., 2001). Centromere 

structure varies greatly between species, from a sequence dependent point 

centromere in budding yeast to regional centromeres tens and hundreds of 

kilobases in length in fission yeast and mammals, respectively (Fukagawa and 

Earnshaw, 2014). The diversity of centromere structures and sequences raises the 

question of how centromere identity is defined. 

 

The centromere specific protein CENP-A is generally accepted as the epigenetic 

mark for centromere identity and centromeric sequences are not required for 

centromere activity. Nevertheless, certain sequences are correlated with centromere 

activity. Most directly, the point centromeres of the budding yeast S. cerevisiae 

share an ~125 bp arrangement of sequence motifs (Fitzgerald-Hayes et al., 1982). 

Even epigenetically determined centromeres are often associated with particular 

sequences, including centromeres that form on repeats in humans (Mitchell et al., 

1985; Waye and Willard, 1989), chickens (Shang et al., 2010), and Drosophila (Sun 

et al., 2003). The fission yeast centromere contains a non-repetitive central core, but 

is also associated with flanking outer-repeat elements (Clarke and Baum, 1990; 

Clarke et al., 1986; Fishel et al., 1988; Hahnenberger et al., 1991; Murakami et al., 

1991; Nakaseko et al., 1987). None of these sequences (besides the budding yeast 

centromere) are absolutely necessary centromere function, but they suggest that 

some aspect of these sequences contributes to optimal centromere activity. 

 

If CENP-A nucleosomes have different sequence preferences than canonical H3 

nucleosomes then centromere associated sequences may allow CENP-A to be 

targeted to and incorporated into centromere sequences with greater affinity. This 

possibility was investigated in a budding yeast in vitro nucleosome deposition assay 

(Visnapuu and Greene, 2009). Nucleosomes containing H2A, H2B, H4, and CENP-

ACse4 had similar sequence preferences as canonical nucleosomes, including a 
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preference against AT-rich sequences. The properties of a Scm3/H4/CENP-ACse4 

hexamer were also tested since the CENP-A chaperone Scm3 had been proposed 

to be incorporated into hexameric CENP-ACse4 nucleosomes in budding yeast 

(Camahort et al., 2007; Mizuguchi et al., 2007; Stoler et al., 2007; Williams et al., 

2009). An Scm3/H4/CENP-ACse4 nucleosome showed no preference against more 

AT-rich sequences (Visnapuu and Greene, 2009). A second study similarly found 

that a reconstituted octameric CENP-ACse4 nucleosome could not assemble 

efficiently on centromeric DNA, while a complex containing Scm3 could (Xiao et al., 

2011). It was proposed that Scm3 is responsible for the targeting and deposition of 

CENP-ACse4 nucleosomes at the budding yeast centromere (Visnapuu and Greene, 

2009; Xiao et al., 2011). However, it was observed that CENP-ACse4 is stably 

maintained at centromeres while Scm3 association is highly dynamic, essentially 

ruling out the possibility of a hexameric structure (Wisniewski et al., 2014). 

 

Sequence features could also influence CENP-A positioning within the centromere. 

Analysis using tiling arrays of S. pombe the chromosome II centromere suggested 

that MNase digested CENP-ACnp1 occupied discrete nucleosome peaks positioned 

with a preference against AT-rich sequences, though the centromere is more AT-

rich than the genome-wide average (Song et al., 2008). These data were limited by 

the low spatial resolution and dynamic range inherent in tiling arrays. Additionally, 

CENP-A is known to be more sensitive to exonuclease activity than canonical 

nucleosomes (Conde e Silva et al., 2007) and MNase has sequence specific 

cleavage biases (Chung et al., 2010; Dingwall et al., 1981; Hörz and Altenburger, 

1981). Therefore, occupancy of CENP-ACnp1 positioning at fission yeast centromeres 

warrants further investigation. Research by H. Berger and M. Miell (unpublished, 

Allshire lab; Miell, Thesis 2013) sought to determine whether CENP-ACnp1 

nucleosomes differed from canonical H3 nucleosomes in their preference for 

sequence features in fission yeast and whether this could influence CENP-ACnp1 

occupancy within the centromere and specific targeting to the centromere. They 

found that CENP- ACnp1 occupancy is determined, at least partially, in a sequence 

dependent manner with similar sequence preferences as canonical nucleosomes. 

Such analyses suggest that sequence preferences are not responsible for targeting 

CENP-ACnp1 to centromeres to determine centromere identity, but are at least 

partially responsible for the occupancy patterns of CENP-A Cnp1 within the central 

domain region of fission yeast centromeres. 



Chapter 3: Conservation of CENP-ACnp1 positioning sequence features in fission yeasts 

79 

 

These previous analyses focused on correlations that give insight into sequence 

preferences of H3 and CENP-ACnp1 nucleosomes, but the analyses did not elucidate 

the specific sequence features affecting nucleosome occupancy at and within 

centromere DNA or the organisation of these features within the central domain. 

The current study aimed to identify the sequence features influencing CENP-ACnp1 

nucleosome occupancy within the centromere at high spatial resolution. Additionally, 

it was investigated how these sequence features are organised within the central 

domain and whether this organisation is conserved at the centromeres of related 

fission yeast species. CENP-ACnp1 occupancy at neocentromeres was also analysed 

to determine which of these sequence features are strictly required for centromere 

activity at an evolutionarily young centromere.  

 

3.2: Results 

3.2.1 CENP-ACnp1 is highly positioned in a sequence dependent manner 

Published CENP-ACnp1 ChIP-seq data indicated that CENP-ACnp1 nucleosomes are 

highly positioned at discrete sites within the central domains (central core plus 

inverted imr repeats) of fission yeast centromeres, with large gaps between 

nucleosomes (Lando et al., 2012). Unpublished in vitro data suggests that this 

positioning is sequence dependent (H. Berger and M. Miell, Allshire lab). However, it 

remains unknown what sequence features mediate nucleosome positioning at these 

specific sites within the central domain and how these features are organised within 

centromeres.  

 

I have reanalysed the previously published CENP-ACnp1 ChIP-seq data from Lando 

et al. (2012) to determine how sequence features contribute to the spatial pattern of 

CENP-A Cnp1 positioning at discrete sites within the centromere. This data was 

generated from either sonicated or MNase digested chromatin that was 

immunoprecipitated (IP) with anti-CENP-ACnp1 antiserum and sent for high 

throughput Illumina sequencing, along with purified sheared or MNase digested 

input chromatin (IN).  

 

The sonicated and MNase-digested CENP-ACnp1 ChIP-seq data indicate that CENP-

ACnp1 is highly enriched at centromeres (Figure 3.1). The centromere of 

chromosome II is shown as a representative example when plotting coverage, but 



Chapter 3: Conservation of CENP-ACnp1 positioning sequence features in fission yeasts 

80 

all analyses in this thesis were done using all three centromeres and results are 

consistent between different centromeres. The sonicated ChIP-seq data is 

presented as the coverage of the IP relative to the IN. This controls for technical 

biases in the recovery of DNA and sequencing bias. The MNase data could not be 

normalised in this way because the MNase IN control had extremely low read 

coverage within centromere regions. Within the central domains the sonicated IP/IN 

ratios and MNase IP coverage are moderately correlated within the three central 

domains (τ=0.34 [I], 0.48 [II], 0.43 [III]) and both predict the presence of highly 

positioned CENP-ACnp1 nucleosomes with large gaps between them. Discrete peaks 

of CENP-ACnp1 occupancy were determined using MACS and PeakSplitter. Gaps 

between nucleosomes were defined as regions that were greater than 75 bp from 

the midpoint any peak. There is a median gap size of 508 bp (sonicated) and 392 bp 

(MNase) between CENP-ACnp1 peaks (Figure 3.2). The difference in the median gap 

size is the result of a trade-off between peak calling power and spatial resolution. 

The MNase sample has higher spatial resolution so that adjacent peaks can be 

called with greater accuracy, but the highly variable coverage results in low 

coverage at some peaks. As such, neither analysis can be considered strictly 

accurate, but possible solutions to this problem are discussed later. 

 

DNA sequence AT-content has been shown to have a significant influence on 

preferences for canonical H3 nucleosome occupancy. Generally, highly AT-rich 

sequences tend to be relatively nucleosome depleted with low levels of nucleosome 

occupancy both in vivo and in vitro (Hughes and Rando, 2014; Struhl and Segal, 

2013). Therefore, AT-content was initially investigated as a sequence feature that 

could affect CENP-ACnp1 occupancy. Local AT-content was calculated at base pair 

resolution across the genome using a 147 base pair sliding window. This window 

size was chosen to reflect the approximate amount of DNA wrapped by a canonical 

nucleosome and which would affect the probability of a nucleosome occupying a 
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given site. Human CENP-A containing nucleosomes have a smaller MNase 

resistant footprint and wrap less DNA directly with terminal DNA wrapped only 

partially (Tachiwana et al., 2011b). This has also been found to be the case for 

recombinant S. pombe nucleosome (Miell, Thesis 2013). However, these less stable 

terminal interactions may still influence nucleosome occupancy and positioning. 

Additionally, it is of particular interest to determine sequence features that influence 

occupancy of H3 nucleosomes and other DNA interacting complexes within the 

central domains. Therefore 147 bp was used as the window size for these analyses. 

The window size is only used for the analyses looking at the relationship between 

AT-content and distance from the peak position and altering the window size has 

minimal effect on the results.  

 

On average S. pombe centromere DNA is 4.3 to 6.2% more AT-rich (68.8% [I], 

68.4% [II], 70.0% [III]) than chromosomal DNA (63.9% [I], 64.1% [II], 63.8% [III]). 

The central domains of centromeres, the regions of CENP-ACnp1 occupancy and 

kinetochore formation, are even more AT-rich (71.8% [I], 71.9%[II], 70.6% [III]). 

However, local AT-content, as calculated above, is highly variable across 

centromeres (Figure 3.1). A comparison between the local AT-content and the sites 

of CENP-ACnp1 occupancy across all centromeres revealed that the sites occupied 

by CENP-ACnp1 nucleosomes within all three central domains are less AT-rich 

(mean=67.0% [sonicated], 67.7% [MNase]) than the gaps separating CENP-ACnp1 

occupied sites (mean=72.9% [sonicated], 72.7% [MNase]; Figure 3.2).  

 

Motifs present within the CENP-ACnp1 peaks and gaps were identified using MEME 

(Bailey and Elkan, 1994). The most significant motif found within the gaps was a 

highly asymmetrical AT-rich sequence found in 31 out of 51 gaps (Figure 3.3). The 

sequence features can potentially be analysed in more detail by investigating the 

frequency distribution of k-mers, which is currently being undertaken (Xu et al., 

2012). In contrast, the most significant motif found within the peaks was only 

present at 9 CENP-ACnp1 peaks (Figure 3.4). This motif contains AA/TT/AT di-

nucleotides occurring with 9-11 bp periodicity, which is similar to the described 10.5 

bp periodicity of strongly positioned canonical nucleosomes, but this analysis is 

likely limited by the small number of occupied positions available for analysis. This 

indicates that in vivo CENP-ACnp1 nucleosomes are similar to canonical 

nucleosomes in that they have a preference against wrapping and occupying highly 
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AT-rich sequences, including asymmetric AT-rich sequences. Consequently CENP-

ACnp1 nucleosome positioning within centromeres has a large sequence dependent 

component. However, it remains possible that other factors also affect this 

positioning. For example, proteins or protein complexes may bind the AT-rich gaps 

and consequently position flanking CENP-ACnp1 nucleosomes.  

 

The above analysis show that there is a clear difference between CENP-A occupied 

sites and intervening gaps. Next the pattern of AT-content was further investigated 

around the CENP-A peak sites themselves. The peak positions of all CENP-A 

occupied sites were aligned and the average AT-content was calculated at given 

distances from the peak positions for 100 base pairs in both directions (Figure 3.2). 

Comparison of all peaks in this way revealed that the midpoint of CENP-ACnp1 

occupancy peaks occurs at the most CG-rich position. Indeed, AT-richness 

increases in both directions as the distance from the peak position increased, with 

even small distances from the peak having a higher average AT-content. Thus, 

CENP-ACnp1 nucleosomes are generally positioned at a single most favourable site 

with even nearby flanking sequences being less favoured. This pattern may reflect 

an evolved feature of fission yeast centromeres related to factors involved in the 

deposition of CENP-ACnp1, CENP-ACnp1 nucleosomes themselves, or its function as 

the site of kinetochore attachments, among other possibilities. 

 

3.2.2. Occupancy algorithm predicts additional CENP-ACnp1 occupied sites 

within the central domain 

Previous analysis (Miell and Berger, Allshire Lab) found that CENP-ACnp1 occupancy 

within the central domains could be predicted with moderate accuracy. This 

suggested that specific sequence features influenced CENP-ACnp1 occupancy within 

the central domains. At the same time, this also suggested that sequence features 

alone did not fully explain the pattern of CENP-ACnp1 occupancy. The CENP-ACnp1 

ChIP-seq data of Lando et al. (2012) was re-evaluated to determine what aspects of 

CENP-ACnp1 occupancy could and could not be predicted based on sequence 

features.  

 

Genome-wide S. pombe H3 nucleosome occupancy and positioning predictions 

were downloaded from the Segal lab 

(http://genie.weizmann.ac.il/software/nucleo_genomes.html). These values were 
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calculated using the published nucleosome-DNA interaction model (Kaplan et al., 

2009; Segal et al., 2006). H3 nucleosome occupancy predictions were used since 

there was a high correlation between H3 and CENP-ACnp1 occupancy in vitro and 

also between the predictive power of H3 and CENP-ACnp1 occupancy models. 

Genome-wide occupancy predictions were compared to the CENP-ACnp1 ChIP-seq 

data from sonicated chromatin.  

 

There is a general decrease in the probability of nucleosome occupying sites within 

the central domain relative to the rest of the genome, likely due to the higher AT-

content of the central domain. Nucleosomes are predicted to occupy discretely 

positioned sites within the central domains (Figure 3.5). Within the central domains 

there was a moderate correlation between predicted nucleosome occupancy and 

observed CENP-ACnp1 occupancy (τ =0.380; Figure 3.6A). Most sites show a 

positive correlation between predicted and observed occupancy, as expected. 

However, some sites predict the presence of an occupying nucleosome, but have 

low enrichment of CENP-ACnp1 in vivo. These unoccupied sites do not reflect 

scattered noise, for example in the case that the positioning of in vivo and predicted 

sites was slightly misaligned. Rather, a second class of positioned nucleosomes is 

predicted to occupy the gap regions between the CENP-ACnp1 nucleosome positions 

(Figure 3.5). These sites may be occupied by CENP-ACnp1 in vivo, but CENP-ACnp1 at 

these sites could be unstable or transient and therefore could not be detected. 

Alternately, these sites may be occupied by a different protein complex or may even 

exist as naked DNA.  

 

At 10,000 random sites genome-wide the predicted nucleosome occupancy varies 

across a large range of values that are consistent with sites that are predicted to be 

nucleosome depleted, sites that are strongly predicted to be occupied, and sites 

with intermediate predicted occupancy (Figure 3.6B). CENP-ACnp1 occupancy is 

centromere specific and consistent with this there is low CENP-ACnp1 IP/IN coverage 

at the genome-wide sites. However, CENP-ACnp1 coverage is especially low at sites 

that are predicted to be nucleosome depleted, suggesting that there is a bias 

against extracting or sequencing these regions.  

 

The moderate predictive accuracy of the nucleosome occupancy models does not 

arise form an inability to predict occupied sites accurately. The model successfully 



Chapter 3: Conservation of CENP-ACnp1 positioning sequence features in fission yeasts 

88 



Chapter 3: Conservation of CENP-ACnp1 positioning sequence features in fission yeasts 

89 



Chapter 3: Conservation of CENP-ACnp1 positioning sequence features in fission yeasts 

90 

predicts the CENP-ACnp1 occupied sites within centromeres based on the underlying 

sequence features. The primary shortcoming of the models is their inability to 

predict the second class of unoccupied sites in the gaps between in vivo verified 

CENP-ACnp1 nucleosomes. The lack of occupancy at these sites is therefore not due 

to sequence features alone.  

 

3.2.3 Published data potentially over-estimates the positioning of CENP-ACnp1 

nucleosomes 

The above analyses indicate that CENP-ACnp1 preferentially occupies less AT-rich 

sequences. However, high throughput sequencing technology has a known bias 

against AT-rich sequences (Benjamini and Speed, 2012; Meyer and Liu, 2014). The 

bias in ChIP-seq data towards CG-rich sequences poses a potential confounding 

factor in determining spatial occupancy at the required resolution, especially given 

that the CENP-ACnp1 occupied regions of fission yeast centromeres are comprised of 

AT-rich sequences. Thus, it was necessary to evaluate the level of bias present in 

the published CENP-ACnp1 ChIP-seq data. 

 

There is the high correlation between the sonicated and MNase CENP-ACnp1 ChIP-

seq data sets within the central domains, but an analysis of the sequenced sheared 

input chromatin (IN) reveals that there is evidence of bias in the data. A random 

sampling of 10,000 single nucleotides across the genome (excluding centromeres 

and regions proximal to telomeres) shows that the data is subject to the previously 

described bias, leading to a negative correlation between input (IN) coverage and 

AT-content for both the sonicated (τ= -0.467) and MNase digested data (τ =-0.561; 

Figure 3.7A/B). This bias becomes more prominent at high AT-content sequences. 

This bias is more significant for the MNase digested data. The extensive bias 

towards higher coverage of CG-rich sequences in the MNase data is at least 

partially explained by the fact that nucleosomes preferentially occupy CG-rich sites 

and will therefore be more resistant to MNase digestion.  

 

The reduced extraction efficiency of centromere regions (i.e. the lower recovery of 

these regions in the IN) means that direct comparisons between centromeres and 

the rest of the genome cannot provide information on the sequencing bias 

specifically at centromeres. However, examination of the IN coverage within the 

central domains centromeres will determine if the same sequencing bias occurs 
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within these regions of interest. 10,000 sites were randomly chosen from within the 

three central domains and correlated with local AT-content. Again a negative 

correlation between IN coverage and AT-content within the central domains for both 

the sonicated (τ=-0.461) and MNase digested data (τ =-0.318; Figure 3.7C/D) was 

observed. 

 

Both datasets have lower coverage of all three centromere central domains, with an 

~50% drop in coverage in the sonicated data and extremely low coverage in the 

MNase data (Figure 3.7E/F). This under-representation has been observed before 

as measured by qRT-PCR (A. Pidoux, Allshire lab, personal communication), and 

may reflect an extraction bias due to the assembly of kinetochore complexes. In 

addition, the extremely low IN coverage for the MNase digested data indicated that 

the sample might have been over-digested.  

 

Initial evidence indicates that the bias likely affects sequence coverage and thus 

enrichment at CENP-ACnp1 peaks. Both the sonicated (Figure 3.8) and MNase 

digested (Figure 3.9) data sets display uneven coverage across CENP-ACnp1 

occupied regions within the centromere. Within the chromosome II centromere this 

is characterised by a single primary peak with high coverage and other peaks with 

more moderate levels of coverage. This enrichment towards a single primary peak 

is even more apparent in the MNase digested data. This single peak is associated 

with the most CG-rich region within the centromere and thus sequencing bias may 

lead to this exaggerated variation in peak enrichment. It remains possible that this 

pattern is due to variable levels of CENP-ACnp1 occupancy across the centromere, 

but the greater magnitude of the difference in the MNase data in particular supports 

a contribution of sequencing bias to this pattern. The heterochromatic outer-repeats 

show higher coverage in the IN (Figure 3.8), but this is likely due to an 

underestimation of the number of repeats in the genome assembly. Sequencing 

bias must be taken into account before an accurate and unbiased analysis of 

CENP-ACnp1 positioning can be undertaken. 

 

3.2.4: Current methodologies allow more accurate and less biased mapping of 

proteins within the centromeres  

The re-analysis of published ChIP-seq data indicates that the methodology has a 

bias towards CG-rich sequences, which may affect the reliability of the data and 
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analyses of sequence features affecting CENP-ACnp1 positioning. The technology 

has continued to advance and it was necessary to re-evaluate the biases in 

sequencing technologies to determine whether current methodologies were more 

reliable for high resolution mapping of centromere and kinetochore components.  

 

CENP-ACnp1 ChIP-seq was thus performed using the same protocol as originally 

used for CENP-ACnp1 ChIP-seq data (Lando et al., 2012). Anti-CENP-ACnp1 ChIP was 

carried out on wild type cell extracts. In addition anti-GFP ChIP was performed on 

extracts from cells expressing N-terminally tagged GFP-CENP-ACnp1. Chromatin 

sheared by sonication was used to avoid the inherent biases associated with MNase 

digestion. Sheared chromatin from purified whole cell extract (IN) was sequenced to 

determine the sequencing and extraction biases present in current sequencing 

methodologies and technologies. Initial Illumina library making attempts were 

unsuccessful and unreliable due to the limited amount of DNA obtained from ChIP 

experiments. Therefore, the Illumina library making protocol was adapted for use 

with very low amounts of DNA (see chapter 2) resulting in a method that was very 

reliable down to at least a minimum of 0.25 ng of starting DNA. Libraries were 

prepared using 5 ng of input DNA. Libraries were subjected to 100 bp paired end 

sequencing.  

 

Purified sonicated chromatin (IN) was distributed with a mode of ~300 bp and a 

large proportion of fragments in the size range of interest (100-200 bp) allowing 

CENP-ACnp1 positions to confidently mapped (Figure 3.10). Illumina libraries 

consistently were tightly distributed around ~300 bp, which reflected a fragment size 

of ~150 bp after subtracting length of the adapters. Additional post hoc size 

selection could be done since paired end sequencing gave absolute information of 

the size of all fragments. Following 100 bp paired end sequencing, assessment by 

FASTQC revealed that the data was extremely high quality. Quality scores 

measured by the machine were consistently high (Phred score > 30) across reads 

within the sample and remained high over the entire read length. The GC-content of 

reads were unimodally distributed around ~34%, consistent with the genome-wide 

GC-content of S. pombe. GC-content was also uniform across the length of reads 

with very few over-represented sequences, indicating that contamination from library 

primers or other sources was not significant.  
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The IN samples were analysed to determine whether the previously described 

sequencing bias was present in this new data set. There was no correlation 

between AT-content and IN coverage for wild-type strain (τ=0.165) and a weak 

positive correlation for the GFP-CENP-ACnp1 strain (τ=0.392; Figure 3.11) at 10,000 

random sites across the genome. This is in contrast to the moderate negative 

correlation observed with the published data (τ=-0.467) from Lando et al. (2012). 

Within the central domain of centromeres there is no correlation between AT-

content and IN coverage for the wild-type strain (τ=-0.134) or the GFP-CENP-ACnp1 

strain (τ=0.072). This is in contrast to the moderate negative correlation observed for 

the published data (τ=-0.461) from Lando et al. (2012). The wild type IN data had 

lower coverage of centromeres, while centromere sequences were not 

underrepresented in the GFP-CENP-ACnp1 IN data. This indicates that the coverage 

issue with centromere regions does not result from a technical bias in high 

throughput sequencing methodology. An extraction bias from cells is a possible 

explanation for the lower centromere coverage. It is unclear what could lead to the 

difference in extraction of the central domain in the strain with GFP-CENP-ACnp1. It is 

possible that the GFP tag on CENP-ACnp1 alters the structure of kinetochore 

attachments without altering viability. Nevertheless, the data are high quality and 

can be used to obtain a more accurate map of CENP-ACnp1 occupancy at 

centromeres. 

 

3.2.5. New CENP-ACnp1 ChIP-seq data suggests fuller occupancy and supports 

positioning based on sequence content 

The newly sequenced CENP-ACnp1 ChIP-seq IP and IN data are high quality, both in 

terms of high sequencing quality and low AT-content bias. The data will provide a 

more accurate representation of CENP-ACnp1 positioning and occupancy. The 

analyses of CENP-ACnp1 occupancy and positioning applied above to the Lando et al. 

(2012) published data were repeated on this new CENP-ACnp1 and GFP-CENP-ACnp1 

ChIP-seq sequence data. 

 

Focusing on the chromosome II centromere, the wild-type CENP-ACnp1 and GFP-

CENP-ACnp1 ChIP-seq data show that CENP-ACnp1 is highly enriched across the 

central domain (Figure 3.12). This new wild-type CENP-ACnp1 ChIP-seq data suffers 

from an extraction bias in the IN sample that results in low coverage of centromere 

DNA and a high level of noise if this is used for normalisation. For this reason the IP 
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coverage (normalised by millions of reads mapped) was used for analyses instead. 

There is a low level of enrichment over the outer-repeats (indicated in blue), but this 

enrichment is greatly reduced when the IP/IN ratio is used, suggesting that the 

enrichment is driven by higher coverage of the outer-repeats in both the IP and IN. 

This is likely due to an underestimation of the number of outer-repeat sequences 

present in the genome.  

 

There is a strong correlation between IP coverage of the previously published 

CENP-ACnp1 data and the newly sequenced wild-type αCENP-ACnp1 data sets within 

the central domains (τ=0.73; Figure 3.13A). However, there are also clear 

differences between the two data sets. The new wild-type CENP-ACnp1 ChIP-seq 

data has high enrichment over the entire central domain of each centromere (only 

the chromosome II centromere is shown) with the peaks enriched to an even greater 

extent, while the previously published data had enrichment specific to the defined 

CENP-ACnp1 peaks with very low coverage in the gaps between peaks (Figure 3.12). 

The high overall level of enrichment makes peak calling more difficult. It is unclear 

whether the high level of enrichment across the entire central domain is due to 

actual CENP-ACnp1 occupancy, cross-linking to flanking DNA, or even cross-linking 

to another protein complex. Nevertheless, the newly sequenced CENP-ACnp1 data 

supports the observation that CENP-ACnp1 is highly positioned at specific sites on 

more CG-rich sequences (68.7% AT-content) with AT-rich gaps (72.8%; p<0.001) 

and a median gap size of 532.5 bp (Figure 3.14), although the gap size is likely an 

overestimation due to difficulty in calling peaks. 

