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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 “central” and mere “part”), however that does not have to be the case 

(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 ∼125 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 ∼ 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) 
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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 CBF3–CEN 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 αMN 

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). 
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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 ‘CENP-C central region’ or ‘DNA binding domain’ (DBD) whose 

function is taken over by the ‘AT-hook’ 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 



14 
 

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 was identified as “non-essential kinetochore protein 1 and 2” 

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 – 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 – 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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Supplementary figures  

 

Figure S1 

 

 
 

Figure S1. Size exclusion chromatography (SEC) of the in vitro reconstituted 

Ctf19/Mcm21/Ame1/Okp1 (COMA):Chl4/Iml3:Mif2:MTW1c:Cse4-NCP complex. Proteins were 

mixed in an equimolar ratio, incubated on ice for 1 h and run on a Superose 6 increase 3.2/300 

column. Eluted proteins were visualized by SDS-PAGE and Coomassie staining. For XLMS 

analysis shown in Figure 1C the pre-incubated complex was cross-linked prior to SEC, then 
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elution fractions 12 and 13 corresponding to the non-cross-linked analysis were pooled and 

digested for mass spectrometric analysis. 

 

Figure S2 

 

 
 

Figure S2. Identification of the Cse4 binding site on Okp1. (A) Multiple sequence alignment of 

Okp1 amino acid sequences from related yeast species. Amino acid residues of the conserved 

region are colored and annotated according to the ClustalW color and annotation codes. Green 
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bars above the alignment represent alpha helical regions predicted by Jpred (Drozdetskiy et 

al., 2015). Lines below the alignment indicate the overlapping Okp1 deletion mutants analysed 

in (B). (B) Size exclusion chromatography (SEC) analysis of equimolar mixtures of reconstituted 

Cse4-NCPs with recombinant wild-type Ame1/Okp1, Ame1/Okp1Δ123-147, Ame1/Okp1Δ140-

170 or Ame1/Okp1Δ163-187 mutant complexes. Eluted proteins were visualized by SDS-PAGE 

and Coomassie staining. 

 

Figure S3 

 

 

Figure S3. Ctf19∆C-GFP did not localize to kinetochores. Live cell microscopy of non-

synchronized cells grown in synthetic medium expressing either Ctf19-GFP or Ctf19∆C-GFP and 

Nuf2-mCherry as kinetochore marker. Merged mCherry and GFP signals are shown on the 

right.BF: Brightfield. 

 

 

 

 

