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Abstract 

Growth and propagation of all organisms depend on the accurate dissemination of the genetic 

material to the progeny. During the eukaryotic cell cycle the duplicated DNA condenses into 

chromosomes followed by their equal distribution to the daughter cells. The kinetochore is a 

multi-protein structure that creates a link between chromosomes and spindle microtubules 

and serves as a platform for feedback control mechanisms to ensure the fidelity of this process. 

The kinetochore is also required for replenishing the levels of the histone H3 variant CENP-

ACse4 and maintaining centromere identity. CENP-ACse4 (budding yeast orthologues are 

superscripted) containing nucleosomes specify the assembly of the entire kinetochore which 

is composed of the Constitutive Centromere-Associated NetworkCtf19C (CCAN) at the inner 

kinetochore and the KNL1SPC105/MIS12MTW1/NDC80NDC80 (KMN) network at the outer 

kinetochore harbouring the main microtubule attachment site. Major efforts on the 

reconstitution and structural analysis resulted in a more detailed understanding of kinetochore 

assembly and its role in chromosome segregation. At the beginning of this thesis the protein 

interactions of CENP-CMif2, a backbone of kinetochore assembly had not been fully understood. 

CENP-CMif2 was described as the only direct link between CENP-ACse4 nucleosomes and the 

outer kinetochore MTW1 complex. Yet, it was clear that a link of a single centromeric 

nucleosome to only one microtubule attachment site does not withstand the pulling forces of 

depolymerising microtubules.  

The goal of this thesis was to obtain a comprehensive understanding of the native kinetochore 

architecture in order to reveal its function in generating the mechanical link between 

chromosomes and microtubules and in integrating feedback control mechanisms that align 

chromosome segregation with cell cycle progression. The budding yeast point centromere is 

thought to represent a single kinetochore unit, as only one nucleosome is linked to a single 

microtubule. The budding yeast centromere is determined by a conserved DNA sequence 

recognised by Cep3, a subunit of the CBF3 complex. The Ndc10 subunit of the same complex 

is essential for Cse4 loading and provides the foundation for the recruitment of the inner and 

outer kinetochore. Using in vitro reconstituted kinetochore complexes, I identified two 

kinetochore components, Ame1/Okp1 and Ndc10, that in addition to Mif2 establish a direct 

link between the Cse4 nucleosome and the outer kinetochore MTW1c. Characterisation of 

their binding interfaces revealed a similar mode of interaction as Mif2. All three MTW1c 
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recruiters bind the helix-loop-helix region of the Mtw1 protein and their interactions are 

stabilized by phosphorylation of Dsn1 at S240 and S250, which released the masking of the 

Mtw1 site by Dsn1. Moreover, I showed that the simultaneous interaction of Mif2 and 

Ame1/Okp1 with MTW1c is important for the cooperative stabilization of the inner 

kinetochore at the centromeric nucleosome in mitosis.  Mtw1 recruitment through the N-

terminal domain of Ame1 is essential for cell viability, whereas Mtw1 binding by the N-termini 

of Mif2 or Ndc10 is dispensable and those two pathways only become important when either 

of them is impaired.   

In a second independent project, I investigated the assembly and cooperative stabilization of 

the outer kinetochore KMN network. I identified the motifs in the Mtw1 C-terminus required 

for the recruitment of the SPC105 and NDC80 subcomplexes and showed that in contrast to 

human kinetochores, the budding yeast SPC105c was recruited through Kre28. Notably, I 

identified the protein interactions that generate cooperativity stabilizing the KMN network. In 

addition to interactions formed by the C-terminal motifs of the MTW1c, a weak direct 

interaction between the NDC80 and SPC105 subcomplexes significantly contributed to the 

cooperative stabilization. 

My analysis of full-length multi-subunit kinetochore complexes allowed the identification and 

characterisation of two kinetochore complexes, Ame1/Okp1 and CBF3c, which directly connect 

the outer kinetochore microtubule binding interface to centromeric chromatin.  

In particular, the finding that Ndc10, which so far has been implicated in Cse4 incorporation 

and nucleosome formation, contributes to kinetochore assembly by recruiting an additional 

microtubule binding unit in mitosis, is crucial for establishing a stable kinetochore architecture 

on the budding yeast point centromere that withstands the microtubule pulling forces in order 

to biorient chromosomes and to accurately distribute the genetic information. 
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1 Introduction 

1.1 Mitosis 

 

The accurate dissemination of the genetic material during cell division is a prerequisite 

for all organisms to proliferate and develop from a single fertilized egg. Two identical 

copies of the genetic material must be equally distributed to the two daughter cells to 

avoid abnormal growth and cancer (Hanahan and Weinberg 2000). In eukaryotes, the 

cell is preparing and duplicating its genetic material prior to the mitotic cell division. 

Interphase is a longer period of the cell cycle during which the cell grows, and 

duplicates its genetic material. The cell grows by protein and organelle production in 

G1 phase, duplicates the chromosomes in S phase which is followed by further growth, 

DNA repair in preparation of mitosis. Finally, the mitotic cyclin-dependent kinase Cdk1 

associated with cyclin B, promotes mitosis (M), the chromosomes segregate and the 

new cell cycle begins (Barnum and O'Connell 2014). This process was observed and 

described during the 18th and 19th century by a number of scientists. The term mitosis 

was coined by Walther Flemming from the Greek word mitos "thread", probably 

referring to the observation of the thread like chromosome structure (Sharp 1921).  

The cell cycle rhythm is orchestrated by cyclins and cyclin-dependent kinases (Cdks). 

Cdks are serine/threonine protein kinases that remain inactive until cyclin binding 

occurs. Active Cdks phosphorylate key substrates thereby promoting mitotic 

progression. Cell cycle checkpoints in G1- and G2/M phase control the cell size and 

nutritional status before allowing the cell to progress further (Figure 1). Upon lack of 

nutrients the cell can leave the cell cycle and enter G0 phase. DNA damage is also one 

factor that is controlled during interphase and will slow down cell cycle progression. 

During S phase the cell is especially sensitive as DNA polymerases duplicate the genetic 

material and DNA damage acts as a physical barrier delaying DNA replication (Sullivan 

and Morgan 2007, Barnum and O'Connell 2014).  