 

The N-terminally tagged GFP-CENP-ACnp1 data shows a greater difference in 

comparison with the other data sets (Figure 3.12). The GFP-CENP-ACnp1 data is still 

moderately correlated with the CENP-ACnp1 ChIP-seq data of Lando et al. 2012 

(τ=0.500; Figure 3.13.B) and the new wild-type CENP-ACnp1 ChIP-seq data (τ=0.497; 

Figure 3.13C). However, the GFP-CENP-ACnp1 ChIP-seq data shows broad 

occupancy across the entire central domains with only a small additional enrichment 

at the previously defined peaks, making subpeak calling within the central domain 

impossible. The CENP-ACnp1 in this strain is not wild type as it is GFP-tagged, 

though the tag does not affect growth or viability, and the difference is likely due the 

presence of a large GFP protein tag on all endogenous CENP-ACnp1 (Lando et al., 

2012). This is not due to an inherent limitation of ChIP-seq using an anti-GFP 
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antibody since other centromeric and kinetochore proteins do not show this pattern 

(Chapter 5). The altered pattern may be due to disruption in CENP-ACnp1 positioning 

due to the presence of the GFP tag or by an increased degree of protein-protein or 

protein-DNA crosslinks caused by the large GFP tag (double the size of CENP-ACnp1 

itself). This could result in some cross-linking of the GFP tag with DNA in the gaps 

between bona fide CENP-ACnp1 nucleosomes. It would be ideal to repeat this 

experiment using a smaller tag on CENP-ACnp1. 

 

The more uniform pattern of high enrichment of GFP-CENP-ACnp1 across 

centromeres is nonetheless an important observation. Although bias is reduced in 

the new data sets, the lowest IP coverage within the centromere is associated with 

the highest AT-rich sequences in the wild-type CENP-ACnp1 ChIP-seq data. No 

protein has been observed to associate by ChIP to these gaps so it remained 

unclear whether this represented the true profile of CENP-ACnp1 or whether this was 

due to technical limitations. Additionally it remained unclear whether it was even 

possible to ChIP a protein to these regions. Thus the high level of enrichment of 

GFP-CENP-ACnp1 at all positions across the three central domains indicates that the 

gaps between CENP-ACnp1 nucleosomes do not reflect a technical artefact. Further 

experiments could potentially identify gap-binding proteins using these methods. 

Still, the GFP-CENP-ACnp1 most likely does not reflect the wild-type occupancy 

profile of CENP-ACnp1 and will not be discussed further.  

 

3.2.6 Less discrete enrichment of CENP-ACnp1 in new ChIP-seq is not due to 

technical limitations 

The new CENP-ACnp1 ChIP-seq data generated has less well-defined peaks of 

enrichment within the central domains and overall has a high level of enrichment 

across the entire central domain of all three centromeres. This data is less 

influenced by technical bias, but it is unclear whether the results are in fact more 

accurate. This CENP-ACnp1 ChIP-seq data may suffer from higher noise and lower 

enrichment due to the use of agarose beads. The data in Lando et al. (2012) was 

also produced using agarose beads but the sequencing bias against AT-rich 

sequences may have masked this non-specific enrichment. Magnetic Dynabeads 

can be used to obtain higher enrichment and lower background. This methodology 

could not be used to for CENP-ACnp1 ChIP-seq because ChIP using the anti-CENP-

ACnp1 antiserum with Dynabeads leads to low enrichment for unknown reasons. 
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ChIP-seq of the inner-kinetochore component CENP-TCnp20 using agarose beads 

and Magnetic Dynabeads were compared to determine whether CENP-ACnp1 data is 

influenced by technical limitations due to the ChIP methodology. 

 

ChIP-seq of GFP-tagged CENP-TCnp20 using both agarose beads and Dynabeads 

resulted in high enrichment specific to centromere central domains (Figure 3.15). As 

expected, ChIP-seq using Dynabeads resulted in higher enrichment and reduced 

noise. Neither data set showed the high level enrichment across the entire central 

domain that was observed for the new CENP-ACnp1 ChIP-seq data. Both datasets 

have highly positioned peaks within the central domain with low coverage between 

peaks. The data obtained using agarose beads showed some additional secondary 

peaks in the gaps between the CENP-TCnp20 peaks that are not observed in the 

Dynabead data. This was unexpected given that agarose beads have a higher 

background and lower enrichment and it is not clear which represents the true 

pattern of CENP-TCnp20. ChIP-exo (Rhee and Pugh, 2011) will allow even more 

accurate mapping of protein binding and future application of this methodology will 

help to resolve the uncertainty in mapping CENP-TCnp20 and CENP-ACnp1. 

 

Different biases in the two ChIP protocols (using agarose beads or Dynabeads) 

could cause the differences in enrichment within the central domains. Therefore, two 

replicates of mock IP ChIP-seq were performed in a wild type strain with no tagged 

proteins using anti-GFP antibody and either agarose beads or Dynabeads to 

determine the technical bias of each ChIP methodology. AT-content was negatively 

correlated with agarose bead IP coverage (τ=-0.523; Figure 3.16A) and Dynabead 

IP coverage (τ=-0.596; Figure 13.17A) genome-wide. In contrast, AT-content was 

weakly positively correlated with Agarose bead IN coverage (τ=0.365; Figure 3.16B) 

and uncorrelated with Dynabead IN coverage (τ=0.101; Figure 3.16B) at 10,000 

random sites across the genome. Similarly, AT content was negatively correlated 

with agarose bead IP coverage (τ=-0.560) and Dynabead IP coverage (τ=-0.469) 

within the central domain. At 10,000 random sites within the central domain AT-

content is uncorrelated with both agarose bead IN coverage (τ=0.009) and 

Dynabead IN coverage (τ=-0.159). These results suggest that there is no 

sequencing bias against AT-rich sequences, but that the ChIP protocol itself 

introduces some bias. This is unlikely to affect the overall observations since, as the 

GFP-CENP-ACnp1 ChIP-seq showed, high enrichment at all sites within the central 
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domain can be detected using this methodology. Both methodologies have similar 

levels of bias so it remains unresolved as to why a second class of CENP-TCnp20 

peaks are present in agarose bead but not Dynabead ChIP-seq data.  

 

It would be ideal to perform CENP-ACnp1 ChIP-seq using Dynabeads to compare 

since that protocol results in higher enrichment with lower background. GFP-CENP-

ACnp1 cannot be used since this results in disrupted nucleosome positioning or 

additional crosslinking due to the large GFP tag. ChIP-seq using strains expressing 

HA-tagged CENP-ACnp1 using magnetic Dynabeads could be undertaken to clarify 

the discrepancy. The primary highly positioned peaks are the high confidence 

occupancy pattern for CENP-ACnp1 nucleosomes given their high enrichment in all 

ChIP-seq data sets, but additional positioned CENP-ACnp1 nucleosomes may be 

present at secondary sites within the defined gaps. Regardless, both the primary 

and secondary sites still do not occupy all sites that are predicted by the 

nucleosome occupancy algorithm. 

 

3.2.7. S. cryophilus, S. octosporus, and S. pombe have similar overall 

centromere organisations 

S. pombe CENP-ACnp1 nucleosomes are highly positioned in a sequence dependent 

manner within centromeres with large inter-nucleosomal gaps. Thus far it is unclear 

whether this reflects a conserved feature of centromeres that may be important for 

centromere function. Two related fission yeast species were analysed to explore this 

possibility. Centromeres in the fission yeast species Schizosaccharomyces 

octosporus and Schizosaccharomyces cryophilus are conserved in position but 

share no detectable sequence homology and thus likely represent evolutionarily 

ancient centromeres that lack conserved sequences (Rhind et al., 2011).  

 

CENP-ACnp1 and H3K9me2 ChIP-seq had previously been performed on chromatin 

extracted from S. octosporus and S. cryophilus using CENP-ACnp1 anti-serum and 

agarose beads (H. Berger; Allshire lab unpublished), but was repeated to minimize 

sequencing bias that could potentially affect the analyses. All sequencing data was 

high quality and analysed as above. The centromeres had not been fully assembled 

in the genome assemblies of these species and de novo assembly from the CENP-

ACnp1 ChIP-seq data was not successful (data not shown). 
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Mapping of these ChIP-seq data to the assembled genomes identified areas of 

enrichment consistent with the presence of partial centromere assemblies on 

supercontig 5.3 in S. octosporus and supercontig 3.4 in S. cryophilus. In both 

species the centromere region is adjacent to the predicted centromere location and 

has conserved synteny of flanking genes. In both species the ChIP-seq data reveals 

the presence of non-overlapping regional CENP-ACnp1 and H3K9me2 domains that 

are similar in arrangement to the S. pombe domains of CENP-ACnp1 with flanking 

heterochromatin (Figure 3.18 and 3.19).  

 

The genome-wide AT-content of S. octosporus and S. cryophilus are 62.5% and 

62.3%, respectively. S. octosporus centromeres have an AT-content of 65.8% and 

the mapped CENP-ACnp1 domains have a similar AT-content of 65.7%. The S. 

cryophilus centromere has an AT-content of 66.9% and AT-content of the mapped 

CENP-ACnp1 domains is 67.7%. Similar to S. pombe, centromeres in both of these 

species are more AT-rich than the genome-wide average. 

 

3.2.8 CENP-ACnp1 positioning is similar in S. octosporus and S. pombe 

Next it was determined whether CENP-ACnp1 positioning sequence features were 

also shared between S. octosporus, S. cryophilus, and S. pombe. The high 

resolution positioning of CENP-ACnp1 was determined in these species relative to the 

underlying sequence features.  

 

In S. cryophilus there is high and relatively uniform enrichment of CENP-ACnp1 

across the assembled centromere region with no distinct peaks and gaps, negating 

further analysis (Figure 3.18). This may be due to a lower quality assembly of this 

region, as indicated by multiple short gaps in the assembly. In contrast, S. 

octosporus centromeres displayed highly positioned CENP-ACnp1 peaks with 

intervening gaps (Figure 3.20). The new S. octosporus CENP-ACnp1 ChIP-seq data 

showed less distinct peaks with higher enrichment even between peaks, similar to 

what was observed for S. pombe. However, large gaps were present between 

CENP-ACnp1 peaks (median=363 bp). Furthermore, the CENP-ACnp1 peaks occupy 

less AT-rich sequences (61.6%), while the gaps between nucleosomes are more 

AT-rich (67.1%; p<0.001). The peaks are highly positioned on sequences with 

greater CG-richness and AT-richness increases with increasing distance from these 

peaks. Additionally, motifs present within the S. octosporus CENP-ACnp1 peaks and 
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gaps were identified using MEME (Bailey and Elkan, 1994). The gaps between 

CENP-ACnp1 nucleosomes were enriched for a 48 bp asymmetrical A/T rich motif, 

which is also purine rich, found in 12 of the 22 gaps with an E-value of 3.2e-1 

(Figure 3.21). The CENP-ACnp1 peaks were enriched for a 49 bp motif found in only 

6 of the 23 peaks with an E-value of 9.3e-8 with unclear relevance (Figure 3.22). 

 Flanking asymmetric AT-rich sequences lead to positioning of CENP-ACnp1 in both S. 

octosporus and S. pombe. This may indicate that these sequence features might be 

important for centromere identity or function. However, S. cryophilus has a different 

pattern of CENP-ACnp1 occupancy. This may result from a partial and potentially 

inaccurate assembly of the S. cryophilus centromere. Future de novo assembly of 

all centromeres in these species using PacBio sequencing will provide more insight 

into this question. 

 

3.2.9. CENP-ACnp1 occupancy profiles at neocentromeres differ from canonical 

centromeres 

The above analysis shows that sequence features that correlate with highly 

positioned CENP-ACnp1 nucleosomes are present at both S. pombe and S. 

octosporus centromeres despite the fact that the centromere DNA sequences in the 

species are not homologous. In addition to the conservation of these features, it is 

also of interest whether these features are strictly necessary for centromere function. 

To address this question CENP-ACnp1 occupancy and positioning in strains carrying 

neocentromeres were analysed. Deletion of the canonical chromosome I 

centromere leads to the formation of a neocentromere near the left (strain cd39) or 

right telomere (strain cd60) of chromosome I on sequences with no shared 

homology to the endogenous centromeres (Ishii et al., 2008; Ogiyama et al., 2013). 

Prior to neocentromere formation the sequences on which neocentromeres form are 

not under the same selective pressure as endogenous centromere sequences and 

are thus unlikely to possess all features or optimal centromere activity. CENP-ACnp1 

ChIP-seq was previously performed (unpublished, H. Berger; Allshire lab) in strains 

carrying either the neocentromere cd39 (left telomere) or cd60 (right telomere). 

CENP-ACnp1 ChIP-seq was newly performed in a strain carrying neocentromere 

cd39 to verify the data. Since these neocentromeres are novel they have not been 

under selective pressure towards optimal centromere sequence organization. 

Analysis will provide further information on the features that are necessary for 

centromere function. 
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Previously collected CENP-ACnp1 ChIP-seq data shows high enrichment proximal to 

the left and right telomeres in strains cd39 (Figure 3.23) and cd60 (Figure 3.24), 

respectively. CENP-ACnp1 ChIP-seq was repeated on the cd39 strain and shows 

similar enrichment, but has a more uniform high level of enrichment across the 

entire CENP-ACnp1 domain with less well-defined peaks. This is similar to what was 

observed with the new CENP-ACnp1 ChIP-seq data at endogenous centromeres. 

However, at the cd39 neocentromere enrichment of CENP-ACnp1 occurs over a 

larger domain than that observed at any of the thee endogenous centromeres, with 

approximate CENP-ACnp1 domain sizes of 13.7 kb and 22.6 kb at neocentromeres 

cd39 and cd60, respectively. This is in agreement with previous work (Ishii et al., 

2008). In particular, neocentromere cd60 forms over a larger domain and contains 

several CENP-ACnp1 enriched regions with large regions of low enrichment between. 

As ChIP is performed on a population of cells, it is possible that the larger domain 

represents either the oscillation of the neocentromere between multiple sites in 

different cells or the formation of a single larger chromatin domain due to suboptimal 

sequence features.  

 

3.2.10. Neocentromeres do not have sequence features that promote highly 

positioned nucleosomes 

Based on the previously collected MNase digested CENP-ACnp1 ChIP-seq data 

neocentromere cd39 CENP-ACnp1 peaks are less AT-rich (64.2% AT-content) than 

the gaps between CENP-ACnp1 peaks (69.6% AT-content; p<0.001; Figure 3.25). 

Using the current peak calling method it was not possible to define peaks for the 

new cd39 CENP-ACnp1 ChIP-seq data due to the high enrichment across the entire 

CENP-ACnp1 domain, so this data was not used for further analyses. At 

neocentromere cd60 CENP-ACnp1 occupies less AT-rich sequences (62.4% AT-

content) than the gaps between peaks (67.2% AT-content; p<0.001). This pattern is 

similar to that observed at endogenous centromeres, although the neocentromeres 

are overall less AT-rich. The median gap size between CENP-ACnp1 nucleosomes is 

387.5 bp for neocentromeres cd39 and 433 bp for neocentromere cd60. MEME was 

used to identify motifs present in the CENP-ACnp1 peaks and the gaps between 

peaks (Bailey and Elkan, 1994). However, no significantly enriched motifs were 

present. This is in striking contrast to asymmetric AT-rich motifs identified in the 

gaps between CENP-ACnp1 nucleosomes at both S. pombe and S. octosporus 
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endogenous centromeres. An analysis of the distribution of k-mers is being 

undertaken to investigate the sequence features at neocentromere in greater detail. 

 

The gaps between CENP-ACnp1 nucleosomes at neocentromeres are more AT-rich 

than the CENP-ACnp1 occupied sites, but the pattern of sequence features around 

CENP-ACnp1 peaks differs from endogenous centromeres (Figure 3.25). The AT-

content around CENP-ACnp1 occupied sites at neocentromere cd39 is different from 

the endogenous centromeres. At neocentromere cd39 CENP-ACnp1 peaks occupy 

sites of lower AT-content, but the sites surrounding the peaks also have a similarly 

low AT-content. This suggests that CENP-ACnp1 nucleosomes at these sites are not 

strongly positioned by the sequence features and that adjacent sites could also be 

occupied with a similar preference. The CENP-ACnp1 peaks detected at 

neocentromere cd60 also did not occur at local minimum of AT-content. 

 

The factors influencing CENP-ACnp1 positioning at neocentromeres are similar to that 

at endogenous centromeres. At both sites CENP-ACnp1 peaks over the less AT-rich 

sequences. However, there is also some indication that neocentromeres contain 

suboptimal sequence features for centromere formation. At canonical centromeres 

CENP-ACnp1 is highly positioned by flanking AT-rich sequences, while at least one 

neocentromere this is not the case. 

 

3.3 Discussion 

The results presented above indicate that CENP-ACnp1 occupancy is highly 

correlated with underlying DNA sequence features and that sequence could be, but 

is not necessarily, primarily responsible for positioning CENP-ACnp1 within the central 

domain regions of centromeres. This is defined primarily by a preference for 

occupying sites that are less highly AT-rich. This preference is shared with 

canonical H3-containing nucleosomes and both CENP-ACnp1 and H3 nucleosomes 

are predicted to occupy the same sites within the centromeres. However, not all 

predicted sites are occupied by CENP-ACnp1 in vivo, so other mechanisms and 

processes also affect CENP-ACnp1 occupancy. Despite the overall high AT-content of 

the S. pombe centromeres, the mechanism that directs CENP-ACnp1 to centromeres 

for incorporation is unlikely to rely on such specific sequence features, since the 

features that affect CENP-ACnp1 occupancy are also shared with canonical H3 

nucleosomes. In addition, the specific enrichment of CENP-ACnp1 and depletion of 
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H3 at centromeres are unlikely to be attributed to sequence features alone since 

they have similar sequence preferences. However, it remains possible that, 

although both prefer similar sequences, some subtle difference in the strength of 

this preference results in differential turnover of H3 relative to CENP-ACnp1 particles 

at centromeres.  

 

The overall organisation of CENP-ACnp1 nucleosomes at centromeres is also 

conserved with a related species despite the absence of similarity. The genome of 

the fission yeast S. octosporus contains a partially assembled AT-rich centromere. A 

regional CENP-ACnp1 domain with flanking heterochromatin is evident. Similar to S. 

pombe, S. octosporus CENP-ACnp1 nucleosomes are highly positioned on the more 

CG-rich sequences with more AT-rich sequences residing between nucleosomes. 

Thus, these sequence features may represent a generally conserved aspect of 

centromere sequence organisation in fission yeasts. Discretely positioned 

nucleosomes separated by large gaps may be beneficial for kinetochore 

attachments and centromere function. These analyses could only be applied to a 

partial assembly of one centromere from S. octosporus, but sequencing by PacBio 

is currently being undertaken to assemble all three centromeres in both S. 

octosporus and S. cryophilus (P. Tong, Allshire lab, personal communication). 

 

However, the above sequence features are not strictly required for kinetochore 

formation and centromere function. Formation of evolutionarily young 

neocentromeres takes place at loci adjacent to the telomeres of chromosome I (Ishii 

et al., 2008; Ogiyama et al., 2013). At these neocentromeres CENP-ACnp1 occupies 

domains that are larger than the CENP-ACnp1 domains at canonical centromeres. 

These neocentromeres are relatively AT-rich, though not to the same extent as 

endogenous centromeres, and the pattern of AT-content differs across 

neocentromeres. The evolutionarily young neocentromeres lack the variable regions 

of AT-content that lead to discrete highly positioned CENP-ACnp1 nucleosomes. 

Since neocentromeres are evolutionarily young it is possible that they represent 

suboptimal sequences for centromere formation and may evolve towards acquiring 

the characteristics of canonical centromeres. This possibility could be tested with a 

competition assay using progressively mutagenized minichromosomal 

neocentromeres to determine if increases in fitness are associated with more 

strongly positioned CENP-ACnp1 nucleosomes. An alternative test would be to 
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investigate the evolution of a naturally occurring ancient neocentromere if a suitable 

wild-strain with such a centromere was discovered. 

 

The highly positioned CENP-ACnp1 nucleosomes in fission yeast are not unique. At 

the point centromeres of the budding yeast (Saccharomyces cerevisiae) CENP-

ACse4 nucleosomes are positioned in phase with flanking canonical nucleosomes 

(Bloom and Carbon, 1982; Yuan et al., 2005). Moreover, at human centromeres 

CENP-A nucleosomes are regularly phased as a result of interactions with CENP-B 

(Ando et al., 2002) and it is known that CENP-B dimers can bind to two CENP-B 

boxes to position a nucleosome on the intervening DNA loop in vitro (Yoda et al., 

1998). It has been proposed that positioned CENP-A nucleosomes are an 

evolutionarily conserved feature of centromeres that may be important for proper 

kinetochore formation (Song et al., 2008). The specific selective force influencing 

this pattern remains unknown. 
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Chapter 4: Analysis of CENP-ACnp1 distribution following 
CENP-ACnp1 over-expression  
 

4.1 Introduction 

In most species it is important that a single centromere is formed on each 

chromosome. Multiple mechanisms contribute to the formation of a single functional 

centromere on each chromosome. CENP-A expression and incorporation are 

temporally regulated in a manner distinct from core histones. Core histones 

accumulate at high levels prior to entry into S-phase, during which incorporation into 

chromatin occurs following DNA synthesis (Harris et al., 1991; Marzluff et al., 2008). 

In contrast, fission yeast CENP-ACnp1 accumulates earlier in the cell cycle during late 

M and G1/S (Takahashi et al., 2000) and is incorporated at the centromere during 

G2 (Lando et al., 2012). New CENP-A accumulates in human cells primarily during 

G2, meaning that CENP-A incorporation is temporally separate from DNA 

replication and CENP-A synthesis, and expression of CENP-A only during S-phase 

leads to a loss of centromere specific incorporation (Shelby et al., 1997, 2000). This 

temporal separation between core histone and CENP-A expression may allow for 

centromere specific targeting or more efficient CENP-A homotypic nucleosome 

formation (Shelby et al., 1997, 2000). In additional to the temporal control of CENP-

A incorporation there is also distinct spatial targeting of CENP-A incorporation to 

achieve centromere specificity. Scm3 and the human ortholog HJURP act as 

chaperones for CENP-A and localise CENP-A specifically to centromeres (Barnhart 

et al., 2011; Foltz et al., 2009; Hayashi et al., 2004; Pidoux et al., 2009; Sanchez-

Pulido et al., 2009; Shuaib et al., 2010).  

 

Despite the presence of a dedicated chaperone and assembly mechanism for 

CENP-A there is plasticity in the chromosomal locations at which CENP-A is 

incorporated among epigenetically defined centromeres. Centromere loss from a 

chromosome can be resolved by formation of a neocentromere on non-centromeric 

sequences (Ishii et al., 2008; Marshall et al., 2008; Ogiyama et al., 2013; Shang et 

al., 2013). This balance between centromere specificity and neocentromere 

flexibility depends in part on levels of CENP-A in the cell. Over-expression of CENP-

A leads to ectopic incorporation at non-centromeric loci (Castillo et al., 2013; Choi et 

al., 2012; Gascoigne et al., 2011; Van Hooser et al., 2001; Lacoste et al., 2014). In 
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budding yeast over-expression of CENP-ACse4 leads to ectopic CENP-ACse4 

incorporation and subsequent segregation defects (Au et al., 2008). In human cells 

ectopic CENP-A incorporation leads to recruitment of a subset of kinetochore 

components but a functional kinetochore does not form (Gascoigne et al., 2011; Van 

Hooser et al., 2001; Lacoste et al., 2014). In fission yeast CENP-A Cnp1 over-

expression primarily leads to ectopic incorporation over the centromeric outer-

repeats and subtelomeric regions, as well as a low level of incorporation at a subset 

of genes in FACT mutants (Castillo et al., 2013; Choi et al., 2012).  

 

The ectopic incorporation of CENP-A Cnp1 following over-expression in fission yeast 

was investigated previously using tiling arrays (Castillo et al., 2013; Choi et al., 

2012). These experiments were constrained by the limited dynamic range and 

resolution inherent in tiling arrays. Therefore, I reinvestigated CENP-A Cnp1 over-

expression using ChIP-seq to examine ectopic CENP-A Cnp1 incorporation at high 

resolution and sensitivity. This was used to identify features that might influence 

CENP-A Cnp1 incorporation at ectopic sites and that might also contribute to CENP-

ACnp1 incorporation at canonical centromeres and the process of neocentromere 

formation.  

 

4.2 Results 

 

4.2.1 Over-expression of CENP-ACnp1 leads to increased occupancy at the 

central domain and ectopic incorporation over outer repeats at centromeres 

Analyses of CENP-ACnp1 and H3 nucleosome occupancy show that they have similar 

sequence preferences (chapter 3). Within the central domain of centromeres CENP-

ACnp1 nucleosomes occupy essentially the same sites that canonical H3-containing 

nucleosomes are predicted to occupy. However, it is possible that that subtle 

difference in the strength of the sequence preferences may lead to the preferential 

incorporation of CENP-ACnp1 at centromeres. CENP-ACnp1 over-expression was used 

to test if particular sequence features genome-wide are associated with CENP-ACnp1 

incorporation, which could provide more information about its sequence preferences. 

 

An S. pombe strain containing a plasmid integrated at the ars1 locus that allows 

moderate expression of CENP-ACnp1 driven by an nmt41 promoter was compared 

with a strain with wild-type CENP-ACnp1 expression levels carrying an integrated 
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empty control plasmid containing only the nmt41 promoter at ars1. The nmt41 

promoter is de-repressed by growth in the absence of thiamine (Forsburg, 1993). 