2 µm 

2 µm 
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Supplementary tables 

Table S1. Plasmids used in this study 

Plasmid description source 

pST44-Cse4 pST44-6xHis-TEV-Flag-H2B-CSE4-H2A-H4 Alwin Köhler 

BSW1 pST44-6xHis-TEV-Flag-H2B-CSE4∆2-30-H2A-H4 this study 

BSW2 pST44-6xHis-TEV-Flag-H2B-CSE4∆31-60-H2A-H4 this study 

BSW4 pST44-6xHis-TEV-Flag-H2B-CSE4∆34-46-H2A-H4 this study 

BSW5 pST44-6xHis-TEV-Flag-H2B-CSE4∆48-61-H2A-H4 this study 

pST44-H3 pST44-6xHis-TEV-Flag-H2B-H3-H2A-H4 Alwin Köhler 

BJF6 pLIB-MIF2-6xHis-6xFlag this study 

BMP37 pETDuet-6xHis-CHL4/IML3 this study 

pPH74 pST39-OKP1-AME1-6xHis Stefan Westermann 

BJF26 pST39-OKP1∆123-147-AME1-6xHis this study 

BJF27 pST39-OKP1∆140-170-AME1-6xHis this study 

BJF28 pST39-OKP1∆163-187-AME1-6xHis this study 

pSW661 pST39-CTF19-MCM21-6xHis Stefan Westermann 

BJF25 pST39-CTF19∆C270-369 -MCM21-6xHis this study 

BJF7 pBIG1-MCM21-6xHis-6xFlag/CTF19 this study 

BJF50 pBIG1-AME1-6xHis-6xFlag /OKP1 this study 

BMP75 pBIG1-MTW1-NNF1-NSL1-DSN1-2xStrep this study 

BJF10 pBIG-CTF3-MCM16-MCM22 this study 

BMS52 pETDuet-6xHis-CNN1-WIP1-1xFlag this study 

BMS64 pETDuet-6xHis-NKP1-NKP2 this study 

BMS65 pETDuet-MHF2-MHF1-1xStrep this study 

BJF1 pBIG1-SLI15-2xStrep-HA-6xHis/IPL1 this study 

BSS93 pRS313-pCSE4-3xFlag-CSE4 this study 

BSS94 pRS313-pCSE4-3xFlag-CSE4∆31-60 this study 

BSS95 pRS313-pCSE4-3xFlag-CSE4∆62-94 this study 

BSS96 pRS313-pCSE4-3xFlag-CSE4∆34-46 this study 

BSS97 pRS313-pCSE4-3xFlag-CSE4∆48-61 this study 

BSS134 pRS313-pCTF19-CTF19WT-SLI15∆2-228-6xHis-7xFlag this study 

BSS146 pRS313-pAME1-AME1-SLI15∆2-228-6xHis-7xFlag this study 

BSS142 pRS313-pOKP1-OKP1-SLI15∆2-228-6xHis-7xFlag this study 

BSS145 pRS313-pMIF2-MIF2-SLI15∆2-228-6xHis-7xFlag this study 

BSS143 pRS313-pCTF3-CTF3-SLI15∆2-228-6xHis-7xFlag this study 

BSS144 pRS313-pMTW1-MTW1-SLI15∆2-228-6xHis-7xFlag this study 

BSS141 pRS313-pDSN1-DSN1-SLI15∆2-228-6xHis-7xFlag this study 

BSS147 pRS313-pCNN1-CNN1-SLI15∆2-228-6xHis-7xFlag this study 

BSS1 pRS313-pSLI15-SLI15-6xHis-6xFlag this study 
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Plasmid description source 

BSS15 pRS313-pSLI15-SLI15∆SAH-6xHis-6xFlag this study 

BSS2 pRS313-pSLI15-SLI15∆2-228-6xHis-6xFlag this study 

BSS16 pRS313-pSLI15-SLI15∆2-228∆SAH-6xHis-6xFlag this study 

BSS129 pRS313-pCTF19-CTF19-6xHis-7xFlag this study 

BSS159 pRS313-pCTF19-3xMyc-CTF19∆2-30-6xHis-7xFlag this study 

BSS76 pRS313-pAME1-AME1-6xHis-7xFlag this study 

BSS169 pRS313-pOKP1-OKP1-6xHis-6xFlag this study 

BSS172 pRS313-pOKP1-OKP1∆123-147-6xHis-6xFlag this study 

BSS174 pRS313-pOKP1-OKP1∆163-187-6xHis-6xFlag this study 
BSS165 pRS313-pAME1-AME1-SLI15∆2-228-∆INbox(626-698)-6xHis-

7xFlag 
this study 

BSS167 pRS313-pAME1-AME1-SLI15∆2-228-∆SAH(516-575)-6xHis-7xFlag this study 

BSS164 pRS313-pOKP1-OKP1-SLI15∆2-228-∆INbox(626-698)-6xHis-7xFlag this study 

BSS166 pRS313-pOKP1-OKP1-SLI15∆2-228-∆SAH(516-575)-6xHis-7xFlag this study 

BSS175 
pRS313-pAME1-AME1-CTF19-6xHis-7xFlag 

this study 

BSS176 pRS313-pAME1-AME1-CTF19∆C270-369 -6xHis-7xFlag this study 

BSS177 pRS313-pOKP1-OKP1-CTF19-6xHis-7xFlag this study 

BSS178 pRS313-pOKP1-OKP1-CTF19∆C270-369 -6xHis-7xFlag this study 

BSS212 pRS313-pCTF19-CTF19-OKP1-6xHis-7xFlag this study 

BSS213 pRS313-pCTF19-CTF19∆C270-369-OKP1-6-xHis-7xFlag this study 

BSS214 pRS313-pCTF19-CTF19-OKP1-GFP this study 

BSS215 pRS313-pCTF19-CTF19∆C270-369-OKP1-GFP this study 

pYCF1/CEN3.L YRp14/TEL cassette (pYCF1) with a CEN3 insert (Spencer et al. 1990) 
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Table S2. Yeast strains used in this study. 