In higher eukaryotes, the mitotic phase occurs in the following stages: prophase, 

prometaphase, metaphase, anaphase and telophase. In prophase the DNA is 

condensed into chromosomes, through prometaphase the nuclear membrane breaks 

down and the chromosomes are attached to the spindle microtubules. The spindle 
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assembly checkpoint does not allow progression until all chromosomes have proper 

amphitelic attachments with the spindle and are aligned at the metaphase plate. Once 

this is satisfied, the E3 ubiquitin-protein ligase known as the anaphase-promoting 

complex or cyclosome (APC/C) targets cyclin B and securin for degradation (Murray 

2004). The sister chromatids are then separated in anaphase, degradation of securin 

allows separase to cleave cohesin and the chromatids are pulled towards the opposing 

spindle poles. During telophase sister chromatids are surrounded by a nuclear 

membrane, and the cell is split into two identical daughter cells also known as 

cytokinesis. Yeast cells undergo a closed mitosis where the nuclear envelope remains 

intact as opposed to higher eukaryotes. However, the key phases of mitosis are 

conserved (Boettcher and Barral 2013).  

 

Figure 1 Budding yeast cell cycle 

Cyclins and Cdks drive the cell irreversibility and unidirectionally through the phases of 

the cell cycle while checkpoints (G1-, G2- and the Spindle assembly checkpoint) ensure 

proper cell growth, accurate DNA replication and division of the DNA (adapted from 

(Nasmyth 1996, Delobel and Tesnière 2014)). 
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1.2 The centromere 

The centromere is a region of specialized chromatin that links the two sister chromatids 

and allows their separation during mitosis by providing an attachment site for spindle 

microtubules. Its name suggests it is localized in the middle of the chromosome (Greek 

centro άcentralέ and mere άpartέύΣ ƘƻǿŜǾŜǊ ǘƘŀǘ ŘƻŜǎ ƴƻǘ ƘŀǾŜ ǘƻ ōŜ ǘƘŜ ŎŀǎŜ 

(O'Connor 2008). Only metacentric chromosomes are characterised by a central 

centromere as opposed to submetacentric, acrocentric and telocentric with 

centromeres gradually approaching the telomeric region of the chromosome. This 

feature is useful for karyotyping and the mapping of gene positions. The centromere 

represents a point of constriction where the two sister chromatids meet and are linked 

by the cohesin protein complex until anaphase onset. Eukaryotic chromosomes have a 

single centromere where the kinetochore assembles prior to cell division (Levan 1964, 

Guacci, Koshland and Strunnikov 1997, Michaelis, Ciosk and Nasmyth 1997). 

Chromosomes without centromeres or with two centromeres will not be accurately 

divided and will be lost either after mitosis or result in chromosomal errors.   
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Figure 2 Point versus regional centromeres 

The budding yeast point centromere is determined by a specific ~125 bp DNA sequence 

with a single Cse4 nucleosome linked to a single microtubule. DNA sequence is 

composed of 8bp long CDEI, AT rich CDEII and 26bp long CDEIII. Regional centromeres, 

as found in humans and more complex organisms, are assembled on alpha satellite 

DNA with 20-30 CENP-A nucleosomes forming a binding site for roughly 20 

microtubules (adapted from (Verdaasdonk and Bloom 2011). 

 

Formation of chromosomes is possible due to tight wrapping of the DNA around a 

histone octamer known as nucleosome. It is formed by two copies of H2A, H2B, H3 and 

H4 histones. However, centromeric chromatin is characterized by the incorporation of 

the histone H3 variant CENP-A. CENP-A was initially discovered in patients that suffered 

from CREST syndrome, an autoimmune disease due to which they developed anti-

centromere antibodies. The proteins that reacted with those antibodies were termed 

CENPs (CENtromere Proteins) (Black et al. 2010, Earnshaw and Rothfield 1985). In 

vertebrates, a region spanning 0.5-2 Mb with multiple CENP-A nucleosomes defines 

regional centromeres. In contrast, the centromere found in S. cerevisiae and related 

fungi is composed of a single Cse4 nucleosome assembled on a conserved Ḑ125 bp 

long DNA segment (CEN) which is thus termed point centromere and is sufficient for 

kinetochore assembly (Hieter et al. 1985, Pluta et al. 1995). The three conserved DNA 

elements are the 8 bp Centromere Defining Element I (CDEI), the Ḑ 90% AT rich CDEII, 

and the 26 bp long CDEIII sequence (Stoler et al. 1995, Clarke 1998) (Figure 2). The CDEI 

and CDEIII regions are necessary and sufficient for active centromere formation 

stabilizing the CDEII loop of the Cse4 nucleosomes. Those regions are occupied by Cbf1 

and the CBF3 complex (CBF3C), respectively. The later has been proven to be essential 

for centromere function.  

 

1.3 The kinetochore  

 

The supramolecular kinetochore complex assembled at centromeres is a key cellular 

structure guiding faithful chromosome segregation (Cheeseman 2014, Nagpal and 

Fukagawa 2016). The kinetochore has four different functions in this process: 1) it 

establishes a physical link between chromosomal DNA and spindle microtubules. 2) it 
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integrates an error correction mechanism that discerns proper from improper spindle 

attachments and corrects erroneous attachments promoting bi-orientation of sister 

chromatids in metaphase (Foley and Kapoor 2013): 3) it provides a platform for a 

feedback control mechanism, known as the spindle assembly checkpoint, which 

coordinates chromosome alignment with mitotic exit (London and Biggins 2014, 

Musacchio 2015) and 4) it is part of a machinery that replenishes CENP-A levels at the 

centromere and thus, maintains centromere identity over generations (Swartz et al. 

2019). 

The kinetochore architecture is assembled at centromeric chromatin and composed of 

the inner kinetochore Constitutive Centromere-Associated Network (CCAN) and the 

outer kinetochore KNL1/MIS12/NDC80 (KMN) network. The former is tightly associated 

with centromeric nucleosomes throughout the cell cycle and provides a platform for 

building up the latter. The outer kinetochore facilitates the load-bearing interaction 

with dynamic microtubules and controls their attachment (Figure 3) (Musacchio and 

Desai 2017). 
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Figure 3 Kinetochore schematic  

Illustration of kinetochore sub-complexes from budding yeast (upper panel) and human 

(lower panel), excluding proteins involved in cell cycle regulation (adapted from 

(Musacchio and Desai 2017)). 