Growth for 48 hours in liquid minimal medium lacking thiamine induced expression 

of the integrated nmt41 promoter. In the nmt41-CENP-ACnp1 strain this has 

previously been observed to lead to high levels of CENP-ACnp1 expression and 

ectopic incorporation at the outer repeats and subtelomeric regions (Figure 4.1; 

Choi et al., 2012). Levels of CENP-ACnp1 could not be directly assessed since the 

available anti-CENP-ACnp1 serum is unable to detect CENP-ACnp1 by western 

analysis. GFP-CENP-ACnp1 was previously used to quantify CENP-ACnp1 levels (Choi 

et al., 2012), but this leads to compromised positioning or additional cross-linking 

and therefore is not ideal for use in high-resolution ChIP-seq mapping of CENP-

ACnp1 (Chapter 3). Instead over-expression of CENP-ACnp1 was verified by the 

detection of a significant increase in the levels of CENP-ACnp1 associated with the 

outer repeats at centromeres by ChIP-qPCR in the strain that should overexpress 

CENP-ACnp1 compared to the wild-type expression control strain (Figure 4.1). Two 

biological replicates with two technical replicates were collected for the CENP-ACnp1 

over-expressing and control strains. CENP-ACnp1 enrichment was detected within the 

central domain by ChIP-qPCR. CENP-ACnp1 was enriched ~130 fold at one position 

tested in the central domain of the centromere on chromosome II relative to the 

actin gene (act1+) in control cells, while CENP-ACnp1 was enriched ~300 fold at the 

same position in cells over-expressing CENP-ACnp1. Cells over-expressing CENP-

ACnp1 have reduced extraction of central domain chromatin in the IN and therefore 

an increase in CENP-ACnp1 occupancy within the central domain cannot be inferred 

from the change in CENP-ACnp1 enrichment (discussed further below). However, this 

could potentially reflect an increase in CENP-ACnp1 leading to higher occupancy of 

normally occupied sites or occupancy of the gaps between CENP-ACnp1 where 

CENP-ACnp1 normally is not enriched. CENP-ACnp1 is not normally detected on the 

outer repeats at centromeres. Consistent with this, no enrichment was evident on 

the outer repeats in the control strain. However, CENP-ACnp1 was enriched ~17 fold 

on the outer-repeats relative to act1+ in cells over-expressing CENP-ACnp1.  

 

These results are consistent with previous observations that CENP-ACnp1 over-

expression leads to ectopic incorporation at the outer repeats (Castillo et al., 2013). 

Even though the levels of CENP-ACnp1 protein could not directly be examined, these 
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initial analyses suggest that the CENP-ACnp1 is over-expressed in these cells and 

that the samples can be used to look for ectopic incorporation genome-wide.  

 

4.2.2 Ectopic CENP-ACnp1 incorporation following overexpression is highly 

enriched at centromeres and subtelomeric regions 

Ectopic incorporation of CENP-ACnp1 following over-expression was investigated 

genome-wide by ChIP-seq of CENP-ACnp1 using the CENP-ACnp1 over-expression 

strain, the control strain, and purified sheared input (IN) DNA from both strains. 

Coverage was normalised by millions of reads mapped for all data sets so that total 

coverage was the same between data sets since the number of reads sequenced is 

unrelated to enrichment.  

 

A statistic, RIN, measuring the difference in sequencing biases between the two 

strains, was calculated by dividing the coverage of the IN DNA from the CENP-ACnp1 

over-expression strain by the coverage of the IN DNA from the wild-type CENP-

ACnp1 expression strain on a per base level. All CENP-ACnp1 ChIP samples are 

expected to have similar biases so normalising relative to the wild-type CENP-ACnp1 

ChIP strain should also take into account sequencing and extraction biases, but the 

additional normalisation of the sheared IN data in a similar way directly tests for 

differences in bias between the two experimental groups. A second statistic, RIP, 

measuring ectopic CENP-ACnp1 incorporation, was calculated by taking the ratio of 

coverage between the CENP-ACnp1 over-expression strain and the wild-type CENP-

ACnp1 expression strain at per base resolution. This gives a measure of CENP-ACnp1 

occupancy following over-expression relative to its normal occupancy.  

 

The distributions of RIN and RIP values are shown in Figure 4.2. Log2 RIN values are 

tightly distributed around a mean of zero, consistent with similar sequencing biases 

between the two experimental groups. In contrast, log2 RIP, values were more widely 

distributed. There is a higher frequency of positive RIP values (especially above a 

log2 value of 1) compared to the RIN distribution that reflects higher overall read 

coverage from cells that over-expressed CENP-ACnp1. This finding is consistent with 

ectopic CENP-ACnp1 incorporation at a subset of sites in the genome. There is also a 

higher frequency of negative RIP values (especially below a log2 value of -1) 

compared to the RIN distribution that reflects lower read coverage obtained from 

cells with CENP-ACnp1 over-expressed. Since the number of sequenced reads in a 
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ChIP-seq experiment is not related to the enrichment of the protein of interest, the 

coverage is scaled relative to the number of reads mapping to the genome to allow 

comparisons to be made between samples. A greater number of reads mapping to 

sites of ectopic CENP-ACnp1 incorporation means that a smaller proportion of reads 

will map to the rest of the genome, which would cause more negative RIP values at 

these other sites. It is also possible that the more negative RIP values may be due to 

an unknown change in chromatin structure that makes these sequences more 

difficult to extract following CENP-ACnp1 over-expression.  

 

RIN gives a measure of the noise and sequencing bias between the data sets so was 

used to calculate p-value significance thresholds, defining what constituted 

significantly higher and lower enrichment following CENP-ACnp1 over-expression. 

The top 1% highest RIN values defined the cut-off for positions with significant higher 

enrichment and likewise the bottom 1% lowest RIN values determined the cut-off for 

significantly lower enrichment following over-expression. RIN values were distributed 

around a mean of ~1, reflecting equal coverage between samples, with 1% of sites 

defined as significantly more enriched and 1% defined as significantly less enriched, 

with cut-offs of 1.528 and 0.654 respectively. As such, 1% of positions in the IN data 

were by definition considered to have higher or lower levels of enrichment based on 

their RIN values even though IN coverage is expected to be the same between 

experimental groups.  

 

RIN values are shown across the length of all chromosomes in Figure 4.3. RIN values 

more extreme than the upper and lower significance thresholds are shown in green 

and red, respectively. These are 1% of the genomic positions, by definition, and 

represent over- and under-representation of IN coverage in the CENP-ACnp1 over-

expression samples relative to the wild-type CENP-ACnp1 expression samples. The 

notable clusters of significant red peaks correspond to the centromere central 

domains and suggest a change in chromatin structure at these loci that makes these 

sequences more difficult to extract in cells over-expressing CENP-ACnp1. It is 

possible that this is due to changes in CENP-ACnp1 and H3 nucleosome occupancy 

or interactions with the kinetochore, but this remains to be tested. The green peaks 

of higher RIN values are distributed across the genome and do not show any clear 

clustering at specific sites.  
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The p-value significance thresholds based on RIN values were applied to the RIP 

values to define significant changes in CENP-ACnp1 enrichment following over-

expression. On all three chromosomes there are clear clusters of significantly highly 

enriched sites around the centromeres and over subtelomeric regions, as indicated 

by the green peaks. This increase over specific regions is consistent with ectopic 

CENP-ACnp1 incorporation at these loci (Figure 4.3). Enrichment is higher at the 

centromere than the subtelomeric regions. The RIP values at these loci, especially 

the subtelomeric regions, are not as high as some of the observed RIN values. The 

distributions shown in Figure 4.2 reveal that high RIN values are due to a very small 

number of bases with extreme values, while high RIP values are due to a much 

larger number of bases with moderately high values. This suggests that the high RIN 

values are due to noise, while high RIP values are due to ectopic CENP-ACnp1 

incorporation.  

 

To determine whether there are other regions of broad enrichment, the average RIP 

value and number of significant bases was calculated in 10 kb non-overlapping bins 

across the genome. It is clear that sites near centromeres and subtelomeres have 

higher RIP values and more bases with significant ectopic enrichment, while no other 

areas of the genome show a similar pattern (Figure 4.4). Both these measures 

indicate that there is higher enrichment near the centromere, meaning that this is 

the primary site of ectopic CENP-ACnp1 incorporation. However, ectopic incorporation 

can also be investigated at a finer spatial resolution and therefore the analyses were 

repeated using 1 kb non-overlapping bins across the genome. The highest levels of 

enrichment and significant bases still occur at the outer-repeats and subtelomeric 

regions, but there are additional bins across the genome that show evidence of 

ectopic CENP-ACnp1 incorporation. These ectopic incorporation sites occur on a 

smaller spatial scale since they were not detected when using broader 10 kb bins 

that would include nearby regions where ectopic incorporation did not occur. 

Nevertheless, this finding provides evidence for additional ectopic CENP-ACnp1 

incorporation at additional locations across the genome and that it is not restricted to 

the outer-repeats or subtelomeric regions. This is discussed further below. 
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4.2.3 Ectopic incorporation at centromeres is primarily at the outer repeats 

The highest levels of significant ectopic CENP-ACnp1 incorporation were detected at 

centromeres. Ectopic CENP-ACnp1 incorporation was limited to the centromeric 

outer-repeats that surround the central domain at each centromere (Figure 4.5). 

Coverage is plotted across the centromere of chromosome II since it is unique while 

centromeres on chromosomes I and III share a region of homology, but all analyses 

include all three centromeres. There was no detectable ectopic CENP-ACnp1 

incorporation within the central core or over the inner-repeats, even on the 

heterochromatic portion of the inner-repeats distal to the tRNA boundary elements. 

In partial contrast to the ChIP-qPCR analysis (Figure 4.1), CENP-ACnp1 was not 

higher in the CENP-ACnp1 over-expression samples, though (as mentioned above) it 

is not clear whether the ChIP-qPCR results support increased CENP-ACnp1 

occupancy due to the decrease in central domain chromatin extraction following 

CENP-ACnp1 over-expression. ChIP-seq analysis is expected to have less power 

than ChIP-qPCR to detect this difference, due to the lower dynamic range and 

constraint on the total number of reads sequenced, so it is not surprising that no 

ectopic CENP-ACnp1 incorporation is detected within the central domain. Thus, it is 

possible that following CENP-ACnp1 over-expression there is some additional CENP-

ACnp1 incorporation within the central domain, as well as at other regions in the 

genome, but this cannot be detected using the current ChIP-seq methodology 

without a spike in chromatin control.  

 

4.2.4 Increased CENP-ACnp1 expression shifts CENP-ACnp1 occupancy within 

the central domain towards sites of predicted nucleosome occupancy 

Ectopic CENP-ACnp1 incorporation could not be detected within the central domain 

following CENP-ACnp1 over-expression despite potential increased occupancy of 

CENP-ACnp1 detected by ChIP-qPCR. However, CENP-ACnp1 occupancy in cells 

over-expressing CENP-ACnp1 show a different occupancy pattern within the central 

domain compared to cells with wild-type CENP-ACnp1 expression. There are clear 

peaks and troughs where CENP-ACnp1 coverage is higher or lower in CENP-ACnp1 

over-expressed cells compared to control cells, though the changes in occupancy 

are relatively small and not significant. This is of particular interest considering the 

pattern of highly positioned CENP-ACnp1 observed within the central domains 

(Chapter 3). Patterns of coverage within the central domain were analysed in 

greater detail to determine what factors influence this pattern of peaks.  
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Across the central domains RIP values did not provide evidence of ectopic CENP-

ACnp1 incorporation at additional positions, but a pattern of periodic peaks was 

observed (Figure 4.6A). Control samples displayed high enrichment of CENP-ACnp1 

across the central domain with peaks corresponding to positions of highest 

enrichment (Figure 4.6B). Due to the described technical limitations (Chapter 3), 

CENP-ACnp1 only shows a slight enrichment at the peaks and it is difficult to 

rigorously define peak positions. Therefore, nucleosome positioning cannot be 

defined at a high resolution and the shifts in occupancy detected between the two 

groups represent only subtle changes. Cells over-expressing CENP-ACnp1 had a 

high enrichment of CENP-ACnp1 across the central domain (Figure 4.6C). This 

enrichment again showed a high general enrichment with peaks corresponding to 

positions of highest enrichment, but there is a clear shift towards more precisely 

defined peaks. This shift corresponds to the peaks observed in the RIP values across 

the central domain. 

 

RIP values were only weakly correlated with wild-type CENP-ACnp1 occupancy 

(τ=0.183; Figure 4.6D), indicating that the peaks did not simply represent higher 

enrichment at the peaks already present. Rather, RIP values were moderately 

correlated with the predicted nucleosome occupancy calculated using the Segal 

algorithm (τ=0.382; Figure 4.6E). Peaks of higher RIP values are associated with 

predicted nucleosome occupied sites. Other new peaks correspond to regions within 

the central domain that are not predicted to be occupied by nucleosomes and may 

form gaps, which is surprising considering that these regions are more AT-rich and 

CENP-ACnp1 does not normally occupy all predicted sites (Chapter 3). However, 

confirmation of these analyses will need nucleosome positions to be mapped at 

higher accuracy by other methods such as digesting chromatin with MNase to single 

nucleosome resolution or ChIP-exo to map positions of nucleosome-DNA cross-

linking. 

 

4.2.5 Ectopic CENP-ACnp1 incorporation occurs at sites where stable 

neocentromeres are known to form 

Formation a neocentromere can be induced in fission yeast by the deletion of a 

canonical centromere from a chromosome (Ishii et al., 2008). When canonical 

centromere I is deleted a neocentromere can form in the subtelomeric region near 

either telomere of chromosome I (Ishii et al., 2008). Therefore, it was of interest to 
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determine whether those regions that are capable of neocentromere formation 

correspond to regions of ectopic CENP-ACnp1 incorporation following CENP-ACnp1 

over-expression. Previously sequenced CENP-ACnp1 ChIP-seq data for 

neocentromere carrying strains with wild-type CENP-ACnp1 expression levels 

(Chapter 3) were compared with ectopic CENP-ACnp1 incorporation due to CENP-

ACnp1 over-expression in strains with canonical centromeres.  

 

Neocentromere cd39 is located near the left telomere of chromosome I (Ishii et al., 

2008). ChIP-seq of CENP-ACnp1 in a strain carrying the cd39 neocentromere showed 

high enrichment of CENP-ACnp1 at the known neocentromere site near the left 

telomere of chromosome I (Figure 4.7; data from H. Berger, Allshire lab). In 

comparison, the strain with over-expressed CENP-ACnp1 showed significant ectopic 

incorporation over a broad domain in the subtelomeric region (Figure 4.7). There 

was significant ectopic incorporation of CENP-ACnp1 following CENP-ACnp1 over-

expression (OE) at the site of neocentromere cd39, but ectopic incorporation is not 

limited to the neocentromere region. Neocentromere cd39 was shown to be located 

near the telomere ~70 kb from the chromosome end (Ishii et al., 2008). Consistent 

with this, CENP-ACnp1 is enriched over a domain that lies ~70-90 kb from the left 

telomere of chromosome I. In contrast, ectopic CENP-ACnp1 incorporation following 

over-expression leads to enrichment from the telomere extending across the 

neocentromere site (~0-90 kb). However, the CENP-ACnp1 signal at neocentromere 

cd39 and in OE CENP-A cells decline at approximately the same position internal to 

the telomere, but ectopic incorporation may extend internally to the neocentromere 

position. This boundary corresponds to the limit of CENP-ACnp1 incorporation is not 

associated with changes in AT-content and occurs near the str3 gene (located at 

88,201-90,300 on the reverse strand) or the region downstream.  

 

Neocentromere cd60 was shown to be located in the subtelomeric region near the 

right telomere of chromosome I (Ishii et al., 2008). Our ChIP-seq data for CENP-

ACnp1 on the cd60 strain showed high enrichment of CENP-ACnp1 near the right 

telomere of chromosome I (data from H. Berger, Allshire lab). In comparison, the 

strain with over-expressed CENP-ACnp1 showed significant ectopic incorporation 

over a broad domain in this subtelomeric region (Figure 4.8). Similar to 

neocentromere cd39, there was significant ectopic incorporation of CENP-ACnp1 in 

cells over-expressing CENP-ACnp1 in the region where neocentromere cd60 formed, 
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but ectopic incorporation was not limited to the neocentromere region. 

Neocentromere cd60 is known to reside ~50 kb from the right telomere of 

chromosome I and CENP-ACnp1 in cd60 cells is enriched over a domain positioned 

~50-70 kb from right end of chromosome 1. However, in OE CENP-ACnp1 cells a 

broad region of ectopic incorporation was indicated by CENP-ACnp1 enrichment that 

extended from the telomere over the neocentromere cd60 region and possibly 

internal into the chromosome arm (~0-90 kb).  

 

4.2.6 Ectopic CENP-ACnp1 incorporation is limited at an internal site capable of 

neocentromere formation 

When the centromere was deleted from chromosome III it was observed that 

neocentromere formation was rare, likely due to the presence of rDNA repeats 

adjacent to both telomeres (Ogiyama et al., 2013). Unlike the formation of 

subtelomeric neocentromeres that followed deletion of the centromere of 

chromosome I (Ishii et al., 2008), subtelomeric neocentromeres were not observed 

on chromosome III following deletion of the chromosome III centromere and instead 

neocentromeres were formed at internal sites (Ogiyama et al., 2013). Two internal 

neocentromeres were characterized, one (cd389) located on the side of the rDNA 

repeat array lying internal on the chromosome (~1Mb from the telomere) and one 

(cd385) located at an internal euchromatic locus (at least 500 kb from either 

telomere). Neocentromeres cd385 and cd389 are unstable and show segregation 

defects but can be stabilised by chromosome fusion or rearrangements that bring 

the neocentromeres closer to the telomeres. Stable neocentromeres on 

chromosome I were formed near the telomeres so their locations may be 

determined primarily by chromatin context, such as associated telomeric 

heterochromatin, rather than any sequence features. In contrast, the loci involved in 

forming these unstable neocentromeres on chromosome III were not positioned 

near centromeres or telomeres or other unusual chromatin. Thus these non-

telomeric neocentromeres may be determined by underlying sequence features at 

these locations. To determine if these same features promote ectopic CENP-ACnp1 

incorporation in these regions CENP-ACnp1 levels was analysed over these potential 

neocentromere regions in CENP-ACnp1 over-expressing cells.  

 

No widespread significant ectopic CENP-ACnp1 incorporation in CENP-ACnp1 over-

expressing cells was detected in the region where neocentromere cd385 can form. 
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However, a small segment within the region covered by neocentromere cd385 

displays significant ectopic CENP-ACnp1 incorporation (Figure 4.9). It is possible that 

this segment (s385) may seed CENP-ACnp1 incorporation during neocentromere 

formation and that additional CENP-ACnp1 may then be recruited into nearby 

chromatin. The s385 segment is small (~0.5 kb) but it displays significant ectopic 

CENP-ACnp1 incorporation. However, given the small size of this segment it is 

unclear whether it has any functional significance with respect to neocentromere 

formation.  

 

Neocentromere cd389 formed on the internal side of the rDNA repeats near the left 

telomere of chromosome III (Ogiyama et al., 2013). In cells with canonical 

centromeres that overexpress CENP-ACnp1 widespread significant ectopic 

incorporation of CENP-ACnp1 was found to overlap with the cd389 region. 

Neocentromere cd389 is considered an internal on the chromosome since it is 

located on the internal side of the rDNA repeat array, but the rDNA repeats show 

broad ectopic CENP-ACnp1 incorporation that extends across the site where 

neocentromere cd389 formed. It cannot be determined which rDNA repeats show 

ectopic CENP-ACnp1 incorporation, but the significant enrichment over the region 

including cd389 suggests that there is likely ectopic incorporation across the length 

of the rDNA repeats. As such, ectopic incorporation in this region may be related to 

chromatin context due to proximity to the telomere or the rDNA repeats themselves 

rather than specific sequence features. Indeed, heterochromatin has also been 

shown to be associated with the rDNA repeats in fission yeast (Bjerling et al., 2004; 

Shankaranarayana et al., 2003). 

 

4.2.7 Ectopic CENP-ACnp1 incorporation occurs at sites enriched for 

asymmetric AT-rich sequences 

It was of interest to determine what sequence features might lead to ectopic CENP-

ACnp1 incorporation at regions outside outer-repeats and subtelomeric regions. One 

possibility is that these regions share some sequence feature that somehow 

promotes ectopic CENP-ACnp1 incorporation. These regions were therefore analysed 

to determine if they share any sequence motifs that might correlate with ectopic 

CENP-ACnp1 incorporation.  
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All 1 kb bins with significantly positive RIP values that were not in within the 

annotated centromeres or within 100 kb of the telomeres were identified. Only bins 

with at least 300 significantly positive bases were used due to computational 

limitations. This number was chosen since the maximum fragment size mapped was 

250 bp so that any significant enrichment would be due to multiple non-identical 

reads. 43 bins fit these criteria. Shared motifs present in these bins were identified 

using MEME (Bailey and Elkan, 1994). The most significant motif identified was a 

highly asymmetrical AT-rich motif of width 29 bp that had an E-value of 5.6e-21 

(Figure 4.10). This motif was present in 29 of the 43 bins. Two other significantly 

enriched motifs were identified. The first motif is an asymmetrical AT-rich motif 

present in 17 bins (E-value=2.4e-5; Figure 4.11). The second motif is an 

asymmetrical AT- and asymmetrical CG-rich motif present in 17 bins (E-value= 

9.3e-3; Figure 4.12).  

 

The asymmetrical AT-rich motifs identified at these internal sites of ectopic CENP-

ACnp1 incorporation are similar to the motifs that were observed in the gaps between 

CENP-ACnp1 nucleosomes at canonical centromeres (Chapter 3). Thus, these 

asymmetrical AT-rich motifs are candidates for sequences that influencing ectopic 

CENP-ACnp1 incorporation. AT-rich sequences generally exclude nucleosomes from 

assembly and the analysis applied used 1 kb windows so it is likely that ectopic 

CENP-ACnp1 incorporation occurs on the surrounding region and not over the AT-rich 

sequence itself. Further analyses on where ectopic incorporation occurs relative to 

these sequence features and what the normal pattern of canonical nucleosomes is 

in the regions are being undertaken.  

 

5.2.8 Ectopic CENP-ACnp1 incorporation does not occur at replication origins 

The asymmetrical AT-rich motif present at bins of significant ectopic CENP-ACnp1 

incorporation is intriguing, but it is not clear how these two are related. The origin 

recognition complex (ORC) localises to replication origins in fission yeast via the 

multiple AT-hooks in the Orc4 protein (Chuang and Kelly, 1999; Kong and 

DePamphilis, 2001; Lee et al., 2001). Interestingly, the Orc4 AT-hooks bind to 
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asymmetrical AT-rich sequences (Chuang and Kelly, 1999; Kong and DePamphilis, 

2001; Lee et al., 2001). Furthermore, ORC has been detected within the central 

domain of fission yeast centromeres in the absence of any detectable replication 

origin activity (Hayashi et al., 2007; Segurado et al., 2003). Attempts to map the 

precise localisation of ORC within the central domain have not been possible 

because the original mapping data was low resolution and so far ChIP-seq has 

failed due to IP efficiency that was not sufficiently high. Therefore, an alternative 

approach was to investigate whether ectopic CENP-ACnp1 incorporation occurs at or 

near replication origins.  

 

A list of described replication origins in fission yeast were downloaded from OriDB 

(Siow et al., 2012). Origins with dubious support were excluded from this analysis, 

but were considered subsequently. Mean RIP values were calculated for all likely and 

confirmed replication origins. RIP values were compared to the chromosome wide 

distributions (Figure 4.13). Chromosome-wide distributions of RIP values were 

distributed around a mean of ~1, indicating equal coverage in the CENP-ACnp1 over-

expression and the control samples. The long tail of high values results from sites 

where CENP-ACnp1 is ectopically incorporated. Replication origins have a similar 

distribution of mean RIP values with a mean value of ~1. There are a small number 

of origins that have mean RIP values above the cut-off threshold for significant 

ectopic incorporation, but these are all located in subtelomeric regions or the 

centromeric outer-repeats. Dubious replication origins were analysed in the same 

way and similarly the only origins with evidence of significant ectopic CENP-ACnp1 

incorporation were in subtelomeric regions or the outer-repeats. However it may be 

necessary to also analyse ectopic CENP-ACnp1 incorporation within replication 

origins to determine whether there is spatially restricted incorporation at smaller 

regions within origins. These analyses are currently being undertaken. It remains to 

be determined what features are associated with, and perhaps promote, ectopic 

CENP-ACnp1 incorporation at chromosomal sites other than the centromere and 

subtelomeric regions. Ongoing analyses are underway to determine whether the 

regions of ectopic CENP-ACnp1 incorporation are associated with other nucleosome-

depleted regions, such as near transcriptional start sites. 
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4.2.9 No ectopic CENP-ACnp1 incorporation is detected over genes  

Broad domains of CENP-ACnp1 enrichment following over-expression are limited to 

the subtelomeric regions and centromeres, but CENP-ACnp1 incorporation might also 

occur on a more local scale. It remains possible that transcription may lead to H3 

nucleosome eviction and their replacement by CENP-ACnp1 containing nucleosomes. 

To test this possibility average Rin and RIP values were calculated for annotated 

features in the S. pombe genome, i.e. for a single feature the average RIP value was 

calculated (Figure 4.14). Features within all three centromere regions and within 100 

kb of the telomeres were excluded to prevent incorporation at these sites from 

affecting the results. 

 

Rin values for all feature types are distributed around a median that ranged between 

0.981 for coding regions and 1.067 for repeat regions, which is very close to a value 

of 1 that indicates no difference between samples (Figure 4.14). Short nuclear 

RNAs had a median of 1.137, but only had a sample size of 7. Also, few individual 

features were found to be significantly different from the genome-wide mean using 

the p-value significance thresholds. For all genomic features the 25th and 75th 

quantiles were well below the p-value significance thresholds.  

 

Rip values showed a larger variation between different types of features. However, 

there is not evidence of widespread enrichment at any type of feature. The median 

value for coding regions (1.006), exons (0.965), genes (0.972), non-coding RNAs 

(0.960), and pseudogenes (1.061) were close to the genome-wide background with 

25th and 75th quantiles that were well within the p-value significance thresholds. The 

remaining features have lower Rip values, with repeat regions, snoRNAs, and tRNAs 

having 25th percentiles slightly below the lower p-value significance threshold. As 

this corresponds to CENP-ACnp1 incorporation following over-expression that is lower 

than background levels it is unclear what relevance this has.  

 

Ectopic CENP-ACnp1 incorporation at a subset of genes was previously observed 

following CENP-ACnp1 over-expression when a component of the FACT complex was 

mutated using microarrays to generate a genome-wide profile (Choi et al., 2012). 

Over-expression of CENP-ACnp1 in wild-type cells was not found to result in ectopic 

incorporation at genes (Choi et al., 2012). Thus the results obtained here using 

ChIP-seq agree with these previous observations obtained by ChIP-chip. It would be 



Chapter 4: Analysis of CENP-ACnp1 distribution following CENP-ACnp1 over-expression   

150 



Chapter 4: Analysis of CENP-ACnp1 distribution following CENP-ACnp1 over-expression   

151 

possible to analyse the relationship between gene expression level and ectopic 

CENP-ACnp1 incorporation to determine if there is a subset of genes that show 

incorporation. This analysis is being undertaken. 

 

4.3 Discussion 

Ectopic incorporation of CENP-ACnp1 following over-expression provides insight into 

the factors influencing CENP-ACnp1 incorporation more generally. Over-expression of 

CENP-A leads to widespread incorporation across the genome in mammalian cells 

(Lacoste et al., 2014). In contrast, as shown here and indicated by previous studies 

(Castillo et al., 2013; Choi et al., 2012), in fission yeast ectopic incorporation 

following over-expression of CENP-ACnp1 is primarily limited to the pericentromeric 

heterochromatin and subtelomeric regions with no significant incorporation at genes. 

Reads cannot be mapped uniquely to individual pericentromeric repeats so it is not 

known exactly how CENP-ACnp1 and heterochromatin are organised over these 

regions. CENP-ACnp1 may spread beyond the tRNA boundaries at each edge of the 

central domain and displace heterochromatin from nearby repeat elements or there 

may be interspersed regions of CENP-ACnp1 and heterochromatin or cell to cell 

variation in the presence or absence of CENP-ACnp1 on flanking outer repeats.  

 

Limited significant incorporation was also detected at other sites in the genome but 

this ectopic incorporation was not found to be associated with any annotated 

genomic features. CENP-ACnp1 incorporation at these locations is likely to be 

directed by chromatin features, or nuclear organization of chromosomal domains, 

since most ectopic incorporation is associated with the centromeric outer-repeats 

and subtelomeric regions rather than with any particular sequences. However, 

potential sequence features that may play a supplementary role were also identified, 

with asymmetric AT-rich sequences enriched at other regions of significant ectopic 

incorporation. It has previously been shown that telomere repeat sequences and 

associated heterochromatin can recruit ectopic CENP-ACnp1 at an internal locus 

(Castillo et al., 2013). It should be noted that additional CENP-ACnp1 may also be 

incorporated within the central domain of centromeres in over-expressing cells, but 

these cannot be detected using this methodology applied. Thus the amount of 

ectopic incorporation is a conservative estimate. Calculating actual increased 

enrichment levels across the central domain by ChIP-seq would require the use of 

multiple known concentrations of spiked-in CENP-ACnp1 chromatin assembled on 
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DNA that is not present in S. pombe. This would allow ChIP-seq coverage to be 

related directly with the amount of DNA present so that the coverage could then be 

normalised to reflect the actual level of enrichment.  

 

There was a slight shift in CENP-ACnp1 occupancy within the central domain towards 

sites that are predicted to be occupied by nucleosomes. There are a number of 

explanations for this shift towards higher coverage on these predicted nucleosomal 

sites. Higher occupancy by CENP-ACnp1 nucleosomes may lead to a slightly higher 

enrichment with reduced noise, thus allowing CENP-ACnp1 nucleosomes to be 

mapped with higher resolution. Alternatively, since higher coverage was also 

obtained at existing CENP-ACnp1 peaks, higher occupancy by CENP-ACnp1 

nucleosomes may lead to greater positional constraints at sites flanking highly 

positioned nucleosomes and result in statistical positioning of nearby nucleosomes. 

These observations and possibilities remain to be verified at higher resolution and 

tested. Until then, all explanations are speculative. 

 

The most recent estimates of CENP-ACnp1 occupancy within the central domain 

suggested that CENP-ACnp1 occupies approximately 50% of potential sites in any 

given cell (Lando et al., 2012). This number does not include sites that are predicted 

to be occupied by nucleosomes, but where CENP-ACnp1 occupancy has not been 

observed in vivo. The potential increase in CENP-ACnp1 levels on the central domain 

in cells overexpressing CENP-ACnp1 detected by ChIP-qPCR indicated that CENP-

ACnp1 may occupy additional sites within the central domains. The shift in occupancy 

detected suggests that CENP-ACnp1 may also be occupying predicted sites that are 

not normally observed to be occupied in vivo in cells expressing wild-type CENP-

ACnp1 levels. Therefore, CENP-ACnp1 may be occupying additional sites that are 

normally unoccupied (or occupied by other proteins or a protein complex) in wild-

type cells. At the resolution utilised additional CENP-ACnp1 occupied peaks could not 

be directly observed, but the shifts in occupancy within the central domain support 

such a hypothesis. 

 

Subtelomeric regions are also the known sites of neocentromere formation (Ishii et 

al., 2008; Ogiyama et al., 2013). It was therefore of particular interest to determine 

whether ectopic CENP-ACnp1 incorporation occurred within subtelomeric regions and 

how this may relate to neocentromere formation. Ectopic CENP-ACnp1 incorporation 
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was observed within the subtelomeric regions of chromosome I, overlapping with 

the region where neocentromeres form. Increased ectopic CENP-ACnp1 incorporation 

at these locations indicates that these may be sites of preferential incorporation that 

can seed neocentromere formation following canonical centromere deletion. On 

chromosome I this ectopic incorporation occurred over domains that extended 

towards the telomeres, while neocentromere formation occurs only over a segment 

of this ectopic incorporation domain that does not extend to the telomeres. This 

observation suggests that there may be mechanisms that limit the region continually 

occupied by CENP-ACnp1 at stable neocentromeres. Transcription of genes has been 

shown to interfere with and thus shift neocentromere location in Candida albicans 

(Thakur and Sanyal, 2013). Thus it is possible that the transcription of flanking 

genes acts as a boundary constraining neocentromere location in these 

subtelomeric regions in S. pombe. 

 

It has previously been observed that neocentromeres do not form near the 

telomeres of chromosome III, probably due to the presence of rDNA repeats 

(Ogiyama et al., 2013). Instead, unstable neocentromeres form at internal sites, 

which are resolved by chromosome fusion or rearrangements or rDNA repeat 

reduction (Ogiyama et al., 2013). Ectopic CENP-ACnp1 incorporation was observed at 

subtelomeric loci on chromosome III and also on the internal chromosomal region 

known to form a neocentromere (cd385) adjacent to the rDNA repeat array. 

However, only limited ectopic CENP-ACnp1 incorporation was observed at the 

internal site corresponding to that where the unstable cd385 neocentromere is 

known to form. It is possible that this small region of ectopic CENP-ACnp1 

incorporation identifies a site that acts as a seed for weak neocentromere formation 

in this region. Such a seed might trigger additional CENP-ACnp1 chromatin assembly 

leading to neocentromere formation upon deletion of the chromosome III 

centromere. However, the low level of CENP-ACnp1 enrichment detected is relatively 

common across other regions of the genome that do not form neocentromere. It is 

possible that many internal sites are capable of neocentromere formation on 

chromosome III and that this particular region was recovered as a functional 

neocentromere by chance. It is possible that other sites of ectopic CENP-ACnp1 

incorporation might also correlate with loci that are amenable to neocentromere 

formation.  
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Chapter 5: A high-resolution sequence-based map of CENP-
ACnp1/kinetochore interactions 
 

5.1 Introduction 

Most regional centromeres form on repetitive sequences, while some evolutionarily 

young neocentromeres form on non-repetitive sequences (Fukagawa and Earnshaw, 

2014). Therefore, positional information cannot be mapped to a unique location 

within most centromeres. In contrast, fission yeast (S. pombe) centromeres are 

comprised of a non-repetitive central core flanked by inner- and outer-repeat 

elements (Clarke and Baum, 1990; Clarke et al., 1986; Fishel et al., 1988; 

Hahnenberger et al., 1991; Murakami et al., 1991; Nakaseko et al., 1987). CENP-

ACnp1 occupies the central domain so its position can be mapped relative to 

underlying sequences (Partridge et al., 2000; Takahashi et al., 2000). CENP-ACnp1 

nucleosomes in fission yeast are highly positioned based on sequence features, so 

interactions with kinetochore components and other centromeric proteins can be 

mapped relative the CENP-ACnp1 and the underlying sequence. 

 

In budding yeast a single CENP-ACse4 nucleosome interacts with a single spindle 

microtubule at each centromere (Winey et al., 1995). In contrast, in fission yeast and 

mammals multiple microtubules associate with each centromere (Ding et al., 1993; 

Dong et al., 2007; McEwen et al., 1997, 2001; Wendell et al., 1993; Zinkowski et al., 

1991). Multiple kinetochore microtubules may interact with a single centromere via 

repeat subunits where each microtubule interacts with a functional kinetochore 

subunit (Zinkowski et al., 1991) or alternatively the kinetochore may form a network 

lacking a defined subunit structure (Dong et al., 2007). ChIP-seq analysis of fission 

yeast CENP-ACnp1 indicates that there are ~20 sites occupied by CENP-ACnp1 

nucleosomes per centromere in a cell population. However single cell analysis using 

high-resolution microscopy estimated that the number of CENP-ACnp1 nucleosomes 

present per centromere was only sufficient to occupy ~50% of sites in any given cell, 

but this estimate was subject to a large amount of uncertainty on the exact number 

of CENP-ACnp1 nucleosome present (Lando et al., 2012). Thus, CENP-ACnp1 
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nucleosomes are present at fission yeast centromeres in excess relative to the 

number of associated kinetochore microtubules, although perhaps not at an 

adequate number to fully occupy potential sites. It is possible that a subset of 

CENP-ACnp1 nucleosome positions always interact with the kinetochore as “elite” 

CENP-ACnp1 nucleosomes or alternately that all CENP-ACnp1 nucleosome positions 

could potentially interact with the kinetochore in different cells in a mixed population 

in a stochastic manner (Figure 5.1B). 

 

It is also of interest to determine if a protein or complex binds to the DNA between 

CENP-ACnp1 nucleosomes. The vertebrate CENP-T/W/S/X complex has been 

proposed to bind DNA directly in a nucleosome-like structure (Nishino et al., 2012). 

This makes the fission yeast CENP-TCnp20/W/S/X complex a potential candidate for 

a complex associated with the gaps between CENP-ACnp1 nucleosomes. Another 

candidate for a protein that might associate with the gaps detected between CENP-

ACnp1 nucleosomes is the CENP-ACnp1 chaperone Scm3, which is homologous to the 

human CENP-A chaperone HJURP (Barnhart et al., 2011; Foltz et al., 2009; 

Hayashi et al., 2004; Pidoux et al., 2009; Sanchez-Pulido et al., 2009; Shuaib et al., 

2010). S. cerevisiae Scm3 protein contains a DNA binding domain that binds non-

specifically to AT-rich sequences and a predicted AT-hook domain, but the 

predicted AT-hook domain is absent from the S. pombe Scm3 protein (Aravind et al., 

2007; Xiao et al., 2011).  

 

Mis16 and Mis18 are required for CENP-ACnp1 localisation to the centromere 

(Hayashi et al., 2004) and human Mis18α/β and Mis18BP1 also acts as loading 

factors for CENP-A (Fujita et al., 2007). No homolog of Mis18BP1 has been 

identified in S. pombe, but the novel protein Eic1 has been proposed to perform the 

function of recruiting the Mis16/Mis18 complex to centromeres (Subramanian et al., 

2014). It was of interest to determine whether the localisation pattern of Eic1 was 

consistent with this function.  

 

Mapping the localisation of kinetochore components relative to the underlying 

centromere sequence should allow several questions to be addressed. The study 

presented in this chapter sought to determine whether the CENP-TCnp20/W/S/X 

complex associates with the DNA residing between CENP-ACnp1 nucleosomes and 

may therefore bind to DNA as has been proposed for the vertebrate complex. More 
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generally, it was investigated whether other centromere or kinetochore proteins are 

preferentially associated with these gaps. In addition, the analyses performed 

sought to determine if kinetochore proteins interact equivalently with all CENP-ACnp1 

nucleosomes, or whether there is a subset of elite CENP-ACnp1 nucleosomes that 

interact with the kinetochore and evaluated the proposed role of Eic1 as a CENP-

ACnp1 recruitment factor.  

 

5.2 Results 

5.2.1. Enrichment of kinetochore proteins can be detected at the centromere 

Unlike most regional centromeres studied the fission yeast centromere is an 

evolutionarily ancient centromere that forms on non-repetitive sequences. This 

allows positional information to be mapped specifically to a unique location within 

centromeres. It is known that patterns of CENP-ACnp1 occupancy correlate with 

known kinetochore components since they all map to the central domain within each 

centromere (Ishii et al., 2008; Ogiyama et al., 2013; Partridge et al., 2000; 

Takahashi et al., 2000). However, the spatial relationship between these proteins 

relative to the underlying sequence has not been examined at high-resolution. 

 

Strains of fission yeast expressing proteins of interest that had previously been 

tagged with GFP and expressed from their native promoter were subject to ChIP to 

study their localisation relative to each other and to the underlying DNA sequence. 

To determine whether all CENP-ACnp1 nucleosomes or only an elite subset of CENP-

ACnp1 nucleosomes interact with the kinetochore ChIP was performed with the outer-

kinetochore component Ndc80-GFP, the Mis12 complex components Mis12-GFP 

and Mis14-GFP, and the inner-kinetochore components CENP-CCnp3-GFP and 

CENP-TCnp20-GFP. Additionally, to determine if the CENP-TCnp20/W/S/X complex 

associates with regions between CENP-ACnp1 nucleosomes ChIP of CENP-TCnp20-

GFP was performed. ChIP of Scm3-GFP was also performed to determine if it 

associated with the AT-rich regions between CENP-ACnp1 nucleosomes. Finally, 

ChIP was performed on Eic1-GFP, Eic2-GFP, Mis16-GFP, and Mis18-GFP to 

evaluate whether Eic1 and Eic2 localisation was consistent with their proposed roles 

as Mis16/Mis18 recruitment or stabilising factors (Hayashi et al., 2014; Subramanian 

et al., 2014). Enrichment of each protein was initially tested by qRT-PCR at a 

centromeric site of known high CENP-ACnp1 enrichment within the central core of the 

chromosome II centromere relative to a negative control locus (actin). All proteins 
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were highly enriched in two biological replications at this site relative to the actin 

gene (act1+), although the level of enrichment differed by several orders of 

magnitude for different GFP tagged proteins (Figure 5.2). Mis14-GFP and Mis16-

GFP had the lowest level of enrichment (~15 fold enriched relative to act1+), while 

CENP-TCnp20 had the highest detectable enrichment level (>400 fold enriched 

relative to act1+). Importantly, a mock IP control done using Dynabeads and anti-

GFP antibody in a wild-type strain that did not contain any GFP-tagged proteins 

showed no enrichment of the centromere sequence relative to act1+. GFP tagged 

proteins were used in this experiment due to their availability and at the time the 

confounding influence of tag size on CENP-ACnp1 occupancy was not known.  

 

Ndc80 is an outer-kinetochore component, so the enrichment of centromere DNA in 

Ndc80-GFP ChIP must result from protein-protein cross-links with kinetochore 

components that are in closer proximity to DNA. The greater distance of Ndc80 from 

chromatin perhaps explains the lower enrichment of centromere DNA (Takeuchi and 

Fukagawa, 2012). Mis16 also associates with the histone acetyltransferase Hat1 

(Tong et al., 2012) and has been observed to be enriched generally in chromatin 

throughout the cell cycle (Hayashi et al., 2004), which may explain its relatively low 

centromeric enrichment. Mis16, Mis18, and Scm3 disassociate from the centromere 

during mitosis (Hayashi et al., 2004; Pidoux et al., 2009). CENP- TCnp20 is an inner-

kinetochore component that is thought to directly bind DNA or interact with CENP-A 

or H3 nucleosomes in vertebrates, which may explain its relatively high enrichment 

(Foltz et al., 2006a; Nishino et al., 2012; Ribeiro et al., 2010). Similarly, CENP-CCnp3 

and Scm3 ChIP were highly enriched for central domain DNA in agreement with 

their direct interaction with CENP-ACnp1 (Ando et al., 2002; Carroll et al., 2010; 

Hayashi et al., 2004; Pidoux et al., 2009; Sanchez-Pulido et al., 2009).  

 

5.2.2. Sequencing data is high quality and unbiased 

Centromere DNA was adequately enriched in all GFP-tagged protein ChIP samples 

and thus ChIP samples and input (IN) DNA samples were processed for high 

throughput sequencing. The resulting DNA was paired-end sequenced to produce 

100 bp reads on an Illumina HiSeq2000 (Chapter 3). Paired end sequencing was 

performed to ensure that the spatial resolution would be adequate for precise 

mapping since the chromatin was sheared by sonication. ChIP of the GFP-tagged 

kinetochore components with anti-GFP used a slightly different protocol that yields 
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higher enrichment and lower background than the protocol used for CENP-ACnp1 

ChIP.  Unfortunately the same methodology cannot be applied to anti-CENP-ACnp1 

antiserum ChIP because it was found to be much less efficient. Given the known 

biases in Illumina sequencing, the quality of the sequenced data was first evaluated 

to determine whether the data was appropriate for accurate positional mapping of 

kinetochore proteins relative to CENP-ACnp1 and the underlying sequence.  

 

All GFP tagged protein ChIP-seq and IN data sets were of moderately high quality 

(CENP-TCnp20-GFP IN is shown in Figure 5.3 as a representative example). This 

included average Phred scores greater than 30 across the majority of sequenced 

reads, as well as Phred scores greater than 30 across the entire length of 

sequenced reads. Sequence content was unimodally distributed, with a mean AT-

content consistent with the S. pombe genome, and uniform AT-content across the 

length of reads indicated that there was only minimal primer contamination with no 

degradation in quality along the length of reads.  

 

It was of particular interest whether the data was unbiased and could accurately be 

used to map position at high resolution within the central domain, especially given 

the high AT-content of this region. Moreover, it had already been necessary to 

repeat CENP-ACnp1 ChIP-seq experiments (Chapter 3) to obtain data that could be 

used for this purpose and that had the power to detect enrichment at all sites within 

centromeres. ChIP-seq to map the position of various kinetochore proteins must be 

capable of detecting enrichment over the AT-rich regions that had low CENP-ACnp1 

coverage to detect if any proteins contact these sites with high accuracy. All 

sequenced IN data was largely unbiased and showed no evidence of lower 

coverage at more AT-rich regions. For example, sequencing of the CENP-TCnp20-

GFP strain IN material (Figure 5.4) shows that genome-wide coverage is unbiased 

relative to AT-content. This is observed as no correlation between IN coverage and 

AT-content at 10,000 random sites across the genome (τ=0.008; Figure 5.4A) and a 

negligible correlation at 10,000 random sites within the central domains (τ=-0.100; 

Figure 5.4B). Furthermore, there is no drop in coverage in the IN sample within the 

central domains relative to the rest of the genome (Figure 5.4C), so the previously 

detected extraction bias was not observed. It is not known what causes this 

difference, but it may be related to subtle changes in kinetochore interactions due to 

the presence of the GFP tag. Thus, the data sets generated were of high quality and 
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were deemed suitable for mapping the localisation of all GFP-tagged proteins 

across the centromeric central domains relative to both CENP-ACnp1 and the 

underlying DNA sequence, at high resolution and in an unbiased manner.  

 

5.2.3. Kinetochore components localise to discrete peaks that correlate with 

CENP-ACnp1 nucleosomes 

The ChIP-seq data was analysed to determine the localisation of the centromeric 

and kinetochore proteins relative to CENP-ACnp1 and underlying sequence at high 

resolution. It was of particular interest to assess whether any of the kinetochore 

proteins mapped to the gaps between CENP-ACnp1 occupied sites or to only a 

subset of CENP-ACnp1 occupied sites.  

 

ChIP-seq data of all the kinetochore components were moderately to highly 

enriched at the centromere relative to the rest of the genome (Figure 5.5). Fragment 

coverage across the centromere of chromosome II is shown in all figures since the 

centromeres of chromosome I and III share a region of homology and therefore 

reads cannot be mapped uniquely to these regions. Nevertheless, all analyses are 

done using data from all centromeres and the results for each centromere are 

consistent with other centromeres for all ChIP-seq samples, with the exception of 

Ndc80-GFP, which is analysed in more detail. This enrichment was specific to the 

central domains (Figure 5.6). GFP-tagged Scm3, Mis12, Mis18, Eic1, Eic2, CENP-

CCnp3, and Ndc80 were enriched at specific discrete peaks within the central 

domains, while Mis14 and Mis16 showed low uniform enrichment across the central 

domains (Figure 5.7). ChIP-seq of H3 was also performed to determine how 

canonical nucleosomes are distributed over the central domain. However, because 

extremely coverage of centromere DNA resulted form this experiment the data was 

not analysed further (data not shown). The ChIP-seq data was normalised relative 

to the IN to control for sequencing and extraction biases. In most cases this did not 

affect the observed enrichment patterns, but Mis14-GFP and Mis16-GFP showed 

very narrow peaks of enrichment within the central domains that are caused by 

small local variations in the IP and IN coverage. However, Mis14-GFP and Mis16-

GFP IP and IN coverage are both relatively uniform across the central domains. The 

peaks are an artefact of the normalisation procedure. There was a high correlation 

between enrichment of most of these kinetochore proteins with each other and with 

the distribution of CENP-ACnp1 within the central domains (Figure 5.8). A relatively 
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high correlation was observed between kinetochore protein distributions and the 

previously published sonicated CENP-ACnp1 ChIP-seq association pattern (Lando et 

al., 2012). However, when compared with the newly generated CENP-ACnp1 ChIP-

seq data described in Chapter 3, only a moderate correlation between the 

distribution GFP-tagged kinetochore proteins and this new CENP-ACnp1 ChIP-seq 

data was obtained. This difference is explained by the fact that in the new data set 

CENP-ACnp1 was found to be highly enriched at all sites across the central domains 

of centromeres with only slightly higher enrichment at specific peaks. The Mis14-

GFP and Mis16-GFP association patterns were only weakly correlated with those of 

the other kinetochore proteins analysed since both Mis14-GFP and Mis16-GFP only 

display a moderate level of enrichment over the central domains with no discrete 

peaks of enrichment.  

 

The level of correlation varies between different components, but there were no 

components that were negatively correlated with CENP-ACnp1 or other kinetochore 

components. Such a negative correlation would be expected for any protein that 

associated primarily with the gaps between CENP-ACnp1 nucleosomes. Ndc80 is an 

outer-kinetochore component that interacts with spindle microtubules so enrichment 

of centromere DNA must result from protein-protein cross links with more DNA 

proximal kinetochore components. Association of any centromere or kinetochore 

component within the AT-rich gap regions would be expected to be reflected in an 

enrichment of these region in the ChIP of Ndc80-GFP or one of the kinetochore 

GFP-tagged components analysed here. However, since these regions were not 

enriched in the ChIP of any of the centromere-kinetochore proteins analysed it 

appears that none of the canonical kinetochore components are associated with 

these AT-rich regions.  

 

Mis14-GFP and Mis16-GFP were the only components that showed an association 

pattern across the central domains that differed significantly from CENP-ACnp1. Both 

proteins were enriched broadly across the central domain with no clear peaks 

(Figure 5.7). This pattern is consistent with that expected for a gap-associated 

protein, but it remains far from clear whether these proteins associate with these 

gaps. Moreover, Mis12 and Mis14 are known to associate within the same complex 

and Mis16 and Mis18 are components of a distinct complex with Eic1 and Eic2 

(Hayashi et al., 2014; Subramanian et al., 2014). It is not clear why these individual 
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components would have such different profiles if they are actually gap associated. 

Furthermore, Mis14-GFP and Mis16-GFP occupancies are not negatively correlated 

with CENP-ACnp1 occupancy (Figure 5.8), as would be expected for any truly specific 

AT-rich gap associated protein, although extensive cross-linking to CENP-ACnp1 

could result in such a pattern. A more likely explanation is that the broad enrichment 

is due to low power since Mis14-GFP and Mis16-GFP have the lowest levels of 

enrichment as determined by qRT-PCR. Still, it remain inconclusive as to whether 

the less distinct coverage is due to low enrichment, or conversely if the low 

enrichment results from a different association profile. It would be possible to 

perform additional ChIP-Seq replicates to increase coverage, which might increase 

resolution if the pattern is due to lo enrichment. This is unlikely since both proteins 

belong to complexes that map to the same locations as CENP-ACnp1.   

 

5.2.4 CENP-TCnp20/W/S/X does not preferentially associate with DNA between 

CENP-A nucleosomes and it remains unclear whether it contacts centromeric 

DNA directly 

The large gaps between CENP-ACnp1 peaks within the central domains of fission 

yeast centromeres suggest that another protein or complex may be more 

specifically associated with these regions.  One possible candidate was the complex 

known as CENP-T/W/S/X in vertebrates, which has been proposed to form a DNA 

binding nucleosome-like complex, although the complex may interact with H3 or 

CENP-A nucleosomes (Foltz et al., 2006a; Nishino et al., 2012; Ribeiro et al., 2010). 