 

1.3.1 Nucleosome proximal CCAN subunits 

 

Cse4CENP-A containing nucleosomes, serve as the foundation for kinetochore assembly, 

its distinct structural properties allow selective binding of certain CTF19CCCAN proteins. 

Homology between histone H3-like proteins is limited to the histone fold domain (HFD) 

(Henikoff et al. 2000). Unlike H3, Cse4 has a unique 135 amino acid long N-terminus 

essential for cell viability (Mann and Grunstein 1992, Keith et al. 1999, Chen et al. 2000). 

Based on the structure of H3 and CENP-A nucleosomes the HFD of Cse4 assembles into 
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the octamer with the N-terminus extending away from the core (Luger et al. 1997, Kato 

et al. 2013, Arimura et al. 2014). Recently two structures of the Cse4 nucleosome were 

published, however they were not able to resolve the flexible N-terminal tail harbouring 

the most interesting region that carries the difference between H3 and Cse4 

nucleosome (Yan et al. 2019, Migl et al. 2020). The deletion of the first 36 to 50 amino 

acids is lethal to the cell and proposed to recruit the Ctf19 protein complex (Ortiz et al. 

1999, Chen et al. 2000). This region might also be a target for the posttranslational 

modifications required for the integrity of the kinetochore architecture and/or function 

(Wolffe and Hayes 1999, Chen et al. 2000). 

Advances in cryo-electron microscopy provided insights into the inner kinetochore 

architecture (Hinshaw and Harrison 2019, Yan et al. 2019). So far, two CCAN proteins 

were described as selective and direct binders of the human CENP-A nucleosome: 

CENP-C and CENP-N (Kato et al. 2013, Pentakota et al. 2017, Chittori et al. 2018). In 

contrast, for the yeast Cse4 nucleosome only the CENP-C homologue Mif2 has been 

identified as direct interactor. Although (Yan et al. 2019) report the interaction of 

Chl4/Iml3 the yeast orthologue of CENP-L/N, with the unwrapped DNA of the Cse4 

nucleosome, no interaction was observed with Cse4 nucleosomes under in vitro 

conditions (Fischbock-Halwachs et al. 2019). CENP-N binds directly to the CENP-A 

centromere-targeting domain (CATD) (Carroll et al. 2009). CENP-C with the central 

region and CENP-C motif targets the acidic patch of H2A and H2B and the C-terminal 

tail of CENP-A (Carroll, Milks and Straight 2010, Kato et al. 2013, Falk et al. 2016). The 

budding yeast homolog Mif2 lacks the central region, but displays a conserved CENP-C 

motif and the dimerization domain (Cohen et al. 2008). Apart from Mif2CENP-C, 

Ame1/Okp1 was identified as a selective interactor of Cse4 nucleosomes, while this was 

not confirmed for its human orthologue CENP-U/Q. Ame1/Okp1 directly docks on the 

extended N-terminal tail of Cse4 via interaction through Okp1 (Fischbock-Halwachs et 

al. 2019, Anedchenko et al. 2019). CENP-H/I/K is also a known, yet non-selective binding 

partner of CENP-A nucleosomes, as it equally binds to H3 nucleosomes (Weir et al. 

2016). These proteins create a CTF19CCCAN foundation for kinetochore assembly. 

Apart from the members of the CTF19CCCAN complex the CBF3 complex is only found in 

budding yeast without its known human orthologue. It specifically binds the 
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centromeric DNA and is required for localization of other kinetochore proteins (Ng and 

Carbon 1987). 

 

Table 1 Overview of the known kinetochore subunits in budding yeast and human cells 

Comparison of the known kinetochore subunits in budding yeast and human cells (Biggins 

2013, Musacchio and Desai 2017). 
 

Kinetochore layer Subcomplex 
Kinetochore proteins 

S. cerevisiae H. sapiens 

Centromeric DNA  
binding components 

     CBF3 complex 

Ndc10  

Cep3  

Ctf13  

Skp1  

 Cbf1  

 Cse4 CENP-A 

  CENP-B 

CCAN network 

 Mif2 CENP-C 

COMA 
    

Mcm21 CENP-O 

Ctf19 CENP-P 

Okp1 CENP-Q 

Ame1 CENP-U 

 Chl4 CENP-N 

 Iml3 CENP-L 

HIK complex 

Mcm16 CENP-H 

Ctf3 CENP-I 

Mcm22 
 

CENP-K 
CENP-M 

 Cnn1 CENP-T 

CENP-TWSX Wip1 CENP-W 

 Mhf1 CENP-S 

 Mhf2 CENP-X 

 Nkp1  

 Nkp2  

KMN network 

Mis12/MIND 

Dsn1 Dsn1 

Nsl1 Nsl1 

Mtw1 Mis12 

Nnf1 Pmf1 

KNL1 
Spc105 Knl1 

Kre28 Zwint 

Ndc80 Ndc80 Ndc80 
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Nuf2 Nuf2 

Spc24 Spc24 

Spc25 Spc25 

Microtubule binding  
components 

Dam1/DASH  
complex 

Ask1  

Dad1  

Dad2  

Dad3  

Dad4  

Dam1  

Duo1  

Spc19  

Ska1 

 Ska1 

 Ska2 

 Ska3 

 

1.3.2 The CBF3 complex 
 

The CBF3 complex (CBF3c) was only identified in inter-related budding yeasts as CEN 

DNA sequence binding complex (Ng and Carbon 1987). The S. cerevisiae centromeric DNA 

consists of three distinct regions, 8 bp long CDEI, 78-86 bp AT rich CDEII and 25 bp CDEII 

sequence (Hegemann and Fleig 1993). CBF3c binds the CDEIII sequence in such a sequence 

specific manner that a single mutation in the sequence leads to loss of interaction. The CCG 

triplet was shown to be the essential element and its mutation inhibits the binding of CBF3c in 

vitro and localization of Ndc10 and Mif2 proteins in vivo (Ng and Carbon 1987, Hegemann and 