If DNA can directly wrap around a CENP-T/W/S/X in fission yeast nucleosome-like 

particle then it may be possible to visualise this difference via ChIP-seq if the 

complex interacts with different sequences or regions than CENP-ACnp1 

nucleosomes, such as localising to CENP-ACnp1 gap regions.  Following ChIP-seq 

CENP-TCnp20 enrichment across centromere central domains was found to correlate 

with CENP-ACnp1 occupancy. This CENP-TCnp20 association pattern was analysed in 

more detail since it was a primary candidate for a component associated with the 

DNA sequences residing between CENP-ACnp1 nucleosomes.  

 

Previously published CENP-ACnp1 ChIP-seq data (Lando et al., 2012) was used for 

the following analyses since it was more strongly correlated with coverage of 

kinetochore components within the central domains despite its higher bias. Also, 

predictions based on centromeric sequence features indicate that CENP-ACnp1 
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would be strongly positioned (Chapter 3), which agrees with the published data. 

CENP-TCnp20 was found to localise to specific peaks within the central domains with 

large gaps between the peaks (Figure 5.9). This is similar to the localisation pattern 

of CENP-ACnp1 peaks observed previously. A similar number of peaks are defined in 

both datasets, with totals of 54 CENP-ACnp1 peaks and 48 CENP-TCnp20 peaks at all 

three centromeres. The overlap between peaks was analysed by comparing the 

peaks of maximal enrichment and defining peaks as shared between the two data 

sets if they coincided within a limiting distance. Using this test significant overlap 

was detected between the peaks in the two datasets, even when the cut-off distance 

between peaks was small (Figure 5.10A). A range of values is shown for the 

maximum distance between shared peaks and how this affects the trade-off 

between sensitivity in detecting shared peaks and the specificity in ensuring the 

peaks occur at the same site. A maximum distance between peaks of 30 bp was 

chosen as conservative distance that identified most shared peaks. The two data 

sets share 33 peaks that co-occur within 30 bp of each other (Figure 5.10B). The 

small difference observed is due to a number of factors including variation in the 

location of maximum enrichment within a peak and imprecisely defined peak 

positions. 

 

The IP/IN coverage ratios of CENP-ACnp1 and CENP-TCnp20 were strongly correlated 

at 10,000 random positions within the central domains of all three centromeres 

(τ=0.81; Figure 5.11). There is only a weak correlation, driven primarily by low 

sequence coverage regions, between CENP-ACnp1 and CENP-TCnp20 at 10,000 

random sites across the genome (τ=0.41). The IN data were analysed for 

comparison to see whether extraction and sequencing biases could lead to a similar 

pattern. CENP-ACnp1 and CENP-TCnp20 IN coverage at 10,000 randomly chosen 

positions within the central domains of all three centromeres showed a weak 

correlation (τ=0.30). At 10,000 randomly selected locations from the entire genome 

there was also a weak correlation between CENP-ACnp1 and CENP-TCnp20 IN 

coverage (τ=0.32). This suggests that there is a slight bias that is shared between 

the two data sets, but the effect is likely minimal given the high levels of enrichment 

within centromeres. In particular, the CENP-TCnp20 ChIP-seq data was largely 

unaffected by both sequencing and extraction biases, so the peak profile obtained is 

expected to be highly accurate. There was a strong positive correlation between 

enrichment and peak location for CENP-ACnp1 and CENP-TCnp20. This is in striking  
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contrast to the expected negative correlation if CENP-TCnp20 (and other components 

of the CENP-T/W/S/X complex) preferentially bound to DNA residing in the gaps 

between CENP-ACnp1 nucleosomes. 

 

Thus the data suggests that in fission yeast the CENP-TCnp20 (and presumably other 

CENP-TCnp20/W/S/X components) does not preferentially associate with DNA 

residing between CENP-ACnp1 nucleosomes. Thus, these analyses find no evidence 

that the CENP-TCnp20/W/S/X complex binds DNA, as it does not localise to the gaps 

in CENP-ACnp1 occupancy. However, this does not exclude the possibility that the 

CENP-TCnp20/W/S/X complex binds DNA at the same sites as CENP-ACnp1. 

Therefore either the complex binds DNA by localising to the same sites as H3 or 

CENP-ACnp1 nucleosomes or it localises through indirect interactions with CENP-

ACnp1 or H3.  

 

5.2.5. Scm3 does not preferentially interacts with the AT-rich DNA between 

CENP-ACnp1 nucleosomes  

A second candidate for a protein localising to the gaps between CENP-ACnp1 

nucleosomes is the CENP-ACnp1 chaperone Scm3. Scm3 and its human ortholog 

HJURP (Holliday junction recognizing protein) act as chaperones for CENP-A 

centromere localisation (Barnhart et al., 2011; Foltz et al., 2009; Hayashi et al., 

2004; Pidoux et al., 2009; Sanchez-Pulido et al., 2009; Shuaib et al., 2010). In vitro 

experiments in S. cerevisiae have shown that Scm3 facilitates CENP-ACse4 

nucleosome reconstitution on AT-rich sequences via a conserved AT-hook DNA 

binding domain that binds non-specifically to AT-rich sequences (Xiao et al., 2011). 

Both S. cerevisiae and Neurospora crassa Scm3 proteins contain a predicted AT-

hook domain, but this domain is absent from S. pombe Scm3 (Aravind et al., 2007). 

Although Scm3 is a CENP-ACnp1 chaperone, it is possible that it interacts with gap 

DNA to localise to centromeres.  

 

Despite the absence of an AT-hook S. pombe Scm3 may still associate with the AT-

rich DNA between CENP-ACnp1 nucleosomes and such binding might provide a 

mechanism for targeting CENP-ACnp1 to the centromere.  To investigate this 

possibility ChIP-seq was performed to map Scm3 association across centromeres. 

The enrichment pattern of Scm3 and CENP-ACnp1 were found to be very similar 

within all three centromeres. Scm3 was enriched at specific peaks within the 
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centromere central domains (Figure 5.12). However, Scm3 was also enriched in the 

gaps between these peaks, although at a relatively low level. In total 42 Scm3 peaks 

were detected in all three centromeres compare to the 54 CENP-ACnp1 peaks 

previously identified (Lando et al., 2012). Comparative analyses revealed a 

significant overlap in the position of these peaks between the two data sets (Figure 

5.13). 30 of the peaks were found to be shared (within a 30 bp cut-off limit) between 

the two data sets. Thus Scm3 localises to the same positions as CENP-ACnp1 

nucleosomes and it does not appear to be preferentially associated with the AT-rich 

gaps that are detected between CENP-ACnp1 nucleosomes.  

 

Scm3 IP/IN ratio coverage was strongly correlated with the published CENP-ACnp1 

data distribution (Lando et al., 2012) at 10,000 random sites within the central 

domains of centromeres (τ=0.77; Figure 5.14A). However, the data deviates from 

linearity at sites of low CENP-ACnp1 occupancy where moderate levels of Scm3 

enrichment were detectable. Thus, at the 10,000 random positions genome-wide 

that were tested only a weak correlation between Scm3 and CENP-ACnp1 (τ=0.32; 

Figure 5.14B) was evident. This was mostly driven by sites with the lowest and 

highest levels of coverage. The input (IN) data were analysed similarly for 

comparison to see whether extraction and sequencing biases may have affected the 

correlations observed. CENP-ACnp1 and Scm3 IN coverage at 10,000 randomly 

chosen positions within the three central domain regions showed a weak correlation 

(τ=0.24; Figure 5.14C). At 10,000 random sites selected across the genome there 

was only a weak correlation between CENP-ACnp1 and Scm3 IN coverage (τ=0.22; 

Figure 5.14D). It is likely that this slight bias shared between the two data sets has a 

minimal effect given the high levels of enrichment and unbiased reads resulting from 

ChIP-seq of Scm3.  

 

5.2.6. Condensin localises at the central domain with no clear peaks 

All tested centromeric and kinetochore proteins localised to the same sites as 

CENP-ACnp1 within the central domain or lacked clear peaks. No proteins could be 

mapped to the regions between CENP-ACnp1 nucleosomes, but there are other 

proteins enriched at the centromere that could be tested. One such candidate is 

condensin. Condensin is involved in the structural organisation of condensed 

chromatin and ChIP-seq of condensin found it is highly enriched at fission yeast 

centromeres (Kim et al., 2014). The published condensin ChIP-seq data was re- 
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analysed and compared to the CENP-ACnp1 ChIP-seq data to determine whether 

condensin may associate with the regions between CENP-ACnp1 nucleosomes.  

 

ChIP-seq of the FLAG-tagged condensin component Cut3 has been previously 

published. These data were generated following a cdc25-22 block/release to 

synchronise cells in late G2 and analyse Cut3-FLAG distribution through the cell 

cycle in approximately G2, metaphase, anaphase, and G1/S (Kim et al., 2014). The 

cell cycle phases given are estimates based on the time after release from the cell 

cycle block and are not precisely defined. This data was re-analysed in the same 

way as the CENP-ACnp1 and kinetochore ChIP-seq data using our pipeline. As 

previously shown (Kim et al., 2014) Cut3-FLAG was enriched over the central 

domain during metaphase and anaphase, but not during G2 or G1/S (Figure 5.15). 

The resolution of the Cut3-FLAG condensin data is lower than our centromere and 

kinetochore protein ChIP-seq data, making peaking calling and thus comparative 

analyses of enrichment profiles difficult. The problem in peak calling with the Cut3-

FLAG data set arises from the fact that a larger average chromatin fragment size 

(~450 bp) was used to generate these ChIP-seq data and only a single end 

sequencing was done (Kim et al., 2014).  Consequently, the precise size and 

location of any individual fragment could not be determined and post-sequencing 

size selection could not be performed to improve resolution. Thus, the localisation of 

condensin relative to CENP-ACnp1 nucleosomes remains an open question and 

would require additional ChIP-seq analyses using our methodology. 

 

5.2.7. Microtubules and kinetochore components appear to associate with all 

primary CENP-ACnp1 nucleosomes  

CENP-ACnp1 nucleosomes are present at fission yeast centromeres in excess 

relative to the number of microtubules that contact each kinetochore during mitosis 

(Ding et al., 1993; Lando et al., 2012). It is therefore evident that a simple repeat 

unit based on a one CENP-ACnp1 nucleosome per MT attachment sites, as seen in S. 

cerevisiae, is not present at fission yeast centromeres. However, this observation 

opens up numerous possibilities for how CENP-ACnp1 nucleosomes may interact with 

the kinetochore and microtubules. One, a few, or many CENP-ACnp1 nucleosomes 

may contact kinetochore components.  Such interactions may involve all CENP-

ACnp1 nucleosomes within a single centromere or there may be a particular subset of 
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elite CENP-ACnp1 nucleosomes that act as a platform for kinetochore and 

microtubule attachment site assembly (Figure 5.1B). The Ndc80 complex connects 

kinetochore components with microtubule. Ndc80-GFP ChIP-seq data was analysed 

in depth to determine if particular CENP-ACnp1 nucleosomes exhibit more frequent 

contacts with this outer kinetochore component and thus kinetochore microtubules.  

 

Ndc80 is an outer-kinetochore component in the Ndc80-complex that directly 

interacts with spindle microtubules (Takeuchi and Fukagawa, 2012). Thus mapping 

its interactions relative to the underlying sequence will reflect protein-protein 

crosslinks with kinetochore components that reside in closer proximity to 

centromeric DNA. Despite being an outer-kinetochore component that is not directly 

associated with DNA, ChIP-seq reveals that Ndc80-GFP is highly enriched over 

centromeres (Figure 5.16). Furthermore, the Ndc80-GFP distribution profile exhibits 

discrete peaks within the central domain of the chromosome II centromere with low 

coverage obtained between these peaks (Figure 5.16A), but differences observed at 

other centromeres are discussed below. In total 26 Ndc80-GFP peaks within all 

centromere central domains were found to coincide (within a 30 bp limit) between 

the Ndc80-GFP and CENP-ACnp1 data sets, with a further 29 and 28 peaks being 

specific to each data set, respectively (Figure 5.17). The relationship between the 

Ndc80-GFP and CENP-ACnp1 enrichment profiles was found to differ between 

centromeres. While the chromosome II centromere shows discrete peaks with most 

peaks shared, centromeres on chromosomes I and III showed less well-defined 

Ndc80-GFP enrichment and the pattern did not correlate as well with the CENP-

ACnp1 profile (Figure 5.18). There are a few Ndc80-GFP peaks that do not appear to 

correlate with CENP-ACnp1 peaks, but the majority of peaks do occur at the same 

sites so the significance of these additional peaks is unclear. This lack of correlation 

may be due to the fact that centromeres on chromosomes I and III share a large 

region of homology so that enrichment profiles obtained are actually an average of 

two sequences over these shared regions. However, strong underlying sequence 

characteristics influence CENP-ACnp1 occupancy and differences between 

centromeres were not observed for any other ChIP-seq data sets. Therefore, a 

difference in CENP-ACnp1 occupancy between the two regions of shared homology 

at the centromeres of chromosomes I and III is most likely not responsible for their 

less distinct Ndc80-GFP profile. At this time the cause of this difference in the 
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Ndc80-GFP pattern between different centromeres remains unknown, but may be 

related to the relatively lower enrichment of Ndc80-GFP at centromeres. 

The IP/IN ratio of Ndc80-GFP is moderately correlated with CENP-ACnp1 at 10,000 

random sites within the central domains of all three centromeres (τ=0.56; Figure 

5.19A). At 10,000 random sites genome-wide there is a weak correlation between 

Ndc80-GFP and CENP-ACnp1 enrichment (τ=0.26; Figure 5.19B). The IN coverage 

was also analysed to determine if bias could affect the observed correlations. There 

was a moderate correlation between Ndc80 and CENP-ACnp1 IN coverage at 10,000 

random sites selected within the centromere central domains (τ=0.50; Figure 5.19C). 

At 10,000 random sites selected genome-wide there was only a weak correlation 

between Ndc80-GFP and CENP-ACnp1 enrichment (τ=0.26; Figure 5.19D). The 

relatively similar correlations between CENP-ACnp1 and Ndc80-GFP observed for the 

IP/IN and the IN coverage are surprising, but the patterns are different. The 

correlation between Ndc80-GFP and CENP-ACnp1 IN coverage within the central 

domains raises the concern that bias might be affecting the correlation. However, 

Ndc80 IN coverage is relatively uniform within the central domains so the small bias 

observed must result from differences due to the relatively low coverage obtained. 

In contrast, the CENP-ACnp1 data is known to have a more significant bias and this 

can be seen in the wider range of IN coverage values within the central domains. 

The Ndc80-GFP data does not show an IN coverage bias relative to underlying AT-

content so it is likely that the data accurately reflects Ndc80-GFP enrichment. 

Additionally, the correlation observed in the IN is driven primarily by low coverage 

regions.  

 

Despite the differences in that pattern of Ndc80-GFP peaks between centromeres, 

multiple Ndc80-GFP peaks coincide with CENP-ACnp1 peaks within all three 

centromeres and ChIP-seq of the kinetochore proteins more proximal to DNA 

(CENP-CCnp3 and CENP-TCnp20) suggest that most CENP-ACnp1 nucleosomes contact 

or are in close proximity to the kinetochore. Thus, kinetochore assembly and 

microtubule attachment is not strictly limited to a subset of elite CENP-ACnp1 

nucleosomes per centromere. All CENP-ACnp1 nucleosome occupied sites appear to 

associate with the kinetochore components relatively equivalently. However, ChIP 

experiments provide an average profile of the many cells present in the population. 

It is possible that CENP-ACnp1 nucleosomes and associated kinetochore occupy a 

different selection of sites in different cells. Kinetochore components may form 
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individual connections that mediate interactions between a single microtubule and a 

single underlying nucleosome. Alternatively, the kinetochore may form a single large 

organised structure that can interact with multiple microtubules on the outer surface 

and contact multiple nucleosomes on its inner surface (Dong et al., 2007; Zinkowski 

et al., 1991). ChIP-seq analyses alone cannot distinguish between these 

possibilities. 

 

5.2.8. Eic1 and Eic2 association profiles are consistent with their role as 

CENP-ACnp1 recruitment or stabilising factors  

Fission yeast lacks Mis18BP1 that is responsible for the recruitment of the CENP-A 

loading factors Mis18α/β to vertebrate centromeres. Eic1 and Eic2 were identified 

as two additional proteins involved in recruiting the Mis16/Mis18 complex to fission 

yeast centromeres and consequently for CENP-ACnp1 incorporation (Hayashi et al., 

2014; Subramanian et al., 2014). Eic1 was found to be essential and required for 

Mis16, Mis18, and Scm3 localisation to centromeres. Eic2 was not essential, but it 

appeared to play an independent role in contributing to Mis18 function. The 

distributions of Eic1-GFP and Eic2-GFP were also examined by ChIP-seq as part of 

one of these studies to determine if their localisation was consistent with their 

function as potential centromere specific recruitment factors for the Mis16-Mis18 

complex (Subramanian et al., 2014).  

 

Eic1-GFP and Eic2-GFP were highly enriched over the central domain regions, but 

were not enriched on the outer-repeats or at other locations across the genome 

(Figure 5.20). Enrichment was compared to the Mis16, Mis18, and Scm3 ChIP-seq 

profiles within the centromere central domains to determine if their enrichment 

supports a role as Mis16-Mis18 complex recruitment factors. At 10,000 random sites 

from the three central domains Eic1-GFP IP/IN ratios were strongly correlated with 

Scm3-GFP (τ=0.88) and Mis18-GFP (τ=0.82) IP/IN ratios but weakly correlate with 

Mis16-GFP IP/IN ratios (τ=0.37; Figure 5.21), which is not surprising given that 

Mis16-GFP is not enriched at discrete peaks within the central domains. In contrast, 

Eic1-GFP IP/IN ratios were weakly correlated with Scm3-GFP (τ=0.23), Mis16-GFP 

(τ=0.069), and Mis18-GFP (τ=0.24) IP/IN ratios at 10,000 random sites genome-

wide. Similarly, within the three central domains Eic2-GFP IP/IN ratios were strongly 

correlated with Scm3-GFP (τ=0.84) and Mis18-GFP (τ=0.85) IP/IN ratios but weakly 

correlate with Mis16-GFP IP/IN ratios (τ=0.37; Figure 5.22). In contrast, Eic2-GFP 
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IP/IN ratios were weakly correlated with Scm3-GFP (τ=0.27), Mis16-GFP (τ=0.018), 

and Mis18-GFP (τ=0.24) IP/IN ratios genome-wide. This weak correlation genome-

wide was primarily due to regions of low coverage and likely represents influences 

of chromatin structure and extraction efficiency on sequencing since these samples 

were not affected by any sequencing bias associated with AT-content. Prominent 

well-defined peaks were evident within the profiles of both Eic1-GFP and Eic2-GFP 

enrichment across the central domains. This localisation supports the role of Eic1 

and Eic2 as Mis16-Mis18 complex recruitment or stabilising factors.  

 

5.3 Discussion 

The new CENP-ACnp1 ChIP-seq data generated in this study (Chapter 3) suggested 

that the CENP-ACnp1 occupancy pattern may not be as well-defined as previously 

reported (Lando et al., 2012). There may be some secondary sites that are occupied 

by CENP-ACnp1 nucleosome and positioning may not be as tightly constrained. 

However, ChIP-seq of multiple centromere-kinetochore proteins suggests that 

interactions between CENP-ACnp1 and the kinetochore take place at the most highly 

positioned sites that are defined by associated DNA sequence features. Transient or 

unstable CENP-ACnp1 nucleosomes that occupy other sites are therefore either 

unlikely to interact with kinetochore components or to be present at a low frequency 

in the cell population. The profiles obtained for multiple proteins support the 

hypothesis that the more dispersed CENP-ACnp1 profile generated in the new dataset 

resulted from experimental limitations, for example cross-linking between CENP-

ACnp1 and other complexes or DNA, and that CENP-ACnp1 is in fact highly positioned 

by asymmetric AT-rich sequences.  

 

The data generated allow a number of conclusions can be drawn with respect to the 

overall organisation of centromere-associated proteins. CENP-ACnp1 primarily 

occupies discrete sites within the central domains that act as the sites of interaction 

with kinetochore components. Ndc80, CENP-TCnp20, and CENP-CCnp3 enrichment 

peaks overlap with all CENP-ACnp1 occupied sites, indicating that all CENP-ACnp1 

nucleosomes interact with or are within close proximity to kinetochore components. 

Since ChIP-seq is performed on a population of cells it is possible that not all sites 

are occupied in any given cell in a population. Thus different CENP-ACnp1 

nucleosomes may direct interactions with the kinetochore in different cells. However, 

all the positioned CENP-ACnp1 occupied sites appear to interact with kinetochore 
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proteins, including the Ndc80 complex, and by inference with microtubules (Figure 

5.1B). The data generated rule out the possibility that a few elite CENP-ACnp1 

nucleosomes provide the predominant platforms for connecting centromeric DNA 

with the kinetochore components and microtubules.  

 

Given its distance from the underlying centromeric DNA it is somewhat surprising 

that the outer kinetochore component Ndc80 can be mapped with such high 

resolution since this necessitates multiple protein-protein crosslinks between several 

kinetochore proteins. Crosslinking must result in extensive crosslinking between a 

network of CENP-ACnp1 and kinetochore components so that any DNA sequence 

underlying CENP-ACnp1 and the kinetochore is enriched regardless of its actual 

proximity to that particular kinetochore component. This means that ChIP-seq of 

kinetochore proteins provides insight into all interactions between CENP-ACnp1 and 

all kinetochore proteins regardless of whether its association occurs via CENP-

TCnp20 or CENP-CCnp3 and the Mis12 complex. Therefore, ChIP-seq of CENP-TCnp20 

or CENP-CCnp3 cannot distinguish which protein is associated with a given enriched 

sequence since the crosslinking network will result in enrichment of all sequences in 

both CENP-TCnp20 and CENP-CCnp3 ChIPs. However, the crosslinking network does 

not affect the observation that all CENP-ACnp1 nucleosomes interact with the 

kinetochore since the CENP-ACnp1 profile does not rely on differentiating the path via 

which interactions with kinetochore proteins takes place.  

 

Despite the high quality and resolution of the ChIP-seq data generated, no 

candidate protein was found to be preferentially enriched on the sequences residing 

between CENP-ACnp1 occupied sites. Additionally, CENP-ACnp1 may not be present 

at the centromeres in the required numbers to completely occupy all sites, although 

this conclusion is based on the use of a tagged CENP-ACnp1 with compromised 

functionality (Lando et al., 2012). However, it remains possible that another protein 

or protein complex occupies the same sites as CENP-ACnp1 in different cells so that 

when CENP-A is not present that site is occupied by this alternative protein(s). 

Whether a distinct protein or complex also occupies the gaps that are detected 

between CENP-ACnp1 nucleosome remains unclear. One possibility was the CENP-

TCnp20/W/S/X complex, which has been proposed to form a nucleosome-like 

structure in vertebrates (Nishino et al., 2012). However, CENP-TCnp20 did not localise 

to the regions between CENP-ACnp1 nucleosomes, but instead appeared to occupy 
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the same sites as CENP-ACnp1. A more extreme possibility is that the regions not 

occupied by CENP-ACnp1 could exist as free DNA. While these analyses have taken 

a candidate approach to investigating what proteins may be associated with the 

gaps between CENP-ACnp1 nucleosomes, it would also be possible to try to identify 

such proteins through other methods. One possibility is to digest chromatin to mono- 

and di-nucleosomes and analyse what proteins are differentially associated with di-

nucleosomes by mass spectrometry.  

 

Several candidates remain to be tested for their co-occupancy of CENP-ACnp1 sites 

or as proteins that preferentially reside between CENP-ACnp1 peaks. However, the 

two most promising candidates have also thus far proven to be the most difficult to 

obtain high quality ChIP-seq data for. The most obvious candidate for a complex 

that could occupy the same sites as CENP-ACnp1 nucleosomes is an H3 nucleosome. 

There is a strong argument for this possibility: H3 nucleosomes may be incorporated 

into centromeric chromatin following DNA synthesis during S phase to act as a 

placeholder until CENP-A deposition later in the cell cycle (Allshire and Karpen, 

2008). Indeed, in human cells the histone H3 variant H3.3 is incorporated into 

centromeric chromatin during S phase and replaced by CENP-A during G1 

(Dunleavy et al., 2011). The deposition of new CENP-ACnp1 occurs primarily during 

G2 in S. pombe so it is possible that H3 nucleosomes act as a placeholder following 

centromere replication in early S phase through to CENP-A deposition in mid-late 

G2 (Lando et al., 2012). Since there is a precedent for H3 nucleosomes being 

temporary placeholders for CENP-A, a natural extension of this observation is that 

additional H3 nucleosomes may also occupy sites within the central domain that 

remain unoccupied by CENP-ACnp1. This possibility could not be satisfactorily 

investigated in this study because the enrichment of centromeric central domain 

sequences following an H3 ChIP was found to be too low. It remains unclear 

whether this low yield is because H3 nucleosomes are actually extremely rare within 

central domain chromatin or whether it is due to other experimental limitations, such 

as extraction efficiency. Until this limitation can be addressed it will not be possible 

to evaluate whether H3 nucleosomes occupy sites within the central domain 

throughout the cell cycle.  

 

The other promising candidate for a protein complex that occupies sites within the 

central domain of fission yeast centromeres is the origin recognition complex (ORC). 
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DNA replication is initiated during S-phase at origins of replication that are bound by 

ORC, a six subunit protein complex consisting of Orc1-6 (Cayrou et al., 2012; Li and 

Stillman, 2012). The ORC proteins were originally identified in S. cerevisiae and 

orthologs have been widely described among characterized eukaryotes (Dhar and 

Dutta, 2000; Foss et al., 1993; Grallert and Nurse, 1996; Kong et al., 2003; McNairn 

et al., 2005; Zisimopoulou et al., 1998). Surprisingly, ORC components also 

localizes within the central domains of fission yeast centromeres where no 

replication origin activity has been observed (Hayashi et al., 2007; Segurado et al., 

2003). ChIP-chip experiments also indicated that the MCM helicases were not 

present and that the region did not show evidence of origin firing (Hayashi et al., 

2007). Direct tests for DNA replication using 2D agarose gels that detect replication 

intermediates at origins did not detect evidence of active origins within centromeric 

central domains (Kim et al., 2003). However, subsequent ChIP-chip experiments 

have provided evidence for both the presence of the MCM proteins and early S 

phase nucleotide incorporation (Hayano et al., 2012). Thus, the available data on 

whether the central domain associated ORC functions to promote origin activity 

remains unresolved. However, fission yeast ORC has previously been proposed to 

function in silencing since there is an enrichment of AT-rich islands at telomeres, 

centromeres, and the mating type locus, which are all associated with H3K9-

metylation dependent heterochromatin (Segurado et al., 2003). 

 

ORC is already known to function in a number of processes besides replication. 

ORC is required for the maintenance of heterochromatin structure in mammals and 

Drosophila (Auth et al., 2006; Badugu et al., 2005; Pak et al., 1997; Prasanth et al., 

2010; Shareef et al., 2001, 2003). In budding yeast, which lacks H3K9 methylation 

and canonical heterochromatin components, Orc1 acts as a platform for the silent 

information regulator (Sir) proteins that transcriptionally silence telomeres and the 

silent mating type loci (Hickman et al., 2011; Shareef et al., 2003). Given the known 

functions of ORC outside of replication, it is possible that S. pombe ORC has a 

different function within the central domain of centromeres. Fission yeast ORC binds 

to asymmetric AT-rich sequences through the multiple N-terminal Orc4 AT-hooks 

(Chuang and Kelly, 1999; Kong and DePamphilis, 2001; Lee et al., 2001). The gaps 

between CENP-ACnp1 nucleosomes are enriched for asymmetric AT-rich sequences 

(Chapter 3) and thus ORC is a prime candidate for a complex that is predicted to 

bind to these sequences that reside between CENP-ACnp1 nucleosomes. However, 
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the published ChIP-chip data of ORC components do not have the spatial resolution 

to determine precisely where ORC is localised within centromeres. Nevertheless, 

the enrichment of ORC within the central domain regions indicates that ORC 

occupies either the same sites as CENP-ACnp1 nucleosomes or the gaps between 

CENP-ACnp1 nucleosomes. Therefore, ORC ChIP-seq will provide at least a partial 

explanation for either the gaps between CENP-ACnp1 nucleosomes or the 

discrepancy between the number of CENP-ACnp1 nucleosomes and the number of 

potentially occupied sites. Efforts to apply ChIP-seq to ORC components in this 

study were unsuccessful because the ChIP samples did not have adequate 

enrichment for high throughput sequencing. New methodologies with greater spatial 

resolution and lower experimental background, such as ChIP-exo, are currently 

being applied to address these questions (M. Shukla, Allshire lab, personal 

communication; Rhee and Pugh, 2011).  

 

These observations are currently somewhat limited in the extent of the conclusions 

that can be made, but there are other questions that could potentially be addressed 

using this methodology. For example, the question of whether a cell cycle specific 

placeholder occupies CENP-ACnp1 sites at some point during the cell cycle remains 

important. In addition, it remains to be determined if the profile of CENP-ACnp1 

occupancy changes at different sites within centromeres during the cell cycle. These 

and other related questions are currently being pursued. 
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Chapter 6: Discussion 
This thesis explored the relationship between the organisation of sequence features 

and occupancy of the histone variant CENP-ACnp1 within the central domains of 

fission yeast centromeres and at neocentromeres. The studies described here 

indicate that CENP-ACnp1 nucleosomes at S. pombe centromeres are organised so 

that they occupy discrete positions within the central domains. These nucleosomes 

appear to be positioned by large gaps of asymmetrical AT-rich sequences. These 

asymmetrical AT-rich sequences could potentially play a dual role in positioning 

CENP-ACnp1 nucleosomes and in allowing another complex, possibly the origin 

recognition complex (ORC), to bind to DNA within these gaps between CENP-ACnp1 

nucleosomes. Highly positioned CENP-ACnp1 nucleosomes separated by large gaps 

of asymmetric AT-rich sequences are also observed at S. octosporus centromeres, 

which are conserved in chromosomal position but have no sequence homology 

relative to S. pombe centromeres. This difference in centromere sequence suggests 

that features such as asymmetric AT-rich motifs may be a general property of 

centromeres in fission yeast species. In contrast, S. pombe neocentromeres that 

form in subtelomeric regions lack highly positioned CENP-ACnp1 nucleosomes and 

the gaps between their CENP-A nucleosomes are not enriched for any sequence 

motif, indicating that normal centromere associated sequence features may be 

important for optimal centromere function but are not necessary for centromere 

function. These analyses highlighted a conserved feature that may promote optimal 

centromere organisation in fission yeast species, but also reaffirms that there is a 

large degree of plasticity in centromere organisation that therefore allows for 

neocentromeres to form on non-centromeric sequences.  

 

CENP-ACnp1 over-expression leads to ectopic incorporation of additional CENP-ACnp1 

primarily at regions associated with heterochromatin. There may also be increased 

CENP-ACnp1 incorporation within central domains and evidence suggests that this 

could lead to CENP-ACnp1 nucleosomes occupying additional sites that are normally 

not occupied. This overloading of endogenous centromeres with CENP-ACnp1 could 

lead to eviction of H3 nucleosomes or other complexes that normally occupy these 

locations. The location of preferential ectopic CENP-ACnp1 incorporation overlaps 

with the chromosomal regions where neocentromeres are known to form. However, 

other processes must influence the extent of the CENP-ACnp1 domain at 
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neocentromeres since over-expression of CENP-ACnp1 results in its incorporation 

occurs over a larger domain than that observed at neocentromeres.  

 

Identification of highly positioned CENP-ACnp1 nucleosomes with intervening large 

gaps instigated a search for proteins that may localise to these gaps. So far 

candidates for proteins that occupy the gaps between CENP-ACnp1 nucleosomes or 

occupy the same positions as CENP-ACnp1 nucleosomes have not been verified. H3 

nucleosomes remain the most promising candidate for a complex that may occupy 

the same positions as CENP-ACnp1, but experimental restrictions due to low 

coverage within centromeres prevented this possibility from being analysed. One 

candidate for a complex binding to DNA in the gaps between CENP-ACnp1 

nucleosomes was the CENP-T/W/S/X complex, which has been proposed to form a 

nucleosome-like complex in vertebrates (Nishino et al., 2012), but CENP-TCnp20 was 

found to be enriched at the same sites as CENP-ACnp1 and can therefore be 

discarded as a candidate. ORC is a promising candidate for a complex occupying 

the gaps between CENP-ACnp1 nucleosomes since it is enriched at the central 

domains and the asymmetric AT-rich sequences in the gaps between CENP-ACnp1 

represent preferred binding sites for the Orc4 AT-hooks (Chuang and Kelly, 1999; 

Hayashi et al., 2007; Kim et al., 2003; Kong and DePamphilis, 2001; Lee et al., 

2001; Segurado et al., 2003). However, so far this possibility could not be evaluated 

because ChIP of ORC components did not result in sufficient enriched at ORC 

bound sits for processing for ChIP-Seq.  

 

6.1. Neocentromere evolution and ‘optimal’ centromeres 

Neocentromeres formed on human chromosomes were initially observed in a 

clinical setting due to associated chromosomal abnormalities, particularly those that 

can be identified in cytogenic screens (Marshall et al., 2008). These chromosomal 

rearrangements often lead to partial trisomy or tetrasomy due to an inverted 

duplication, but even chromosomal rearrangements that do not lead to partial 

aneuploidy can cause phenotypic abnormalities (Marshall et al., 2008). However, 

human neocentromeres have also been observed in the absence of any 

chromosomal abnormalities or associated disease (Capozzi et al., 2009; Tyler-Smith 

et al., 1999). Such neocentromeres were only identified by chance in prenatal 

screenings due to maternal age and were present for at least two generations prior 

to their detection so the actual prevalence of this type of neocentromere is entirely 
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unknown (Capozzi et al., 2009; Tyler-Smith et al., 1999). These neocentromeres 

form at new sites on non-repetitive sequences that are not homologous to the 

conventional ancestral centromere, which is epigenetically inactivated on the same 

chromosome (Marshall et al., 2008). Neocentromere formation has also been 

induced in chicken cells (Shang et al., 2013) and fission yeast (Ishii et al., 2008; 

Ogiyama et al., 2013), amongst others, by selective deletion of the canonical 

centromere and subsequent neocentromere formation on non-homologous 

sequences.  

 

It is of particular interest to understand how neocentromere location is determined, 

as this must also relate to the processes that control the identity of canonical 

centromeres. Certain regions on human chromosomes tend to form neocentromeres 

more frequently (Marshall et al., 2008), but detailed analyses revealed that 

neocentromeres form on different sequences within these preferred domains 

(Alonso et al., 2003). Therefore, it has been proposed that neocentromere formation 

takes place in an epigenetic manner independent of underlying DNA sequence 

(Alonso et al., 2003). Alternately, it has been proposed that neocentromeres are in 

fact re-activated latent centromeres (Dutrillaux, 1979; Sart et al., 1997; Voullaire et 

al., 1993). The centromeres on human chromosomes with a neocentromeres have 

been observed to reposition back to sites of the original inactivated ancestral 

centromeres (Capozzi et al., 2009; Ventura et al., 2004). This process may rely on 

latent epigenetic cues (Ventura et al., 2004) or alternatively regions with a high rate 

of chromosomal rearrangements may generally tend to form neocentromeres 

(Ventura et al., 2003).  

 

Neocentromeres can become fixed within the population and subsequently 

propagate as a canonical centromere, termed an evolutionary new centromere 

(ENC). The chicken 5, 27, and Z chromosomes have centromeres that are not 

associated with repeat elements and have thus been proposed to be ENCs, 

although the evolutionary history of these chicken centromeres is not known (Shang 

et al., 2010). Similarly, the horse Equus caballus chromosome 11 has an ENC that 

is not associated with repetitive elements and not found at the same position in 

other mammals (Wade et al., 2009). Centromeric satellite repeats are absent on 

horse chromosome 11, but on all other chromosomes CENP-A co-localises with 

centromeric satellite repeats (Piras et al., 2010). This is supported by analysis of the 
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zebra, horse, and donkey genomes, which identified the presence of a horse ENC 

and identified 8 ENCs, 5 being specific to the donkey (Carbone et al., 2006). ENCs 

have been even more thoroughly studied in primates. Rhesus macaques have 9 

ENCs, while humans have 5 ENCs, and all macaque ENCs are associated with 

satellite repeats (Ventura et al., 2007). This may represent a progression towards 

evolutionarily mature ENCs that initially reposition onto non-repetitive sequences 

and later become associated with satellite repeat elements (Ventura et al., 2007).  

 

ENCs have been proposed to share a general evolutionary progression (Dawe & 

Henikoff, 2006; Malik, 2002). Most ENCs are thought to initially form as 

neocentromeres on non-repetitive sequences. This is true for human 

neocentromeres initially observed in a clinical setting as well as ENCs in horses and 

chickens (Marshall et al., 2008; Shang et al., 2013; Wade et al., 2009). Once formed 

these non-repetitive ENCs are then thought to gradually accumulate satellite arrays 

over evolutionary timescales (Ventura et al., 2007). This is observed in macaques 

where ENCs have become associated with repetitive arrays and the ancestral 

centromeres have lost the associated repetitive arrays (Ventura et al., 2007). This 

suggests that there is a general evolution of neocentromeres towards an optimal 

organisation as they evolve from neocentromeres to ENCs and raises the question 

of what features contribute to this optimal organisation. A number of ideas have 

been proposed: satellite repeat length reflects occupancy of a single phased 

nucleosome per repeat and may contribute to nucleosome packaging; alpha-

satellite repeats can recruit CENP-B through their CENP-B box, which is not found 

at human non-alphoid neocentromeres; and satellite repeats could contribute to 

kinetochore size and therefore strength, which would be selected for by centromere 

drive (Dawe and Henikoff, 2006; Malik, 2002).  

 

Indeed, centromere strength in mice has been observed to provide a selective force 

leading to centromere drive (Chmátal et al., 2014). Therefore, centromere drive 

likely affects optimal centromere organisation in some species with asymmetric 

meiosis. Additionally, it has recently been shown that CENP-B stabilises 

kinetochores in mammalian cells by forming a bridge between CENP-A and CENP-

C (Fachinetti et al., 2015). Thus, although neocentromeres are functional, additional 

features, such as the acquisition of CENP-B binding, may enhance their functionality. 

However, fission yeasts lack asymmetric meiosis and do not contain a CENP-B 
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homolog and thus other influences must contribute to optimal centromere 

organisation in these species.  

 

As discussed in this thesis, there is evidence that fission yeast centromeres reflect 

an optimal organisation that is not found at neocentromeres. Canonical centromeres 

in fission yeast are comprised of a CENP-ACnp1 occupied central domain of non-

repetitive sequence where kinetochore formation occurs and flanking 

heterochromatic outer-repeat elements that are each several kb in length (Partridge 

et al., 2000; Takahashi et al., 1992). Within the central domains of these 

centromeres CENP-ACnp1 nucleosomes are highly positioned at discrete sites by the 

presence large gaps of asymmetric AT-rich sequences which disfavour nucleosome 

occupancy. Neocentromere organisation differs from that of endogenous 

centromeres, being proximal a single region of heterochromatin (i.e. telomere 

regions) and lacking highly positioned CENP-ACnp1 and asymmetric AT-rich gaps. 

These results provide insight into what constitutes an optimal centromere, although 

this may differ between fission yeast and higher eukaryotes. Fission yeast 

centromeres do not contain CENP-B boxes and have symmetric meiosis so 

centromere drive is not a selective force, though heterochromatic pericentric repeats 

contribute to chromosome cohesion and may thus still be important for chromosome 

stability (Clarke and Baum, 1990; Nonaka et al., 2002; Watanabe and Nurse, 1999; 

Watanabe et al., 2001). This leaves nucleosome positioning as a potential aspect of 

optimal centromere organisation and indeed canonical centromeres possess highly 

positioned nucleosomes while neocentromeres do not. The central domain regions 

at fission yeast centromeres are mostly non-repetitive, in contrast to repetitive 

centromeres in higher eukaryotes, but the spaced non-repetitive nucleosome 

positioning may be functionally similar to nucleosome phasing by short centromere 

repeat elements (Dawe and Henikoff, 2006). S. pombe and S. octosporus central 

domains display highly positioned nucleosomes, but their DNA sequence is not 

conserved. Thus these sequences themselves might not be actually necessary to 

form a functional centromere. However, these sequences may still conserve ‘hidden’ 

features that drive processes such as transcription and factor binding that promote 

CENP-A chromatin/kinetochore assembly (Catania et al., 2015). Additionally, the 

results presented suggest that providing binding sites for ORC may also be an 

important aspect of canonical centromere organisation, though the actual function of 

ORC within the central domain remains unknown.  
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What does this mean for neocentromere evolution in fission yeast? Conceptually it 

would be of great interest to follow a neocentromere during its formation and 

maturation to determine whether it evolves towards an organisation similar to 

canonical centromere with highly positioned nucleosomes. Of course, this assumes 

that centromere evolution would occur gradually rather than due to sequence 

duplication that replaces or inactivates the neocentromere. There is only one 

described fission yeast isolate with four chromosomes, while all other isolates have 

three chromosomes (Brown et al., 2011, 2014). The ENC on the new chromosome 

is a duplication of the centromere of chromosome II and is not associated with 

heterochromatin, though the canonical and duplicated centromeres share ~100 kb 

of flanking non-repetitive sequences of each side (Brown et al., 2011, 2014). 

However, it was proposed that this did not represent a duplication that replaced a 

neocentromere, but rather this arose from recombination of a chromosomal 

rearrangement that created a dicentric chromosome and was resolved by 

chromosome breakage. However, it remains possible that neocentromere 

sequences would be replaced by duplication of a canonical centromere over 

evolutionary timescales.  

 

6.2. Replication at centromeres 

ORC localises to the fission yeast central domains with which CENP-ACnp1 is 

associated (Hayashi et al., 2007; Segurado et al., 2003). The early replication of 

centromeres in fission yeast is due to the firing of origins of replication located within 

the outer-repeats and limited (if any) origin activity was detected within the central 

domains of endogenous centromeres (Kim et al., 2003; Smith et al., 1995). Central 

domain sequences are able to act as replication origins on ectopic plasmids but do 

not initiate replication at their endogenous loci (Smith et al., 1995; Takahashi et al., 

1992). It is possible that the high AT-content of these sequences is adequate to 

recruit ORC and it was initially proposed that central domain sequences do not 

initiate replication at their endogenous loci because ORC is excluded from binding 

to these regions and that these sequences are important for centromere related 

functions (Smith et al., 1995). Of course, the observation that ORC is in fact 

enriched within the central domains completely recontextualises the question of why 

these sequences do not initiate DNA replication at their endogenous loci (Hayashi et 

al., 2007; Segurado et al., 2003). This opens up the possibility that ORC performs a 
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function at centromeres that is not related to initiating DNA replication. None of the 

proteins tested in this thesis were found to localise specifically to the gaps between 

CENP-ACnp1, but the asymmetric AT-rich sequences are the preferred binding site of 

ORC and it seems plausible that ORC localises to these gaps. But what might the 

function of ORC be within these regions? 

 

Apart from its role in replication, ORC has been suggested to play a role in 

heterochromatin structure and transcriptional silencing in various systems. In 

humans and Drosophila ORC and HP1 co-localize and bind interdependently in 

heterochromatic regions (Auth et al., 2006; Badugu et al., 2005; Pak et al., 1997; 

Prasanth et al., 2010; Shareef et al., 2001, 2003). Additionally, in Drosophila ORC 

and HOAP function at telomeres to maintain telomere structure and prevent 

chromosome fusions and ring formation (Cenci et al., 2003). Thus, metazoan ORC 

may act as platform for recruiting heterochromatin components similar to its 

interaction with the silent information regulator (Sir) proteins in S. cerevisiae 

(Shareef et al., 2003). S. cerevisiae lacks H3K9 methylation and many 

heterochromatic proteins, with no apparent orthologs for Suv39, HP1, Dicer, or 

Argonaute (Harrison et al., 2009). Instead Sir1-4 are responsible for silencing at the 

cryptic mating type loci and telomeres (Hickman et al., 2011). At the repressed 

mating type loci (HML and HMR) Sir1 interacts with Orc1 to anchor the other Sir 

proteins (Hou et al., 2005; Zhang et al., 2002). It is possible that in fission yeast 

ORC plays a structural role as a platform for recruiting other proteins and activities 

to the central domain. Indeed, it is even possible that ORC acts as a platform for 

stabilising interactions between CENP-A and CENP-C, similar to the role of CENP-B 

in mammals (Fachinetti et al., 2015).  

 

Fission yeast ORC has been shown to associate with the heterochromatic outer-

repeats and is responsible for the early replication of centromeres (Li et al., 2011). It 

remains possible that the ORC pool located within the central domain forms 

dormant replication origins that could fire in the absence of outer-repeat origin 

activity to ensure proper replication timing of the centromeres. This is consistent 

with the observation that central domain sequences can initiate DNA replication on 

ectopic plasmids (Smith et al., 1995; Takahashi et al., 1992). Moreover, centromere 

replication timing is distinct, suggesting that control of centromere replication timing 

may also be of functional importance. Centromeres replicate early during S-phase in 
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budding yeast (Kitamura et al., 2007), fission yeast (Hayashi et al., 2009), and C. 

albicans (Koren et al., 2010). Neocentromere regions in C. albicans (Koren et al., 

2010) change their replication timing to match the early replication of canonical 

centromeres. Similarly ectopic centromeres in budding yeast alter the replication 

timing of surrounding chromatin from late to early (Natsume et al., 2013; Pohl et al., 

2012). In contrast, centromere replication takes place in mid to late S-phase in 

Drosophila (Sullivan and Karpen, 2001), chicken (Shang et al., 2013) and human 

cells (Ten Hagen et al., 1990; Hultdin, 2001). Chicken neocentromere formation is 

associated with a shift towards later replication (Shang et al., 2013). The functional 

significance of centromere replication timing is still not understood. There is also 

conflicting findings with respect to whether the ORC located within the fission yeast 

central domain recruits other replication proteins and forms licensed replication 

origins (Hayashi et al., 2007; Segurado et al., 2003). Transcription has been shown 

to disrupt licensed replication origins and replication proteins must be re-loaded and 

origins re-licensed (Lõoke et al., 2010). Pervasive low quality transcription 

associated with stalled RNAPII has been detected within the central domain of S. 

pombe central domains (Catania et al., 2015; Choi et al., 2011) and this low level 

central domain transcription could potentially allow ORC to bind DNA but prevent 

subsequent origin licensing. Alternatively, stalled RNAPII is required for ORC 

binding to origins within the rDNA repeats in fission yeast so transcription could 

instead be required for ORC binding (Mayan, 2013). Most simply, ORC could form 

dormant licensed origins that do not fire simply due to their proximity to early firing 

origins in the outer-repeats. However, the high enrichment of asymmetric AT-rich 

sites that could act as a binding site for the Orc4 AT-hook and enrichment of ORC 

across the entire central domains seems excessive simply for the formation of 

dormant replication origins. Alternately, since RNAPII stalling may be associated 

with remodelling events that promote CENP-ACnp1 incorporation, it is possible that 

ORC could contribute to transcriptional stalling and therefore to CENP-ACnp1 

incorporation.  

 

Given that the sequence features influencing nucleosome positioning are conserved 

between S. pombe and S. octosporus, it is also possible that ORC contributes to 

CENP-ACnp1 nucleosome positioning. Asymmetric AT-rich sequences, such as those 

found within the central domains of fission yeast centromere, are preferred binding 

sites for ORC (Chuang and Kelly, 1999), but they are also strongly predicted to 
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exclude nucleosomes (Struhl and Segal, 2013). This raises the question of whether 

these sequences are present within centromeres to allow ORC to bind or whether 

they have a role in CENP-ACnp1 positioning. Indeed, the AT-richness of replication 

origins themselves may have arisen to exclude nucleosomes from origins even in 

the absence of ORC and ORC recruitment itself may simply be tied to such 

nucleosome depleted regions (Xu et al., 2012). Metazoan replication origins are not 

AT-rich, but instead are enriched for a G-rich motif, termed origin G-rich repeated 

elements (Cayrou et al., 2012). These may nevertheless perform a similar 

nucleosome excluding function since poly-G tracks also known to exclude 

nucleosomes in Ascomycota species (Tsankov et al., 2011). In mice high GC-

content sequences exclude nucleosomes both in vivo and in vitro (Fenouil et al., 

2012). However, in vitro nucleosome positioning around nucleosome depleted 

regions at promoters does not reflect the high positioning observed in vivo and thus 

sequence alone is likely insufficient for positioning of nucleosomes (Mavrich et al., 

2008). Thus, ORC may position flanking CENP-ACnp1 nucleosomes within the central 

domain in a process similar to that observed at S. cerevisiae origins (Lipford and 

Bell, 2001). Indeed, centromeric nucleosome positioning may in fact be functionally 

similar to the potential role of CENP-B in nucleosome positioning at mammalian 

centromeres (Ando et al., 2002; Henikoff et al., 2015; Yoda et al., 1998). A 

comparison between in vivo and in vitro CENP-ACnp1 nucleosome positioning would 

determine whether sequence features alone are able to position CENP-ACnp1 

nucleosomes in the presence and absence of ORC. Additionally, rapid degradation 

of ORC components in vivo could elucidate the potential role of ORC in CENP-ACnp1 

nucleosome positioning and maintenance as well as in centromere function. 

 

6.3. Transcription and nucleosomes 

To fully understand the roles of nucleosome positioning and ORC binding at fission 

yeast centromeres it is necessary to also consider the influence of transcription. 

Centromeric sequences have been shown to be transcribed in a number of species, 

including maize (Du et al., 2010), budding yeast (Ohkuni and Kitagawa, 2011), mice 

(Ferri et al., 2009; Kanellopoulou et al., 2005; Lehnertz et al., 2003), and humans 

(Chan et al., 2012; Wong et al., 2007). Centromere activity may require a low level 

of transcription (Scott, 2013). In budding yeast high levels of transcription impair 

centromere activity (Ohkuni and Kitagawa, 2011). Neocentromeres largely support a 

connection between low levels of transcription and centromere activity. Chicken 
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neocentromeres preferentially form at inactive genes and are associated with 

transcriptional inactivation of active genes following neocentromere formation 

(Shang et al., 2013). C. albicans centromere distal neocentromeres preferentially 

form in large intergenic regions (Ketel et al., 2009) and centromere proximal 

neocentromeres preferentially form at transcriptionally inactive regions (Thakur and 

Sanyal, 2013). Fission yeast neocentromeres form over genes that are transcribed 

at low levels (Ishii et al., 2008).  

 

Transcription of fission yeast outer-repeats is clearly required for RNAi-mediated 

heterochromatin formation (Creamer and Partridge; Volpe et al., 2002), but 

transcription of the central domain of fission yeast centromeres is not as well 

understood. Transcription itself may be important for centromere function or 

alternatively promoters within the central domain that recruit the chromatin 

remodeller Chd1Hrp1 may initiate transcription as a by-product of H3 eviction and 

CENP-ACnp1 incorporation (Choi et al., 2011). The organisation of central domain 

sequences also contributes to transcription since it was found that transcriptional 

stalling at AT-rich sequences within the central domain may influence CENP-ACnp1 

establishment and incorporation (Catania et al., 2015). This suggests that the AT-

rich sequences in the central domain could play a role in promoting transcriptional 

stalling, in addition to potential roles in nucleosome positioning and ORC binding.  