Fleig 1993, Lechner and Carbon 1991, Meluh and Koshland 1997). Apart from Cbf1 all 

kinetochore proteins require CBF3c for their recruitment. It consists of four essential subunits 

assembled as Skp1:Ctf13 (Suppressor of kinetochore protein mutant 1: Chromosome 

transmission fidelity 13) heterodimer, Cep3 (Centromere protein 3) homodimer, and Ndc10 

(Nuclear division cycle 10-1) homodimer. All four proteins are essential for kinetochore 

function (Doheny et al. 1993, Goh and Kilmartin 1993, Russell, Grancell and Sorger 1999, 

Strunnikov, Kingsbury and Koshland 1995, Jiang, Lechner and Carbon 1993). The CBF3 core 

refers to the Skp1:Ctf13:(Cep3)2 subassembly which is stable in vitro (Leber, Nans and 

Singleton 2018). Skp1, the only conserved CBF3 protein, was identified a few years after the 

other three components as a suppressor of CBF3 mutations (Connelly and Hieter 1996). It is 

better known as a subunit of the Skp1/Cullin1/F-box ubiquitin ligase family (SCF ligases) and a 

part of the 'regulator of the (H+)-ATPase of the vacuolar and endosomal membranes' (RAVE) 



10 
 

complex (Deshaies 1999, Seol et al. 2001). Skp1 is able to bind multiple different F-box proteins 

with its C-terminus (Tang et al. 2012, Purvis and Singleton 2008). The N-terminus of Ctf13 

contains an F-box responsible for Skp1 binding, this interaction is indispensable for Ctf13 which 

is unstable on its own (Russell et al. 1999). The function of Skp1 and Ctf13 in the kinetochore 

context has not been clarified. Skp1 promotes Ctf13 phosphorylation as demonstrated in insect 

cells and activates the CBF3c to form a CBF3ςCEN DNA complex in vitro (Kaplan, Hyman and 

Sorger 1997). Assembly of the CBF3 complex is highly regulated by posttranslational 

modifications (Stemmann and Lechner 1996, Kaplan et al. 1997, Kitagawa et al. 1999). Three 

subunits of the CBF3c (Cep3, Ctf13 and Ndc10) interact with DNA (Yan et al. 2018). Cep3 is a 

homodimer with an N-terminal Gal-4 like domain. The two zinc finger domains from each of 

the two Cep3 proteins display specificity for CCG triplets in the CDEIII region of centromeric 

DNA (Bellizzi, Sorger and Harrison 2007, Purvis and Singleton 2008). It also contains an h ab 

helix required for CBF3 binding that displays specificity for the conserved TGT motif (Russell et 

al. 1999). Cep3 carries the specificity of the CBF3c for CEN DNA binding while Ctf13 and Ndc10 

enhance overall binding affinity, by non-specific DNA binding (Perriches and Singleton 2012). 

Crystal and cryo-EM structures were determined for the full CBF3c together with DNA as well 

as for individual components of the CBF3c (Yan et al. 2018, Lee et al. 2019, Zhang et al. 2019, 

Leber et al. 2018, Purvis and Singleton 2008, Perriches and Singleton 2012, Cho and Harrison 

2011, Orlicky et al. 2003). The Ndc10 protein is described as a part of the CBF3c, however, it 

does not belong to the CBF3 core complex as it is not stable without DNA and does not easily 

purify as a part of the complex in vitro as its N-terminal region interacts only with a small 

surface of Ctf13 (Leber 2018, Yan et al. 2018). Kluyveromyces lactis Ndc10 has been subdivided 

into five distinct functional domains. The N-terminal domain 1 interacts with Cbf1 and CBF3c, 

domain 2 enables CDEII DNA contacts, domain 3 is responsible for Ndc10 dimerization while 

domains 4 and 5 associate with Scm3/HJURP (Cho and Harrison 2011) (Figure 4). Its C-terminal 

tail also contains a degron motif which is triggered by erroneous protein folding. It leads to 

rapid degradation via HSP70 and the ubiquitin system (Furth et al. 2011). Ndc10 association 

with Scm3HJURP has a crucial function for the cell as it is responsible for Cse4 deposition 

(Camahort et al. 2007). It also interacts with the chromosomal passenger complex through 

Bir1Survivin (Bouck and Bloom 2005, Yoon and Carbon 1999). 

 



11 
 

 

Figure 4 Components of the CBF3 complex.  

Protein domains of S. cerevisiae CBF3c, their reported functions and interaction partners are 

annotated. Adapted from (Zhang et al. 2019). 

 

1.3.3 The Constitutive Centromere Associated Network 
 

1.3.3.1 Mif2 
 

Mif2CENP-C is specifically recruited to the centromere through a hydrophobic region at the C-

terminus of Cse4CENP-A, H2A and H2B histones (Kato et al. 2013) and the CBF3c (Westermann 

et al. 2003). Conserved structural features between human CENP-A and the budding yeast 

orthologue Mif2 include the PEST domain, characterised by a high percentage of proline (P), 

glutamic acid (E), serine (S),and threonine (T) required for protein stability (Lanini and McKeon 

1995), the CENP-C motif responsible for targeting the CENP-A C-terminal region and the 

dimerization domain (Carroll et al. 2010, Kato et al. 2013). Two regions are required for 

nucleosome binding, the ΨCENP-C central regionΩ or ΨDNA binding domainΩ (DBD) whose 

function is taken over by the ΨAT-hookΩ in budding yeasts which preferentially binds to the CDEII 

region of the centromeric DNA with a higher AT content (Cohen et al. 2008, Brown 1995, Xiao 

et al. 2017, Ali-Ahmad et al. 2019) and the CENP-C motif. The CENP-C motif is not able to 

properly localize in the absence of the dimerization domain while the DNA binding domain is 

sufficient for centromere targeting in vivo (Musacchio and Desai 2017, Milks, Moree and 
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Straight 2009). It represents a crucial link between the centromeric nucleosome and the 

kinetochore architecture (Weir et al. 2016) and is indispensable for chromosome segregation 

(Milks et al. 2009, Song et al. 2002). Mif2CENP-C provides a binding site for the Ame1/Okp1 inner 

kinetochore complex (Hornung et al. 2014). It has been proposed that Mif2 and Ame1 N-

termini create mutually exclusive docking sites for the Mtw1 complex and thus recruit two 

individual outer kinetochore KMN networks (Hornung et al. 2014, Dimitrova et al. 2016, 

Killinger et al. 2020). Mif2 is one of the few essential CCAN proteins, however, its interaction 

with the Mtw1 complex is dispensable (Hornung et al. 2014). This interaction is regulated 

through an auto-inhibitory mechanism that is released upon Cse4 binding which prevents the 

mis-localized binding of the outer kinetochore (Killinger et al. 2020). 