 

Again, these processes are not separate since transcription itself also contributes to 

nucleosome positioning. Only a subset of in vivo budding yeast nucleosome 

depleted regions at promoters are also nucleosome depleted in vitro (Zhang et al., 

2009). Additionally, the +1 nucleosome is not highly positioned in vitro and 

positioning in vivo is relative to the transcriptional start site and not the boundary of 

the nucleosome depleted region (Zhang et al., 2009). Transcription is required for 

proper nucleosome positioning downstream of the transcription start site and the 

size of the nucleosome depleted region (Weiner et al., 2010). Positioning of the +1 

nucleosome on a given sequence is species specific and not simply sequence 

dependent (Hughes et al., 2012). In human cells stalled RNAPII at transcriptionally 

inactive genes was shown to be also associated with positioned nucleosomes, 

though the positioning differed from nucleosome positioning at transcriptionally 

active genes (Schones et al., 2008). Thus, it is possible that transcription could 
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contribute to the gaps between CENP-ACnp1 nucleosomes or positioning of CENP-

ACnp1 nucleosomes. 

 

6.4. Outlook 

Centromere identity and function exists at the intersection of a number of biological 

processes, including transcription, nucleosome positioning, DNA replication, and 

CENP-ACnp1 nucleosome incorporation. Determining how these processes 

individually and collectively relate to overall centromere identity and function will 

continue to be a challenging undertaking. Are AT-rich sequences important for 

recruiting ORC, positioning nucleosomes, stalling transcription, or all three? And 

what is the relationship between these three processes? Is transcription necessary 

to prevent origin licensing or for H3 nucleosome eviction and CENP-ACnp1 

incorporation and positioning? Does ORC position flanking nucleosomes, ensure 

centromere replication timing, or function in chromatin or even kinetochore 

structure? Is CENP-ACnp1 nucleosome positioning with gaps important for allowing 

other complexes to bind between CENP-ACnp1 nucleosomes or in mediating 

interactions with the kinetochore? Questions such as these are difficult to address in 

organisms that possess centromeres composed of repetitive sequences. Fission 

yeast non-repetitive central domains are deceptively simple since they are more 

tractable and yet they are incredibly information dense. However, it is possible to 

begin untangling the processes that contribute to centromere organisation using 

minichromosomes containing synthetic centromeres that can be engineered to have 

sequence features that separate these processes. In addition, it is now possible to 

synthesise large domains such as an entire 8 kb central domain. Thus versions with 

‘gaps’ lacking features such as asymmetric AT-rich motifs could be used to test the 

role of such motifs. The analyses presented in this thesis (and subsequent 

investigation of the questions raised herein) will aid our understanding of the 

processes that contribute to centromere identity and indeed to epigenetic 

mechanisms in general. 
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1. Summary
CENP-A chromatin forms the foundation for kinetochore assembly. Replication-

independent incorporation of CENP-A at centromeres depends on its chaperone

HJURPScm3, and Mis18 in vertebrates and fission yeast. The recruitment of Mis18

and HJURPScm3 to centromeres is cell cycle regulated. Vertebrate Mis18 associates

with Mis18BP1KNL2, which is critical for the recruitment of Mis18 and HJURPScm3.

We identify two novel fission yeast Mis18-interacting proteins (Eic1 and Eic2), com-

ponents of the Mis18 complex. Eic1 is essential to maintain Cnp1CENP-A at

centromeres and is crucial for kinetochore integrity; Eic2 is dispensable. Eic1 also

associates with Fta7CENP-Q/Okp1, Cnl2Nkp2 and Mal2CENP-O/Mcm21, components of

the constitutive CCAN/Mis6/Ctf19 complex. No Mis18BP1KNL2 orthologue has

been identified in fission yeast, consequently it remains unknown how the key

Cnp1CENP-A loading factor Mis18 is recruited. Our findings suggest that Eic1

serves a function analogous to that of Mis18BP1KNL2, thus representing the func-

tional counterpart of Mis18BP1KNL2 in fission yeast that connects with a module

within the CCAN/Mis6/Ctf19 complex to allow the temporally regulated recruit-

ment of the Mis18/Scm3HJURP Cnp1CENP-A loading factors. The novel interactions

identified between CENP-A loading factors and the CCAN/Mis6/Ctf19 complex

are likely to also contribute to CENP-A maintenance in other organisms.

2. Introduction
Genome integrity and stability are key to the propagation of genetic information

through generations. Centromeres are the specialized sites on eukaryotic chromo-

somes where kinetochores, which govern spindle microtubule attachment,

assemble during cell division. Centromere dysfunction, and consequent kineto-

chore instability, can therefore cause mis-segregation of chromosomes resulting

in aneuploidy and genome instability. A plethora of evidence suggests that

DNA sequence is neither necessary nor sufficient for the establishment of a func-

tional centromere [1,2], and it is generally accepted that centromere specification is

epigenetically regulated in many organisms [3,4].

CENP-A, a histone H3 variant, replaces canonical H3 in specialized nucleo-

somes that mark active centromeres. CENP-A is both necessary and sufficient to

mediate the establishment and maintenance of functional kinetochores. CENP-A

associates with a distinct set of proteins that allow it to promote its own propaga-

tion to preserve centromere location [5–7]. In the fission yeast Schizosaccharomyces
pombe, Cnp1CENP-A is restricted to the non-repetitive central domain of centro-

meres (approx. 7–10 kb; unique central core plus inverted inner-most repeats)
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that is flanked by heterochromatic outer repeats. Cnp1CENP-A

recruitment to the central domain depends on the conserved

kinetochore proteins Mis18, Mis6CENP-I/Ctf3, Sim4CENP-K/

Mcm22 and Scm3HJURP [8–12]. Mis18 was originally identified

as being required to maintain Cnp1CENP-A at fission yeast cen-

tromeres. Subsequently, Mis18 function was shown to be

conserved at vertebrate centromeres [11,13]. Mis18 associates

with the nuclear protein Mis16, which is orthologous to Sacchar-
omyces cerevisiae Hat2 and human RbAp46/48, which are

known to act as histone chaperones in many distinct histone

transactions [14,15]. Mis6CENP-I/Ctf3 and Sim4CENP-K/Mcm22

reside in a larger complex consisting of approximately 16–18

centromeric proteins [16–18], most of which are conserved

and collectively form the complex known as CCAN, Ctf19

and Mis6 in vertebrates, budding yeast and fission yeast,

respectively [16,19,20]. The modular CCAN/Mis6/Ctf19 com-

plex forms the main scaffold of centromere proteins that is

required to recruit outer kinetochore components in order to

mediate and regulate kinetochore–microtubule attachments

[21]. Scm3HJURP is orthologous to the vertebrate CENP-A-

specific chaperone HJURP [22]. Scm3HJURP directly associates

with Cnp1CENP-A and is required for Cnp1CENP-A incorporation

at centromeres [9,12].

In vertebrate cells, the assembly of new CENP-A into

centromeric chromatin is uncoupled from replication and

occurs in early G1, prior to S phase [23]. Consequently, follow-

ing centromere replication, the level of resident CENP-A at

centromeres is halved as a result of its distribution to the result-

ing two sister-centromeres [24]. The CENP-A loading factors

Mis18a/b and Mis18BP1KNL2 and the CENP-A chaperone

HJURPScm3 are transiently recruited to human centromeres

in telophase and are required to replenish CENP-A in G1

[13,25,26]. Mis18 is recruited to human centromeres by

Mis18BP1KNL2, which associates with centromeres via the

C-terminus of the constitutive kinetochore component,

CENP-CCnp3/Mif2 [27,28]. Both Mis18a and Mis18BP1KNL2 are

required for the cell-cycle-regulated recruitment of HJURPScm3

prior to G1 [25,28,29]. Interestingly, in fission yeast, the CENP-

C orthologue Cnp3 is not essential for viability [30] and no

Mis18BP1KNL2 protein can be identified. It therefore remains

unclear how Mis16RbAp46/48/Hat2, Mis18 and Scm3HJURP are

recruited to centromeres to maintain Cnp1CENP-A at fission

yeast centromeres. Nevertheless, as in vertebrate cells, the

Cnp1CENP-A assembly factors Mis16RbAp46/48/Hat2, Mis18 and

Scm3HJURP all display dynamic association with fission yeast

centromeres during the cell cycle, but they are released from cen-

tromeres in mitotic prophase and re-associate in mid-anaphase

[9,11–13]. This suggests that fission yeast relies on an alternative

to the CENP-CCnp3/Mif2–Mis18BP1KNL2 interaction for the

regulated recruitment of the Mis16RbAp46/48/Hat2, Mis18 and

Scm3HJURP Cnp1CENP-A assembly factors to centromeres.

Although many kinetochore proteins have clearly been con-

served between different experimental organisms over

evolutionary time, it is also evident that particular proteins

have been lost in some organisms and replaced by alternative

pathways. For example, both Drosophila and S. cerevisiae lack

the Mis18 and Mis18BP1KNL2 proteins. However, S. cerevisiae
retains an Scm3HJURP orthologue, whereas Scm3HJURP function

is replaced by the distinct Cal1 protein in Drosophila [31,32].

Moreover, in Arabidopsis the association dynamics of

Mis18BP1KNL2 with centromeres is more similar to that of

S. pombe Mis18/Scm3HJURP than human Mis18BP1KNL2/

Mis18/HJURPScm3 in that it departs only briefly from
centromeres during mitosis, re-associating in mid-anaphase

prior to Arabidopsis CenH3CENP-A deposition in G2 [33,34]. It is

well recognized that alternative solutions can evolve to mediate

the same conserved process, and such alternatives can inform on

parallel or other underlying pathways and mechanisms that

may be more prevalent in one system relative to another.

In fission yeast, Mis16RbAp46/48/Hat2–Mis18 may promote

Cnp1CENP-A assembly through a direct physical interaction

detected in vitro with the Cnp1CENP-A chaperone Scm3HJURP

[9,12]. However, as no direct interaction has been reported

between Mis16RbAp46/48/Hat2–Mis18 and constitutive CCAN

components, it remains unknown how the Mis16RbAp46/48/Hat2–

Mis18 and Scm3HJURP assembly factors are recruited to the

underlying constitutive kinetochore scaffold. Here, we set out

to determine how fission yeast solves the problem of recruiting

the Cnp1CENP-A loading machinery (Mis16RbAp46/48/Hat2/

Mis18/Scm3HJURP) to centromeres without a Mis18BP1KNL2

orthologue. Through a proteomics approach, we identified two

previously uncharacterized proteins as additional integral com-

ponents of the Mis16RbAp46/48/Hat2-Mis18 complex, designated

Eic1 and Eic2 (Eighteen Interacting Centromere proteins 1

and 2). Our analyses indicate that Eic1 is essential to maintain

normal Cnp1CENP-A levels at centromeres, whereas Eic2 is

dispensable. Importantly, we also demonstrate that Eic1 pro-

vides a link between Mis16RbAp46/48/Hat2-Mis18 and specific

constitutive components of the kinetochore scaffold (CCAN/

Mis6/Ctf19 complex components). The analyses presented

identify three components within the conserved CCAN/

Mis6/Ctf19 complex which we propose represent a module

that is required to recruit the Cnp1CENP-A loading machi-

nery (Mis16RbAp46/48/Hat2/Mis18/Eic1/Scm3HJURP) to fission

yeast centromeres.
3. Results
3.1. Identification of novel proteins that associate

with Mis16RbAp46/48/Hat2 or Mis18
To explore the interactions of Mis16RbAp46/48/Hat2 and Mis18

with other proteins in fission yeast, Myc-tagged Mis16 and

Mis18 were immunoprecipitated from extracts of cells expres-

sing either Mis16-Myc or Mis18-Myc as fusion proteins from

the endogenous genes and the captured proteins subjected to

LC-MS/MS analyses. Mis18 immunoprecipitates were repro-

ducibly found to contain two previously uncharacterized

proteins, which we named Eic1 (SPBC27B12.02) and Eic2

(SPBC776.16) for Eighteen Interacting Centromere protein 1

and 2, respectively. Mis16RbAp46/48/Hat2 immunoprecipitates

also reproducibly contained Eic1, along with two other

known interactors: Mis18 and the histone H4 acetyltransferase

Hat1 (figure 1a) [11,35]. Proteins orthologous to Eic1 were

identifiable in all the sequenced genomes of the three other fis-

sion yeast species (S. octosporus, S. cryophilus and S. japonicus)

by homology and synteny searches (figure 1b). However, no

orthologue of Eic2 was apparent in S. japonicus (figure 1b).

Co-immunoprecipitation experiments verified the inter-

actions of Eic1 and Eic2 with Mis16RbAp46/48/Hat2 and Mis18.

Consistent with the LC-MS/MS results, both Mis16-Myc

and Mis18-Myc were found to co-immunoprecipitate with

Eic1-GFP. Also, Mis18-Myc, but not Mis16-Myc, co-immuno-

precipitated with Eic2-GFP (figure 1c). This demonstrates

that Mis16RbAp46/48/Hat2, Mis18, Eic1 and Eic2 associate.

http://rsob.royalsocietypublishing.org/
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Figure 1. Eic1 and Eic2 are Mis18-interacting proteins. (a) LC-MS/MS analysis of Myc-tagged Mis16RbAp46/48/Hat2 and Mis18 immunoprecipitates from S. pombe whole
cell extracts identifies two previously uncharacterized proteins, Eic1 (SPBC27B12.02) and Eic2 (SPBC776.16). Average number of unique peptides reproducibly ident-
ified from three independent experiments is shown. (b) Primary sequence alignments of Eic1 (top) and Eic2 (bottom) orthologues identified among
Schizosaccharomyces species. (c) Eic1-GFP co-immunoprecipitates with both Mis16-Myc and Mis18-Myc, while Eic2-GFP only co-immunoprecipitates with
Mis18-Myc. The asterisk (*) in the bottom panel denotes the IgG heavy chain. (d ) Eic1 directly interacts with Mis18 and Mis16. 6xHis-Eic1 was co-expressed
with GST alone, GST-Mis18 or GST-Mis16 in E. coli. Coomassie-stained SDS-PAGE gels showing reciprocal GST (lanes 1 – 3) and His (lanes 6 – 8) pulldowns
from E. coli lysates are shown. Also shown are reciprocal pulldowns of 6xHis-Mis16 co-expressed with GST alone or GST-Mis18 (lanes 4 – 5 and 9 – 10).
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To determine whether Eic1 can directly associate with

Mis16RbAp46/48/Hat2 or Mis18, we co-expressed 6xHis-Eic1

with GST-Mis16 or GST-Mis18 in Escherichia coli. GST-Mis18

and 6xHis-Eic1 can clearly associate with each other in recipro-

cal pull down assays (figure 1d, lanes 2 and 7). 6xHis-Eic1

could also be detected in pulldowns of GST-Mis16 (figure 1d,

lane 3). Similarly, a weak interaction between 6xHis-Mis16

and GST-Mis18 could be detected in vitro (figure 1d, lane 5

when compared with lanes 4 or 2).
3.2. Hat1 does not contribute to the maintenance
of Cnp1CENP-A chromatin

In S. cerevisiae, Hat2 is the orthologue of Mis16 and it has

previously been shown to associate with the histone H4

acetyl-transferase Hat1 [36]. Related to this, levels of acetyl-

ated histones have been shown to increase at centromeres

in mis16 and mis18 mutants [11]. It is possible that altered his-

tone acetylation at centromeres relates to the function of

http://rsob.royalsocietypublishing.org/
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Mis16RbAp46/48/Hat2 and Hat1 at centromeres. We first con-

firmed that Mis16-Myc and Hat1-HA co-immunoprecipitate

(electronic supplementary material, figure S1a) and then, to

investigate the possibility that Hat1 possesses centromere-

specific functions, we subjected Hat1-HA immunoprecipitates

to LC/MS-MS analyses. However, we were unable to detect

any Hat1-associated proteins apart from Mis16RbAp46/48/Hat2,

confirming the analyses of others [35]. Moreover, Hat1-HA

was not found to be enriched in the central kinetochore

domain of centromeres (electronic supplementary material,

figure S1b) and no loss of Cnp1CENP-A from centromeres

could be detected in cells lacking Hat1 (hat1D; electronic sup-

plementary material, figure S1c). Thus, it appears that

Mis16RbAp46/48/Hat2 may participate in two distinct functional

complexes: Mis16RbAp46/48/Hat2–Mis18–Eic1–Eic2 at centro-

meres (see below) and Mis16RbAp46/48/Hat2–Hat1 elsewhere

in the nucleus (electronic supplementary material, figure

S1d ). Such a multi-functional role for Mis16RbAp46/48/Hat2

would be consistent with the known involvement of

RbAp46/48 proteins in many complexes involved in histone

modification and chromatin remodelling [14,15].
3.3. Eic1 and Eic2 associate with centromeres
dynamically through the cell cycle

CENP-A and all known fission yeast kinetochore proteins

localize specifically at centromeres and are enriched over

the central domain region of centromeres. Both Eic1 and

Eic2 associate with Mis18, which is known to localize to fis-

sion yeast centromeres for most of the cell cycle, apart from

early prophase to mid-anaphase of mitosis [13]. To examine

the localization of Eic1 and Eic2, the endogenous genes

expressing Eic1 and Eic2 were fused to GFP. Quantitative

chromatin immunoprecipitation (qChIP) analyses demon-

strated that, as with Mis18 and other kinetochore proteins,

both Eic1-GFP and Eic2-GFP are enriched over the central

kinetochore domain (central core plus imr repeats) of fission

yeast centromeres (figure 2a). Genome-wide ChIP-seq analyses

confirmed this finding and also demonstrated that Eic1-GFP

and Eic2-GFP, much like Mis18-GFP and Scm3-GFP, are

undetectable at other regions of the genome including the

heterochromatic outer repeats of centromeres (figure 2b and

electronic supplementary material, figure S2). Immunostaining

revealed that both Eic1 and Eic2 GFP-tagged proteins co-

localize with Cnp1CENP-A at clustered centromeres in interphase

cells (figure 2c(i),(ii)). However, as with Mis16RbAp46/48/Hat2

and Mis18 [11,13], Eic1-GFP and Eic2-GFP dissociate from

centromeres in early mitosis (prometaphase), just as the centro-

meres (Cnp1) begin to form two separate clusters as they

biorient on the spindle (figure 2c(iii),(iv)). Moreover, both

Eic1-GFP and Eic2-GFP reassociate with centromeres in

mid-anaphase when centromeres (Cnp1) and chromosomes

(DAPI) have clearly segregated to opposite spindle poles

(figure 2c(viii),(ix)). Apart from Mis16RbAp46/48/Hat2 and

Mis18, the CENP-A chaperone Scm3HJURP exhibits similar tem-

poral dissociation–reassociation at centromeres during mitosis

[9,12]. Thus, our analyses identify Eic1 and Eic2 as two

additional proteins that are released from centromeres in early

mitosis and reloaded on centromeres in mid-anaphase. The find-

ing that Eic1 and Eic2 exhibit similar association dynamics as

Mis18 through the cell cycle is consistent with our identification

of Eic1 and Eic2 being tightly associated with Mis18.
3.4. Eic1 is required to maintain Cnp1CENP-A

at centromeres
Mis18 and associated proteins have been shown to be

required to maintain CENP-A at centromeres in fission

yeast and vertebrates [11,13,37]. If Eic1 and Eic2 are critical

for Mis18 function then they should also be required to main-

tain normal Cnp1CENP-A levels at centromeres. As the eic1þ

gene is essential for cell viability, we generated a conditio-

nal temperature-sensitive (ts) mutant of eic1 (eic1-1:hygR,

hereafter referred to as eic1-1) in which a single amino acid

substitution (Phe102Ser) at a conserved residue rendered

cells inviable at 368C but with retained viability at 258C
(figure 3a). We also generated a corresponding wild-type

allele of eic1 (eic1þ:hygR) as a control in which, as with eic1-1,

a hygromycin resistance marker was inserted within the

30UTR of eic1 at its endogenous locus for ease of genetic

manipulation (figure 3a). qChIP analyses demonstrated that

Cnp1CENP-A levels were significantly diminished at centro-

meres in eic1-1 cells at restrictive temperature (figure 3b;

electronic supplementary material, figure S3a). Cells harbour-

ing a second ts allele of eic1 (eic1-2:hygR; two substituted

residues, Lys37Glu and Tyr55His, hereafter referred to as

eic1-2) also demonstrated significant loss of Cnp1CENP-A from

centromeres at 368C (figure 3a,b; electronic supplementary

material, figure S3a). Furthermore, eic1-1 and eic1-2 cells dis-

played sensitivity to the microtubule depolymerizing drug

thiabendazole (TBZ), whereas eic1þ:hygR and the mis18-262 ts

mutant did not confer TBZ sensitivity (figure 3c). TBZ sensi-

tivity suggests that kinetochore–microtubule interactions are

defective in eic1 mutants. Aberrant kinetochore function in

eic1-1 cells was supported by cytological analyses, which

revealed severe chromosome segregation defects (electronic

supplementary material, figure S3b). qChIP analyses demon-

strated that GFP-tagged Eic1-1 and Eic1-2 mutant proteins

remained associated with centromeres even at 368C; thus, the

observed phenotypes of eic1-1 and eic1-2 cells are not a conse-

quence of the complete absence of Eic1 protein at centromeres

(electronic supplementary material, figure S3c).

In contrast to eic1 mutants, cells lacking the eic2þ gene

(eic2D) displayed no loss of Cnp1CENP-A from centromeres

(figure 3d ). One possibility is that Eic2 is not required to

maintain Cnp1CENP-A at centromeres but is required to estab-

lish Cnp1CENP-A on naive centromeric DNA. To test this, a

plasmid bearing centromeric DNA that efficiently establishes

Cnp1CENP-A chromatin and functional kinetochores in wild-

type cells (pH-cc2) [38] was transformed into eic2D cells.

No defect in the establishment of Cnp1CENP-A chromatin or

functional kinetochores was observed (electronic supplemen-

tary material, figure S4). Furthermore, eic2D cells were not

sensitive to TBZ (figure 3c). We conclude that Eic1 is required

for Cnp1CENP-A maintenance and kinetochore integrity,

whereas Eic2 is dispensable.

3.5. The recruitment of Cnp1CENP-A assembly factors is
reduced at centromeres in eic1 and eic2 mutants

Previous studies have shown that defective Mis16RbAp46/48/Hat2

or Mis18 function affects the localization of the Cnp1CENP-A

loading factors Scm3HJURP and Mis6CENP-I/Ctf3 at centromeres

[9,11,12]. Vertebrate Mis18a/b and Mis18BP1KNL2 have also

been shown to be required for the recruitment of the CENP-A

http://rsob.royalsocietypublishing.org/
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chaperone HJURPScm3 to centromeres, and consequently the

incorporation of CENP-A at centromeres [13,25]. We find that

the levels of GFP-tagged Mis16RbAp46/48/Hat2 and Mis18 associ-

ated with fission yeast centromeres are greatly reduced in the

eic1-1 mutant even at 258C (figure 4a,b), consistent with

the observed synthetic genetic interaction between eic1-1
and the GFP-tagged alleles of mis16 and mis18 (electronic sup-

plementary material, figure S5). Additionally, we find that

Scm3HJURP association with centromeres is also dependent on

Eic1 function (figure 4c). Interestingly, we find Mis6CENP-I/Ctf3

association with centromeres to be only partially dependent
on Eic1 (figure 4d), as intermediate levels of Mis6CENP-I/Ctf3

are retained at centromeres even when Eic1 function is compro-

mised. Thus Eic1, in conjunction with its interacting partners

Mis16RbAp46/48/Hat2 and Mis18, is essential to maintain normal

levels of Cnp1CENP-A as well as Cnp1CENP-A loading factors

on centromeres.

Surprisingly, eic2D cells exhibited reduced levels of Mis18,

Mis16RbAp46/48/Hat2 and Mis6CENP-I/Ctf3 at centromeres, whereas

Scm3HJURP remained unaffected (figure 4e–h). As normal levels

of Cnp1CENP-A are retained at centromeres and no defect

in chromosome segregation was detectable in eic2D cells

http://rsob.royalsocietypublishing.org/
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(figure 3c,d and electronic supplementary material, figure S4),

the observed reduction of Mis18, Mis16RbAp46/48/Hat2 and

Mis6CENP-I/Ctf3 at centromeres must not be sufficient to

significantly affect Cnp1CENP-A maintenance.

Epistasis analyses (double mutant combinations) fre-

quently reveal positive and negative genetic interactions

between mutants and consequently inform on the functional

niche of specific proteins. The eic1-1 mutation exhibited signifi-

cantly reduced growth when combined with ts mutations in

mis18, scm3, cnp1 and mis6 (figure 5a and electronic sup-

plementary material, figure S6a; summarized in figure 5c).

We failed to generate eic1-1 mis16-53 and eic1-1 scm3-139
double mutant strains, suggesting that eic1-1 has a synthetic

lethal interaction with both mis16-53 and scm3-139. Surpris-

ingly, such synthetic interactions could also be observed for

the eic1þ:hygR allele, which must compromise eic1 function in

sensitized genetic backgrounds and therefore be considered a

hypomorphic allele of eic1 (figure 5 and electronic supplemen-

tary material, figure S6a). These results, in conjunction with our

ChIP analyses of Cnp1CENP-A assembly factors (figure 4a–d ),

clearly demonstrate that Eic1 makes important contributions

to the proper localization of Cnp1CENP-A assembly factors

and Cnp1CENP-A itself.

eic2D showed no combinatorial effects when combined

with cnp1, mis6 or mis16 ts mutants (electronic supplementary

material, figure S6b; summarized in figure 5c). However, eic2D
displayed a negative interaction with mis18-262, notably redu-

cing growth at 368C relative to mis18-262 alone (figure 5b). By
contrast, eic2D partially suppressed the temperature sensitivity

of the scm3-139 (Leu73Phe) but not the scm3-15 (Ser281Leu)

mutant (figure 5b; summarized in figure 5c). The negative

interaction of Eic2 with Mis18 confirms that Eic2 contributes

to the function of the Mis18 complex. As the protein levels as

well as association of Scm3HJURP with centromeres remain

unaffected in eic2D cells (figure 4c; electronic supplementary

material, figure S6c), the mechanism of partial suppression of

temperature sensitivity observed in eic2D scm3-139 cells

remains unclear. eic2D showed no combinatorial effects when

combined with eic1-1 (figure 5b; summarized in figure 5c),

suggesting that Eic2 may not influence Eic1 function even

though Eic1 and Eic2 physically associate.
3.6. Eic1 and Eic2 association with centromeres is
dependent on Cnp1CENP-A loading factors

Previous analyses in fission yeast have shown that

Mis16RbAp46/48/Hat2 and Mis18 are required for the localiza-

tion of the Cnp1CENP-A-specific chaperone Scm3HJURP and

the CCAN protein Mis6CENP-I/Ctf3 to centromeres [9,11,12].