 

1.3.3.2 The COMA complex  
 

The four subunit COMA complex is composed of Ctf19CENP-P, Okp1CENP-Q, Mcm21CENP-O and 

Ame1CENP-U (Hyland et al. 1999, De Wulf, McAinsh and Sorger 2003, Ortiz et al. 1999). Members 

of the COMA complex were the first components identified of the Ctf19 complex. They are 

recruited to the budding yeast centromere through the Cse4 containing nucleosome, CBF3c 

and Mif2 (Ortiz et al. 1999). Ame1/Okp1 are essential proteins while Ctf19/Mcm21 are 

required for accurate chromosome segregation, but not essential (Hyland et al. 1999, Hornung 

et al. 2014). CENP-U and CENP-Q are not reported to be essential, although CENP-U deletion 

leads to mouse embryonic stem cell death (Kagawa et al. 2014). Localization of Ame1/Okp1 is 

independent of Ctf19/Mcm21 as its deletion does not impair Ame1/Okp1 localisation. Vice 

versa mutation of Ame1/Okp1 causes mis-localisation of Ctf19/Mcm21 (De Wulf et al. 2003, 

Knockleby and Vogel 2009). Okp1 binds to the Ctf19/Mcm21 double RWD domain (found in 

RING finger and WD repeat containing proteins and DEAD-like helicases) through the 

Ctf19/Mcm21 binding domain on its C-terminus. The Ame1/Okp1 heterodimer selectively 

interacts with the N-terminal END domain of Cse4 nucleosomes through the Okp1 core domain 

(Anedchenko et al. 2019, Fischbock-Halwachs et al. 2019). The Ame1 N-terminus, along with 

the N-terminus of Mif2 represents the only known link from the inner kinetochore to the Mtw1 

complex of the outer kinetochore in budding yeast (Hornung et al. 2014). Yet, no link to the 

outer kinetochore has been detected for the human orthologue CENP-OPQUR (Pesenti et al. 

2018). 
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1.3.3.3 Chl4/Iml3 
 

The human orthologues of Chl4/Iml3, CENP-N and CENP-L are involved in selective binding of 

CENP-A nucleosomes and nucleosome stabilization. With its N-terminal region CENP-N 

interacts with the RG loop of CENP-A as well as the centromeric DNA (Guo et al. 2017, 

Pentakota et al. 2017, Chittori et al. 2018, Tian et al. 2018). The RG loop comprises differences 

in accessibility for CENP-N resulting in cell cycle dependent recruitment (Fang et al. 2015, 

Hellwig et al. 2011). CENP-LN also directly interacts with CENP-C and the CENP-H-I-K-M 

complex, both required for its localization (McKinley et al. 2015). So far, the only evidence of 

Chl4/Iml3 interaction with the Cse4 nucleosome is via the CENP-N DNA binding groove with 

the unwrapped DNA (Yan et al. 2019), however there is no indication of a stable complex 

formation with Cse4 or H3 nucleosomes assembled on the in vitro nucleosome positioning 

Widom 601 sequence (Fischbock-Halwachs et al. 2019, Lowary and Widom 1998). Deletion of 

Chl4 results in viable cells displaying chromosome loss and instability (Kouprina et al. 1993). 

The budding yeast Chl4/Iml3 complex requires Mif2 and Ctf19/Mcm21 for proper centromere 

localization (Schmitzberger et al. 2017). 

 

1.3.3.4 The CTF3 complex (Mcm16/Ctf3/Mcm22) 
 

The budding yeast CTF3c consists of Mcm16CENP-H, Ctf3CENP-I and Mcm22CENP-K (Measday et al. 

2002). In humans it is referred to as CENP-HIKM complex, with CENP-M so far not being 

recognised in budding yeast (Basilico et al. 2014). It is also known as a part of a larger stable 

complex known as CENP-CHIKMLN (Weir et al. 2016). CENP-HIK interacts with CENP-A 

nucleosomes, however, it does not display specificity as it equally interacts with H3 

nucleosomes and DNA. Formation of a large CENP-CHIKMLN complex introduces selectivity 

towards CENP-A nucleosomes, probably through CENP-C and CENP-N (Carroll et al. 2009, Kato 

et al. 2013, Tian et al. 2018, Weir et al. 2016). The role of the budding yeast CTF3c is less 

understood. Kinetochore localization of CTF3c is cell cycle dependent, displaying the highest 

levels in late anaphase and dropping before S phase (Pot et al. 2003). CTF3c can be purified as 

a stable complex in vitro. It interacts through anti-parallel interaction of Ctf3 N-terminal HEAT 

repeats and C-terminal helical knob with Mcm16/22 coiled coils (Hinshaw, Dates and Harrison 

2019). The complex recruits the Cnn1/Wip1 dimer as a stable five subunit assembly through 
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the Cnn1 histone fold domain. As such it is able to bind two subunits of the microtubule binding 

Ndc80 complex (Pekgoz Altunkaya et al. 2016b). 

 

1.3.3.5 Cnn1/Wip1, Mhf1/Mhf2 
 

The human orthologue of Cnn1/Wip1 and Mhf1/Mhf2 is the CENP-T/W/S/X complex. CENP-T-

W associates as a stable complex with CENP-S-X (Amano et al. 2009). They contain histone fold 

domains and it is proposed that they create a nucleosome-like structure wrapping the 

centromeric DNA (Hori et al. 2008, Nishino et al. 2012). The CENP-T/W/S/X complex induces 

positive supercoiling in the DNA, as opposed to canonical nucleosomes, but without evidence 

of sequence selectivity. Therefore, there is still a certain level of scepticism whether it forms a 

second nucleosome adjacent to CENP-A. When incubated with CENP-A or H3 di-nucleosomes 

it does not localise with the nucleosome-bound DNA or create familiar patterns upon nuclease 

cleavage (Takeuchi et al. 2014). It does also not require any histone chaperones for its 

localization, which seems to be dependent on CENP-A and CENP-HIKM (Thakur and Henikoff 

2016, Basilico et al. 2014, Pekgoz Altunkaya et al. 2016b, McKinley et al. 2015). Accordingly, 

Cnn1/Wip1 and Mhf1/Mhf2 do not form a stable complex under in vitro conditions or interact 

with chromatin (Pekgoz Altunkaya et al. 2016a). However, presumably specific, yet 

unidentified conditions are required for this interaction to occur in budding yeast. The 

elongated N-terminal region of CENP-T-W provides a binding interface for outer kinetochore 

proteins (Gascoigne et al. 2011, Suzuki et al. 2011). It has been shown that in budding yeast 

Cnn1CENP-T binds the Ndc80 complex and this pathway becomes essential when the Mis12 

pathway is impaired (Lang, Barber and Biggins 2018). CENP-T-W requires CENP-A for its 

localization, but does not directly bind to it. 

 

1.3.3.6 Nkp1/Nkp2 
 

The Nkp1/Nkp2 heterodimer waǎ ƛŘŜƴǘƛŦƛŜŘ ŀǎ άƴƻƴ-ŜǎǎŜƴǘƛŀƭ ƪƛƴŜǘƻŎƘƻǊŜ ǇǊƻǘŜƛƴ м ŀƴŘ нέ 

without its human orthologue (Cheeseman et al. 2002). It associates with the COMA complex 

via the C-termini of Okp1 and Ame1. This interaction stabilizes the termini consequently aiding 

kinetochore stability. The human orthologue of the COMA complex, CENP-OPQU copurifies 

with CENP-R which might carry out a similar function (Schmitzberger et al. 2017). 
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Figure 5 Architecture of the budding yeast kinetochore  

The budding yeast kinetochore is assembled on a single Cse4 nucleosome wrapped with CEN3 

DNA. The CBF3 complex is responsible for the recruitment of Cse4 to the centromere and 

ensures tight wrapping of the DNA surrounding the nucleosome. The inner kinetochore is 

bound to the nucleosome via Ame1/Okp1 and Mif2 interactions. With their N-termini Ame1 

and Mif2 provide a docking site for the outer kinetochore through interaction with the MTW1 

complex. The C-terminal regions of MTW1 and CTF3c:Cnn1/Wip1 provide a binding interface 

for the microtubule binding NDC80 complex (Fischbock-Halwachs et al. 2019, Lang et al. 2018, 

Musacchio and Desai 2017). 

 
 

1.3.4 The outer kinetochore 

 

The outer kinetochore or KMN network is assembled of Kinetochore null 1 (SPC105KNL1), Mis-

segregation 12 (MTWcMIS12) and Nuclear division cycle 80 (NDC80NDC80) complexes which 

interact with the CTF19CCAN complex (Pagliuca et al. 2009, Foley and Kapoor 2013). The 4-

subunit MTW1 complex (consisting of Dsn1, Mtw1, Nsl1 and Nnf1 in budding yeast) directly 

docks to the Mif2CENP-C and Ame1 N-termini and serves as a structural backbone of the 

kinetochore (Przewloka et al. 2011, Hornung et al. 2014, Hinshaw and Harrison 2018). Crystal 
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structures of human and K. lactis MTW1c revealed an elongated Y shaped heterotetrametric 

complex. Branching of the heterodimers Mtw1:Nnf1 and Dsn1:Nsl1 creates globular modules 

of head I and head II in the N-terminus, respectively (Dimitrova et al. 2016). Phosphorylation 

of Dsn1 S240/S250 (S213/S223 in K. lactis) releases a binding site on head I which mediates 

binding of Mif2 and Ame1. Phospho-regulation of Dsn1 by Ipl1AuroraB is essential for budding 

yeast and a phosphorylation deficient Dsn1-S240A/S250A mutant is targeted for degradation. 

Mutation of the Cdk1 phosphorylation site S264 prevents degradation of Dsn1-S240A/S250A 

suggesting its role in regulation of Dsn1 levels (Akiyoshi et al. 2013b, Akiyoshi, Nelson and 

Biggins 2013a, Dimitrova et al. 2016). The binding of Mif2 and Ame1 to the MTW1c seems to 

be mutually exclusive indicating that they bind two separate MTW1 complexes (Killinger et al. 

2020). The MTW1c C-terminus seems to be essential for establishing the KMN network, since 

it promotes the assembly of the other two outer kinetochore complexes, 

Spc105KNL1/Kre28ZWINT and Ndc80C (Ndc80, Nuf2, Spc24, Spc25) (Cheeseman et al. 2006). 

Motifs in the C-termini of human NSL1 and the yeast Dsn1, Mtw1 and Nsl1 subunits, provide 

binding sites for the C-terminal RWD domains of the Spc24/25 heterodimer of the Ndc80 

complex (Petrovic et al. 2010, Malvezzi et al. 2013, Dimitrova et al. 2016, Ghodgaonkar-Steger 

et al. 2020). The MIS12MTW1c complex provides a binding site for KNL1CSpc105c involving a C-

terminal motif in the human NSL1 protein or short helices in budding yeast Mtw1 and Nsl1, 

respectively (Petrovic et al. 2014, Ghodgaonkar-Steger et al. 2020).  

The budding yeast SPC105KNL1 complex consists of Spc105 and Kre28 assembled in a 1:2 ratio. 