Moreover, the localization of Mis18 at centromeres is unaf-

fected by mutations in Cnp1CENP-A, Mis6CENP-I/Ctf3 or

Scm3HJURP, whereas Scm3HJURP is dependent on functional

Mis6CENP-I/Ctf3, Mis16RbAp46/48/Hat2 and Mis18 for its centro-

meric localization [9,11,12]. Such analyses suggest that Mis18,

and probably Mis16RbAp46/48/Hat2, function to mediate the

http://rsob.royalsocietypublishing.org/
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recruitment of the Cnp1CENP-A assembly factors Mis6CENP-I/Ctf3

and Scm3HJURP to centromeres and thus the incorporation

of Cnp1CENP-A itself. To further dissect the role of Eic1 and
Eic2, and to determine whether they act together with

Mis16RbAp46/48/Hat2 and Mis18, we used qChIP to examine

the dependencies of Eic1 and Eic2 for centromere localization
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in strains expressing various ts kinetochore proteins.

Eic1 association with centromeres was found to be entirely

dependent on functional Mis18, as indicated by undetectable

levels of Eic1 at centromeres in mis18-262 cells grown at 368C
(figure 6a and electronic supplementary material, figure S7a).

Lower Eic1 levels were also detected on centromeric central

cores in mis16-53 and scm3-139 mutants at restrictive tempera-

ture; however, they were largely unchanged in cells

expressing mutant Cnp1CENP-A, Mis6CENP-I/Ctf3 and Mis12

proteins (figure 6a and electronic supplementary material,

figure S7a). Centromeric Eic1 levels also remained unaffected

in eic2D cells (figure 6b). Thus, the localization of Eic1 at

kinetochores is mainly dependent on its partner proteins

Mis16RbAp46/48/Hat2 and Mis18, but not Eic2.

The level of Eic2 at centromeres was found to be greatly

dependent on functional Mis16RbAp46/48/Hat2, Mis18 and

Eic1, and partially dependent on functional Scm3HJURP,

Cnp1CENP-A and Mis6CENP-I/Ctf3 (figure 6c,d and electronic

supplementary material, figure S7b). Unexpectedly, Eic2

levels at centromeres were found to be reduced in mis12-537
(a mutation in an outer kinetochore component) cells at restric-

tive temperature (figure 6c and electronic supplementary

material, figure S7b). These analyses suggest that Eic2 is also

recruited to centromeres by other mechanisms that are

independent of its association with Mis18.

3.7. Eic1 associates with CCAN/Mis6/Ctf19 complex
components that influence its recruitment
to centromeres

To further investigate the functional niche of Eic1 and Eic2,

immunoprecipitates of both GFP-tagged proteins were sub-

jected to LC-MS/MS analyses to identify associated factors.

Only Eic1 and Mis18 were detected in Eic2-GFP immuno-

precipitates (figure 7a). However, three CCAN/Mis6/

Ctf19 complex components were found to associate with

Eic1-GFP: Fta7CENP-Q/Okp1, Cnl2Nkp2 and Mal2CENP-O/Mcm21

(figure 7a). Co-immunoprecipitation of Myc-tagged

Fta7CENP-Q/Okp1 or Cnl2Nkp2 with Eic1-GFP verified that these
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CCAN/Mis6/Ctf19 complex components associate with Eic1

(figure 7b). ChIP analyses revealed that the association of Myc-

tagged Fta7CENP-Q/Okp1, Myc-tagged Cnl2Nkp2 and GFP-

tagged Mal2CENP-O/Mcm21 with centromeres is only partially

dependent on functional Eic1 (figure 8a–c), as these proteins

are detectable to a significant degree at centromeres in eic1-1
cells even at non-permissive temperature. This is consistent

with the finding that centromeric association of the CCAN com-

ponent Mis6CENP-I/Ctf3 also only partly depends on Eic1

function (figure 4d).

Interestingly, Eic1-GFP association with centromeres was

found to greatly depend on functional Mal2CENP-O/Mcm21

(figure 8d), although it appeared to be largely independent of

functional Mis6CENP-I/Ctf3 (figure 6a and electronic supplemen-

tary material, figure S7a). Additionally, the mal2-1 ts mutant

exhibited a more severe growth defect than mis6-302 when com-

bined with eic1-1 (figures 5a and 8e). Together, these results

suggest that the CCAN components Fta7CENP-Q/Okp1,

Cnl2Nkp2 and Mal2CENP-O/Mcm21 may act in concert to recruit

Eic1 to centromeres via their physical association with Eic1.
4. Discussion
In this study, we have identified and characterized two novel

Mis18-interacting proteins, Eic1 and Eic2, in fission yeast.

Eic1 is a small protein of approximately 13.4 kDa that is well
conserved within Schizosaccharomyces species (figure 1b). The

absence of an Eic2 orthologue in S. japonicus suggests that the

primary sequence of Eic2 may have rapidly diverged over

evolutionary time so that it is now undetectable within the

S. japonicus genome; alternatively, other proteins may under-

take the function of Eic2 in S. japonicus. The lack of any

specific domains within Eic1 and Eic2 hinders the detection

of similar or related proteins in other organisms, and thus

orthologues of Eic1 and Eic2 remain unidentified outside of

the Schizosaccharomyces clade.

The human Mis18 complex (consisting of hMis18a/b

and Mis18BP1KNL2) primes CENP-A assembly by associating

with centromeres specifically in telophase, subsequently

recruiting the CENP-A-specific chaperone HJURPScm3 to med-

iate CENP-A deposition in G1 [13,25,26,28,29]. The

phosphorylation of Mis18BP1KNL2 by CDK1/2 has been

shown to regulate the recruitment of Mis18BP1KNL2 and

timing of CENP-A assembly during the cell cycle [39]. In

fission yeast, the known Cnp1CENP-A loading factors,

Mis16RbAp46/48/Hat2, Mis18 and Scm3HJURP, also exhibit a

very specific cell-cycle-regulated localization to centromeres

in that they dissociate before metaphase and re-associate in

mid-anaphase [9,11–13]. Our analyses demonstrate that both

Eic1 and Eic2 are centromere-specific proteins with cell-cycle

dynamics that are very similar to that of Mis16RbAp46/48/Hat2,

Mis18 and Scm3HJURP (figure 2 and electronic supplementary

material, figure S2). The re-association of these five factors in
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anaphase–telophase is presumably required to allow the sub-

sequent replication-independent deposition of Cnp1CENP-A in

G2 phase of the cell cycle [40,41]. Recent analysis of Arabidopsis
Mis18BP1KNL2 suggests that it conforms to the S. pombe,
rather than the vertebrate, pattern of CENP-A loading factor

recruitment to centromeres during the cell cycle [33].

Our analyses show that functional Eic1 is required for the

association of its interacting partners Mis16RbAp46/48/Hat2 and

Mis18, as well as Scm3HJURP with centromeres (figure 4a–c).

The eic1þ:hygR and eic1-1 alleles also display strong negative

interactions when combined with mutant Cnp1CENP-A or

mutant Cnp1CENP-A assembly factors, Mis16RbAp46/48/Hat2,

Mis18 and Scm3HJURP (figure 5a; summarized in figure 5c).

Such interactions are consistent with Eic1 being required

to promote Cnp1CENP-A assembly by mediating the

association of the Cnp1CENP-A chaperone Scm3HJURP as

well as Mis16RbAp46/48/Hat2 and Mis18 with centromeres.

Eic1 is required to recruit Mis18 to centromeres, and func-

tional Mis18 has been shown to affect the localization of the
CCAN/Mis6/Ctf19 complex component Mis6CENP-I/Ctf3 to

centromeres [11]. It was thus surprising that our analyses

only detected a partial reduction in Mis6CENP-I/Ctf3 levels at

centromeres in eic1 mutant cells (figure 4d ). Nevertheless, con-

sistent with this finding, our analyses show that the association

of other CCAN components with centromeres is only partly

dependent on Eic1 function (Fta7CENP-Q/Okp1, Cnl2Nkp2

and Mal2CENP-O/Mcm21; figure 8a–c). The CCAN proteins

Mis6CENP-I/Ctf3, Sim4CENP-K/Mcm22, Mis15CENP-N/Chl4 and

Mis17CENP-U/Ame1 have been shown to facilitate Cnp1CENP-A

assembly [8,10,11]. Thus, although functional Eic1 is essential

for the recruitment of the key Cnp1CENP-A assembly factors

Mis16RbAp46/48/Hat2, Mis18 and Scm3HJURP to centromeres, it

is partly dispensable for maintaining constitutive CCAN

components at centromeres.

Eic2, the second Mis18-interacting protein that we identified,

contributes to Mis18 function (figure 5b) as it promotes normal

levels of Mis18, Mis16RbAp46/48/Hat2 and Mis6CENP-I/Ctf3 associ-

ation with centromeres (figure 4e,f,h). However, Eic2 is
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dispensable for maintaining Cnp1CENP-A and Scm3HJURP associ-

ation with centromeres (figures 3d and 4g). It was therefore

unexpected that loss of Eic2 (eic2D) resulted in the partial

rescue of scm3-139 temperature sensitivity (figure 5b; sum-

marized in figure 5c). Given that the levels of Scm3HJURP

protein and its association with centromeres remain unaffected

in eic2D cells (figure 4g; electronic supplementary material,

figure S6c), we speculate that Scm3HJURP–Mis18 interactions

are perhaps stabilized in the absence of Eic2. Regardless of

these changes, the levels of loading factors remaining at centro-

meres in eic2D cells are sufficient to maintain normal Cnp1CENP-A

levels. The fact that the localization and function of Mis18, but

not Eic1 or Cnp1CENP-A (figures 3d, 4e, 5b and 6b), is compro-

mised in eic2D cells suggests that Eic1 and Eic2 function

independently. Eic2 may act to bolster Mis18 function under

particular conditions of stress.

Eic1 association with centromeres is entirely dependent on

functional Mis18, but only partly dependent on functional

Mis16RbAp46/48/Hat2 and Scm3HJURP. Moreover, Eic1 levels at

centromeres remain largely unaffected when Cnp1CENP-A,

Mis6CENP-I/Ctf3 or Mis12 function is compromised (figure 6a
and electronic supplementary material, figure S7a). These and

other observations (figure 4a–d) suggest that Eic1 acts in con-

cert with Mis16RbAp46/48/Hat2 and Mis18 to promote

recruitment of the Cnp1CENP-A-specific chaperone Scm3HJURP

to centromeres and thereby facilitates Cnp1CENP-A assembly.

Thus, although no obvious protein similarity is evident

between Eic1 and Mis18BP1KNL2, we propose that Eic1 serves

as the functional counterpart of Mis18BP1KNL2 [13, 33,37].

The maintenance of epigenetically specified centromeres

on chromosomes requires a feedback mechanism where,

once established, constitutive centromere proteins themselves

recruit the CENP-A assembly factors and thereby ensure their

preservation. In vertebrates, the CENP-A assembly factors

HJURPScm3/Mis18/Mis18BP1KNL2 are recruited by the inter-

action of Mis18BP1KNL2 with CENP-CCnp3/Mif2 [27,28]. Our

analyses suggest that Eic1 performs the equivalent function

to Mis18BP1KNL2 by association with the Fta7CENP-Q/Okp1,

Cnl2Nkp2 and Mal2CENP-O/Mcm21 subunits of the constitu-

tive CCAN/Mis6/Ctf19 complex (figure 7). In support of this

view, we find that Eic1 recruitment to centromeres is particularly

dependent on functional Mal2CENP-O/Mcm21, and eic1 mal2
double mutants are severely compromised (figure 8d,e). By con-

trast, Eic1 association with centromeres is only partly dependent

on the CCAN component Mis6CENP-I/Ctf3 (figure 6a and elec-

tronic supplementary material, figure S7a). Mcm21Mal2/CENP-O

and Okp1Fta7/CENP-Q along with Ctf19Fta2/CENP-P and

Ame1Mis17/CENP-U are known to form COMA, a biochemi-

cally distinct subcomplex within the larger Ctf19 complex in

S. cerevisiae [19,42], much like the stable CENP-O/P/Q/U sub-

complex described in vertebrate cells [43]. We propose that

Mal2CENP-O/Mcm21, Fta7CENP-Q/Okp1 and Cnl2Nkp2 form an ana-

logous module within the CCAN/Mis6/Ctf19 complex that

ensures the propagation of Cnp1CENP-A chromatin and kineto-

chores by recruiting Eic1 and consequently the Cnp1CENP-A

assembly factors Mis16RbAp46/48/Hat2, Mis18 and Scm3HJURP to

fission yeast centromeres.

Undoubtedly, the analyses of centromere–kinetochore archi-

tecture in distinct model systems have provided insights into the

function of particular components. The lack of specific com-

ponents in one organism reveals its reliance on alternative

pathways. For example, Drosophila lack the kinetochore pro-

tein CENP-TCnp20/Cnn1, and consequently their kinetochores
are completely reliant on the KMN (Knl1–Mis12–Ndc80) path-

way for attachment to microtubules [4,18]. In vertebrates,

Mis18BP1KNL2 directly associates with CENP-CCnp3/Mif2, allow-

ing the maintenance and propagation of centromeric chromatin

through the recruitment of Mis18, HJURPScm3 and thus CENP-

A [27,28]. Remarkably, the CENP-ACID assembly pathway

appears to be completely rewired during evolution of Drosophila
because the main CENP-A loading factors HJURPScm3, Mis18

and Mis18BP1KNL2 have been lost and replaced by the Cal1

protein, which directly associates with CENP-CCnp3/Mif2

[31,32]. In S. cerevisiae, where centromere specification is driven

by the recognition of specific DNA elements by DNA-binding

proteins [15], a self-propagation mechanism is no longer

necessary and consequently proteins equivalent to Mis18/

Mis18BP1KNL2, Cal1 or Eic1 are absent. Interestingly, fission

yeast Cnp3CENP-C/Mif2 is not essential indicating that it is not

required for the propagation of Cnp1CENP-A chromatin. Eic1

appears to perform an equivalent role to Mis18BP1KNL2 but

associates with the essential constitutive CCAN components

Mal2CENP-O/Mcm21, Fta7CENP-Q/Okp1 and Cnl2Nkp2, rather than

Cnp3CENP-C/Mif2. Thus, it is possible that the highly conserved

CCAN components CENP-OMal2/Mcm21 and CENP-QFta7/Okp1

also function in other organisms to recruit CENP-A assembly fac-

tors; they may even have an equivalent underlying function that

is redundant with CENP-CCnp3/Mif2 at vertebrate centromeres.

In conclusion, our analysis has identified Eic1 as a factor that

connects Mis16RbAp46/48/Hat2 and Mis18, which are required for

Cnp1CENP-A incorporation, with constitutive kinetochore com-

ponents within the CCAN/Mis6/Ctf19 complex. We propose

that Eic1 serves two major functions: (i) priming Cnp1CENP-A

assembly in concert with Mis16RbAp46/48/Hat2 and Mis18 and

(ii) promoting kinetochore integrity in conjunction with the

CCAN/Mis6/Ctf19 complex. The interdependency relation-

ships among Eic1, Mis16RbAp46/48/Hat2 and Mis18, along with

their similar dynamic localization to centromeres, indicate that

Eic1, Mis16RbAp46/48/Hat2 and Mis18 form a complex that is tem-

porarily released from centromeres during mitosis and can

associate with centromeres independently of Cnp1CENP-A. The

novel physical interaction via Eic1 that we have uncovered

between constitutively bound CCAN components and Mis18

is likely to be fundamental for the temporal regulation of

Eic1–Mis16RbAp46/48/Hat2–Mis18 association with centromeres,

and thereby the cell-cycle-dependent assembly of Cnp1CENP-A

chromatin. The identification of Eic1 and Eic2 adds to the

repertoire of known cell-cycle-regulated centromeric proteins

involved in maintaining CENP-A at centromeres and provides a

good example of how distinctly different proteins can contribute

to a conserved cellular process in diverse organisms.
5. Material and methods
5.1. Yeast strains and standard techniques
Standard methods were used for fission yeast growth, gen-

etics and manipulation [44]. Five-fold serial dilutions of the

indicated strains were spotted onto YES media containing

Phloxine B for growth assays, or DMSO or 12.5 mg ml21

TBZ for TBZ sensitivity assays. Gene deletions, tagging and

centromeric plasmid transformations were carried out by

either the lithium acetate transformation method or electro-

poration. The eic1þ:hygR allele was generated by integrating

a hygromycin resistance marker within the 30UTR of eic1þ
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at its endogenous locus. The eic1-1 and eic1-2 alleles were

generated likewise, but derived by error-prone PCR using

the GeneMorph II random mutagenesis kit (Agilent Technol-

ogies). The epitope-tagged alleles of Eic1, Eic2, Hat1, Fta7

and Cnl2 were generated at their respective endogenous

loci by integrating an in-frame GFP, 3HA or 13myc cassette

at their respective C termini [45].

5.2. Immunoaffinity purification and mass spectrometry
For Mis16 and Mis18 pulldowns, 5 g of pulverized S. pombe
cells expressing Myc-tagged Mis16 or Mis18 were used for

immunoprecipitation with anti-Myc antibody 9E10 (Cov-

ance) coupled to Protein G Dynabeads (Life Technologies),

alongside an untagged control. For Eic1 and Eic2 pulldowns,

5 g of pulverized S. pombe cells expressing GFP-tagged Eic1

or Eic2 were used for immunoprecipitation with anti-GFP

antibody A11122 (Life Technologies) coupled to Protein G

Dynabeads, alongside an untagged control. After washes,

Dynabeads with immunoprecipitated material were subjected

to on-bead tryptic digestion, following which the samples were

treated as described [9]. The average number of unique pep-

tides corresponding to proteins that were reproducibly

enriched in the epitope-tagged samples but consistently

absent in the untagged controls, over three independent

biological replicates, is presented.

5.3. Multiple sequence alignment
Orthologues of Eic1 and Eic2 among the Schizosaccharomyces
species were identified by BLAST, PSI-BLAST or synteny

searches against the Schizosaccharomyces group database

available at the Broad Institute Schizosaccharomyces Compara-

tive Genome Project [46]. Primary sequences of Eic1 or Eic2

orthologues were aligned using CLUSTALW and T-COFFEE.

5.4. Co-immunoprecipitations and western analyses
For co-immunoprecipitation experiments, 2 g of pulverized

S. pombe cells expressing the indicated epitope-tagged pro-

teins were used for immunoprecipitation using anti-GFP

antibody A11122 (Life Technologies), anti-Myc antibody

9E10 (Covance), anti-Myc antibody 9B11 (Cell Signaling) or

anti-HA antibody 12CA5 (Roche) coupled to Protein G Dyna-

beads (Life Technologies). The same antibodies were also

used for western analyses as indicated. Anti-Bip1 was used

as a loading control where indicated.

5.5. Recombinant protein co-expression and
binding assays

Codon-optimized ORFs of Eic1, Mis16 and Mis18 were syn-

thesized by GeneArt (Life Technologies), for expression in

E. coli. These were then sub-cloned into pGEX-6P-1 (GST)

(GE Healthcare, gift from J. Welburn) or pEC(K)-3CHis (His)

(gift from A. A. Jeyaprakash) expression vectors as indicated,

and co-transformed into the BL21-Gold-pLysS E. coli strain

(Agilent Technologies). Co-transformants were grown in

SuperBroth supplemented with carbenicillin and kanamycin

as appropriate, and the indicated proteins co-expressed by

induction with 0.3 mM IPTG. GST pulldowns were done

using glutathione agarose (Sigma). His pulldowns were done
using Ni-NTA agarose beads (Qiagen). Samples were resolved

on NuPAGE Bis-Tris gels (Life Technologies) and stained using

InstantBlue (Expedeon).

5.6. Quantitative chromatin immunoprecipitation
The indicated S. pombe strains were grown in YES media at

328C. If appropriate, cells were shifted to restrictive tempera-

ture (368C) for 8 h, or continued to grow for the same length

of time at permissive temperature (258C) before fixation. For

ChIPs on centromeric plasmids, cells harbouring pH-cc2

[38,47] were grown in PMG media minus adenine, minus

uracil, at 328C. To confirm that plasmids were behaving epi-

somally and had not integrated, a plasmid stability test was

performed at the time of fixation. Cells (100–1000) were

plated onto YES supplemented with 1/10th adenine and

allowed to form colonies. Samples exhibiting no integrations

were used for ChIP.

ChIP was performed as described [9], or with the follow-

ing modifications. Cells were fixed with 1% formaldehyde

(Sigma) for 20 min at room temperature and lysed using a

bead beater (Biospec Products). Cell lysates were sonicated

in a Bioruptor (Diagenode) (15 min, 30 s On and 30 s Off at

‘High’ (200 W) position). For Cnp1CENP-A ChIPs, anti-

Cnp1CENP-A antiserum was used with Protein G agarose

beads (Roche). For all other ChIPs, Protein G Dynabeads

(Life Technologies) were used along with anti-GFP A11122

(Life Technologies), anti-HA 12CA5 (Roche) or anti-Myc

9B11 (Cell Signaling), as appropriate. Immunoprecipitated

DNA was recovered using the Chelex-100 resin (BioRad)

[48]. ChIPs were analysed by real-time PCR using Lightcycler

480 SYBR Green (Roche) with primers specific to the central

cores of centromere 2 (cc2) or centromeres 1/3 (cc1/3), the

innermost repeats of centromere 1 (imr) or act1. All ChIP

enrichments were calculated as % DNA immunoprecipitated

at the locus of interest relative to the corresponding input

samples, and normalized to % DNA immunoprecipitated at

the act1 locus. Histograms represent data averaged over at

least three biological replicates. Error bars represent standard

deviations from at least three biological replicates.

5.7. ChIP-seq analysis
Schizosaccharomyces pombe strains expressing the indicated

GFP-tagged proteins were grown in YES media at 328C to

1.25 � 109 cells at a density of 1 � 107 cells ml21. Cells were

fixed for 15 min in 1% formaldehyde (Sigma) and lysed

with 0.4 mg ml21 Zymolyase 100 T (AMS Biotechnology

Europe) in PEMS for 1 h at 368C. Cell lysates were sonicated

in a Bioruptor (Diagenode) (20 min, 30 s On and 30 s Off at

‘High’ (200 W) position) and immunoprecipitated overnight

using anti-GFP antibody A11122 (Life Technologies) and

Protein G Dynabeads (Life Technologies). The samples were

washed and cross-links reversed using 1% SDS for 4 h at

658C. Immunoprecipitated DNA was recovered using a

Qiagen PCR purification kit, and centromeric enrichment

was verified by qPCR using Lightcycler 480 SYBR Green

(Roche). Illumina libraries were prepared following the

TruSeq Nano DNA kit (Illumina) guidelines using NEXTflex

(Bio Scientific) adapters with internal barcodes. Multiplexed

libraries were 100 bp paired-end sequenced on an Illumina

HiSeq2000 (Ark Genomics, Edinburgh, UK). ChIP-seq data

were mapped onto the S. pombe genome assembly EF2
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(Ensemble) using BOWTIE2. Coverage calculations and peak

calling were done using MACS and PEAKSPLITTER.

5.8. Cytology
Immunolocalization and microscopy were performed as

described [9]. If appropriate, cells were shifted to restrictive

temperature (368C) for 8 h before fixation. Cells were fixed

for 7–10 min with 3.7% formaldehyde (Sigma). Fixation

of cells for tubulin staining used formaldehyde and 0.06%

glutaraldehyde. Antibodies used were anti-GFP A11122

(1 : 200) (Life Technologies), TAT1 anti-tubulin (1 : 15)

(gift from K. Gull) or anti-Cnp1CENP-A antiserum (1 : 1000).

Alexa Fluor 594- and 488-coupled secondary antibodies were

used at 1 : 1000 (Life Technologies).

5.9. Centromeric plasmid selection system and stability
pH-cc2 (H denotes an otr heterochromatic element and

cc denotes central domain DNA) carries ura4þ and sup3-5
(suppressor of ade6-704) selection systems [38,47]. Cells

without ura4þ cannot grow on minus-uracil plates, while

ade6-704 cells do not grow without adenine and form red colo-

nies on 1/10th adenine plates. The sup3-5-tRNA gene

suppresses a premature stop in ade6-704, allowing growth on

minus-adenine plates. Cells containing pH-cc2 form a high

percentage of white or sectored colonies on 1/10th adenine

indicator plates, demonstrating their relative mitotic stability

in wild-type cells. In cells lacking Clr4, however, their mitotic

stability is lost due to a lack of heterochromatin-dependent

centromeric cohesion. To confirm that plasmids were behaving

episomally and had not integrated, a plasmid stability test was
performed at the time of fixation for ChIP. Cells (100–1000)

were plated onto YES supplemented with 1/10th adenine

and allowed to form colonies. Samples exhibiting no

integrations were used for ChIP.
Note added in proof
A concurrent study has identified Eic1 and Eic2 as Mis19 and

Mis20, respectively, in association with Mis18 [49].
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