The N-terminal region of Spc105KNL1 contains a patch of multiple Met-Glu-Leu-Thr amino acids 

termed MELT repeats, which serve as a binding motif for spindle assembly checkpoint proteins 

crucial for correct microtubule-kinetochore attachments (Primorac et al. 2013, London and 

Biggins 2014, Foley and Kapoor 2013, Kiyomitsu, Murakami and Yanagida 2011). It also aids in 

providing a microtubule binding interface along with NDC80c, however the details of the 

interaction are yet to be investigated (Pagliuca et al. 2009). The C-terminal region of human 

KNL1 establishes a connection to the inner kinetochore via the MIS12MTW1 complex (Pagliuca 

et al. 2009, Foley and Kapoor 2013). In budding yeast this interaction is carried out by the coiled 

coil 2 domain of Kre28, while the human Kre28 orthologue Zwint-1 was shown to be redundant 

for the interaction which is solely accomplished through the KNL1 protein (Petrovic et al. 2014, 

Ghodgaonkar-Steger et al. 2020). 
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The NDC80 complex is the main microtubule binding site of the kinetochore. It consists of 

Ndc80/Nuf2 and Spc24/Spc25 heterodimers which are connected through elongated coiled 

coils forming a heterotetramer (Musacchio and Desai 2017). The positively charged N-terminal 

region of Ndc80 and the calponin homology domains of Ndc80 and Nuf2 account for the main 

microtubule contact sites (Alushin et al. 2010, Wang et al. 2008). On the opposite side it docks 

to the inner kinetochore via binding of the Spc24/25 RWD domains to the C-terminus of the 

Mtw1C involving Dsn1-, Nsl1- and Mtw1 short helical motifs. All of the motifs are required and 

crucial for cell viability. Spc24/25 also forms weak interactions with SPC105cKNL1C aiding to 

overall stability of the outer kinetochore (Malvezzi et al. 2013, Petrovic et al. 2010, 

Ghodgaonkar-Steger et al. 2020). When the Mtw1 pathway is impaired the same Spc24/25 

binding site is occupied and rescued via Cnn1 binding. However, phosphorylated Cnn1 is not 

able to bind Spc24/25 and it has been proposed that phosphorylation of Cnn1, which peaks in 

anaphase, serves as a mechanism to disassemble Ndc80 from the KMN (Lang et al. 2018, 

Malvezzi et al. 2013, Bock et al. 2012).  

The budding yeast specific essential DAM1 complex creates a ring around microtubules and 

increases kinetochore affinity for microtubule binding. In vertebrates a similar role is carried 

out by the spindle and kinetochore-associated (SKA) complex, however its function is 

redundant. The difference probably lies in the fact that the budding yeast point centromere 

associated kinetochore binds only a single microtubule, while in vertebrates regional 

centromeres provide attachment sites for ~20 microtubules (Westermann et al. 2006, 

Helgeson et al. 2018) (Figure 5). 

 

1.3.5 Error correction of incorrect microtubule attachments 

 

Proper separation of the sister chromatids is a crucial task for healthy cell division and 

proliferation. In humans, all 46 chromosomes have to be accurately and faithfully duplicated 

and divided with each cell cycle to prevent aneuploidy and abnormalities including cancer 

(Walczak, Cai and Khodjakov 2010, Weaver and Cleveland 2006). In order for chromosomes to 

be accurately divided they have to be properly attached to microtubules, this is called 

amphitelic attachment where kinetochores are attached to both spindle poles. Spindle 

microtubules stochastically search for attachment sites which also leads to inevitable false 

attachments. Microtubules are inherently unstable and if the correct tension is not detected 
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by the kinetochore they will not get stabilised and will detach. Monotelic (one sided 

kinetochore binding) and syntelic (both kinetochores are anchored to the same spindle pole) 

attachments are generally more easily detected and corrected due to incorrect tension. 

However, human kinetochores bind approximately 20 microtubules and correcting merotelic 

(where one kinetochore is attached to both poles while the other kinetochore is properly 

attached to one pole) attachments represents a bigger challenge and thus is the major cause 

of aneuploidy. The recognition of a false merotelic attachment will also depend on the number 

of microtubules that are improperly attached thereby changing the tension (Cimini 2008, 

Musacchio and Salmon 2007, Nicklas 1997) (Figure 5).  

Proper kinetochore ς microtubule attachment is monitored by the chromosomal passenger 

complex (CPC), which consists of the Ipl1AURORA B kinase, Sli15INCENP, Bir1SURVIVIN and Nbl1BOREALIN 

(Biggins and Murray 2001, Tanaka et al. 2002). The CPC acts as a tension sensor 

phosphorylating the tensionless microtubule binding interface. Aurora B kinase 

phosphorylates the outer kinetochore complexes KNL1C, Ndc80C, Dam1 and SKAc which leads 

to reduced microtubule binding and depolymerization (DeLuca and Musacchio 2012, Nicklas 

1997, Zaytsev et al. 2014). If the microtubule attachment is recognised as accurate it will be 

stabilised. Intra kinetochore stretching results in reduction of Aurora B activity allowing 

phosphatases such as PP1 to be recruited via KNL1 (Joglekar, Bloom and Salmon 2009, 

Francisco, Wang and Chan 1994, Liu et al. 2010).  

 

 

Figure 6 Types of kinetochore microtubule attachments 

Proper stable bi-polar attachment of the sister chromatids is called amphitelic attachment. 

Besides, microtubule binding can adopt various unstable attachments which tend to be 
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corrected. Monotelic attachments: only one sister chromatid is attached to a single 

kinetochore; synthelic attachments: both kinetochores are attached to the same spindle pole; 

merotelic attachments: microtubules from opposite spindle poles are attached to a single 

kinetochore (Kelly and Funabiki 2009).  
 

1.3.6 The spindle assembly checkpoint 
 

The spindle assembly checkpoint (SAC) (Figure 1) acts as a mitotic quality control before 

anaphase onset ensuring proper chromosome bi-orientation. As long as kinetochores are not 

stably bound to microtubules the SAC is activated and anaphase onset is delayed (Li and 

Murray 1991). This is achieved by recruitment of specific SAC proteins, Bub3, Mad2, BubR1Mad3 

and Cdc20, that form the mitotic checkpoint complex (MCC). Apart from MCC proteins Mad1, 

Bub1, Mps1, and Aurora B kinase are required for SAC function. The MCC targets and inhibits 

the APC/C apoenzyme, but once Cdc20 is bound anaphase is initiated (Murray 2004, Fujimitsu, 

Grimaldi and Yamano 2016, Qiao et al. 2016).  

The Mps1 kinase in yeast acts as a regulator of the SAC proteins, it allows recruitment of Bub1 

and Bub3 proteins to the outer kinetochore KNL1Spc105 complex by phosphorylating its N-

terminus (Weiss and Winey 1996). Bub1 recruitment is required for the majority of the SAC 

proteins, BubR1Mad3, Bub3, Mad1 and Mad2 and subsequent formation of the MCC (Taylor, Ha 

and McKeon 1998). Mad2 exists in two conformational forms, inactive O-Mad2 (open) and 

active C-Mad2 (closed). O-Mad2 in the cytosol is converted into its active form by Mad1 

binding. Only C-Mad2 is able to bind Cdc20. Formation of the core MCC formed by C-Mad2, 

BubR1, Bub3 and Cdc20 proteins results in depletion of free Cdc20 as well as inactivation of 

the Cdc20 bound APC/C (Faesen et al. 2017).  

Upon proper microtubule attachment to the kinetochore there is a reduction in the local 

amount of Mps1 and spatial separation of KNL1 and Ndc80. Ndc80 binding physically prevents 

Mps1 from phosphorylating KNL1 (Joglekar et al. 2009, Joglekar and Aravamudhan 2016). 

Protein phosphatases 1 (PP1) and 2A (PP2A) are recruited to KNL1 and dephosphorylate its N-

terminus. This prevents further recruitment of SAC proteins to the kinetochore and MCC 

formation. Cdc20 is now free to activate the APC/C which swiftly leads to degradation of 

securin and cyclin B. Degradation of securin releases separase which cleaves the cohesin kleisin 

subunit between the sister chromatids leading to anaphase (Meadows and Millar 2015, London 

et al. 2012, Espert et al. 2014, Kim and Yu 2011). 
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2 Project aims 
 

Previous studies reported substantial knowledge about individual kinetochore subunits 

and the regulation of kinetochore function by posttranslational modifications. High resolution 

structures of isolated kinetochore complexes using cryo-electron microscopy and 

crystallography have been published (reviewed in (Pesenti, Weir and Musacchio 2016, Nagpal 

and Fukagawa 2016, Schalch and Steiner 2017)). However, a comprehensive topological map 

of the kinetochore core structure was still missing. My colleagues were working on obtaining 

a network of the native budding yeast kinetochore using chemical cross-linking and mass 

spectrometry. The results obtained from this protein network confirmed many of the known 

interactions, and provided new information which is the foundation of this thesis.  

We observed a large number of crosslinks within the outer kinetochore KMN network, 

specifically at the C-terminus of the MTW1c. This area is unstructured and flexible, and thus it 

was unlikely to obtain this information by high resolution structural analysis. This is when I 

joined the project to investigate the connectivity in the outer kinetochore using biochemical 

and genetic analysis to address the following questions: 

1. Is the putative helix motif in the Mtw1 C-terminus required for with the assembly 

of the SPC105c and NDC80c at the outer kinetochore? 

2. What is the contribution of the Mtw1 helix to the binding sites provided by the Nsl1 

and Dsn1 helices and do these motifs cooperate to stabilize the outer kinetochore 

assembly? 

3. How is SPC105c bound to MTW1c and is this interaction essential? 

4. Do SPC105c and NDC80c associate and does this affinity enhance the overall KMN 

stability? 

 

In the second project I focused on the nucleosome-associated kinetochore complexes. Budding 

yeast Mif2 was the only known direct link between the centromeric nucleosome and the outer 

kinetochore MTW1c. However, a single connection would not facilitate the stable transmission 

of the pulling forces of the depolymerizing microtubules. Thus, it is was likely that Mif2 was not 

the only attachment site. In order to obtain further insights, I addressed the following 

questions: 
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1. Is there another link between Cse4 nucleosomes and the outer kinetochore apart from 

Mif2? 

2. Is the yeast orthologue of CENP-LN, Chl4/Iml3, involved in Cse4 binding as described 

for human CENP-A nucleosomes? 

3. Does the budding yeast CTF3c bind centromeric nucleosomes as described for the 

human CENP-HIK complex? 

4. Which domain of the Ame1/Okp1 complex mediates the direct interaction with the 

Cse4 nucleosome? 

 

During the course of my efforts to study the nucleosome-assembled inner kinetochore I 

discovered that Ndc10, a subunit of the CBF3 complex forms a yet unknown link between the 

Cse4 nucleosome and the outer kinetochore MTW1 complex. This implied that there might be 

a third pathway of tethering the outer kinetochore to the nucleosome, apart from Mif2 and 

Ame1/Okp1 interactions. The aim of this third project was to understand the importance of 

this interaction for kinetochore assembly and characterise the molecular basis of this 

interaction. 

1. Is the Ndc10 link between the Cse4 nucleosome and the MTW1c crucial for cell 

viability? 

2. What are the sequence motifs mediating the Ndc10 ς MTW1c interaction? 

3. How does the Ndc10 binding mode compare to interactions with Mif2 and Ame1/Okp1 

and is there a binding hierarchy of the three MTW1c recruiters? 

4. Are there binding interdependencies between Mif2, Ame1/Okp1 and Ndc10 how do 

they affect MTW1c recruitment? 

The work on these 3 projects are described in the thesis as follows. The first two projects 

resulted in joint publications which are included in the thesis as well as the manuscript on the 

Ndc10 project which is under preparation.  
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3 Results 
 

3.1 The COMA complex interacts with Cse4 and positions Sli15/Ipl1 at the budding yeast 

inner kinetochore 
 

Fischböck-Halwachs J*, Singh S*, Potocnjak M*, Hagemann G, Solis-Mezarino V, Woike S, 

Ghodgaonkar-Steger M, Weissmann F, Gallego LD, Rojas J, Andreani J, Köhler A, Herzog F. The 

COMA complex interacts with Cse4 and positions Sli15/Ipl1 at the budding yeast inner 

kinetochore. Elife. 2019; 8. doi: 10.7554/eLife.42879. (*equal contribution) 
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