All strains are isogenic with the S288c background 

strain genotype 

YSS225 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CSE4-
FRB::KanMX 

YSS226 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CSE4-
FRB::KanMX, pRS313-pCSE4-3xFlag-CSE4 

YSS227 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CSE4-
FRB::KanMX, pRS313-pCSE4-3xFlag-CSE4∆62-94 

YSS228 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CSE4-
FRB::KanMX, pRS313-pCSE4-3xFlag-CSE4∆31-60 

YSS229 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CSE4-
FRB::KanMX, pRS313-pCSE4-3xFlag-CSE4∆34-46 

YSS230 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CSE4-
FRB::KanMX, pRS313-pCSE4-3xFlag-CSE4∆48-61 

YSS1 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Sli15-
FRB::KanMX 

YSS69 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Sli15-
FRB::KanMX, pRS313-pSLI15-SLI15-6xHis-6xFlag 

YSS70 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Sli15-
FRB::KanMX, pRS313-pSLI15-SLI15∆2-228-6xHis-6xFlag 

YSS81 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Sli15-
FRB::KanMX, pRS313-pSLI15-SLI15∆SAH-6xHis-6xFlag 

YSS87 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Sli15-
FRB::KanMX, pRS313-pSLI15-SLI15∆2-228∆SAH-6xHis-6xFlag 

YSS213 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX 

YSS216 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1 

YSS321 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, pRS313-pCTF19-CTF19-6xHis-7xFlag 

YSS325 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pCTF19-CTF19-6xHis-7xFlag 

YSS301 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pCTF19-CTF19WT-SLI15∆2-228-6xHis-
7xFlag 

YSS348 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pCTF19-3xMyc-CTF19∆2-30-6xHis-7xFlag 
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strain genotype 

YSS334 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pAME1-AME1-6xHis-7xFlag 

YSS335 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pAME1-AME1-SLI15∆2-228-6xHis-7xFlag 

YSS336 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pAME1-AME1-SLI15∆2-228-∆INbox(626-
698)-6xHis-7xFlag 

YSS337 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pAME1-AME1-SLI15∆2-228-∆SAH(516-
575)-6xHis-7xFlag 

YSS92 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, OKP1-
FRB::KanMX 

YSS351 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, OKP1-
FRB::KanMX, pRS313-pOKP1-OKP1-6xHis-6xFlag 

YSS394 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, OKP1-
FRB::KanMX, pRS313-pOKP1-OKP1∆122-147-6xHis-6xFlag 

YSS395 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, OKP1-
FRB::KanMX, pRS313-pOKP1-OKP1∆163-187-6xHis-6xFlag 

YSS342 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pOKP1-OKP1-6xHis-6xFlag 

YSS343 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pOKP1-OKP1-SLI15∆2-228-6xHis-7xFlag 

YSS344 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pOKP1-OKP1-SLI15∆2-228-∆INbox(626-
698)-6xHis-7xFlag 

YSS345 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pOKP1-OKP1-SLI15∆2-228-∆SAH(516-575)-
6xHis-7xFlag 

YSS315 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pMIF2-MIF2-SLI15∆2-228-6xHis-7xFlag 

YSS313 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pCTF3-CTF3-SLI15∆2-228-6xHis-7xFlag 

YSS314 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pMTW1-MTW1-SLI15∆2-228-6xHis-7xFlag 
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strain genotype 

YSS311 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pDSN1-DSN1-SLI15∆2-228-6xHis-7xFlag 

YSS317 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pCNN1-CNN1-SLI15∆2-228-6xHis-7xFlag 

YSS366 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pSLI15-SLI15∆2-228-6xHis-6xFlag 

YSS399 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pAME1-AME1-CTF19-6xHis-7xFlag 

YSS400 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pAME1-AME1-CTF19∆C270-369-6xHis-
7xFlag 

YSS405 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, pRS313-pOKP1-OKP1-CTF19-6xHis-7xFlag 

YSS406 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, pRS313-pOKP1-OKP1-CTF19∆C270-369-6xHis-7xFlag 

YSS401 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pOKP1-OKP1-CTF19-6xHis-7xFlag 

YSS402 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pOKP1-OKP1-CTF19∆C270-369-6xHis-
7xFlag 

YSS511 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, pRS313-pCTF19-CTF19-Okp1-6xHis-7xFlag 

YSS512 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, pRS313-pCTF19-CTF19∆C270-369-Okp1-6xHis-7xFlag 

YSS513 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pCTF19-CTF19-Okp1-6xHis-7xFlag 

SS514 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15Δ2-228::hphNT1, pRS313-pCTF19-CTF19∆C270-369-Okp1-6xHis-
7xFlag 

YSS515 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, NDC80-mCherry::natNT2, pRS313-pCTF19-CTF19-Okp1-GFP 
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strain genotype 

YSS516 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, NDC80-mCherry::natNT2, pRS313-pCTF19-CTF19∆C270-369-OKP1-GFP 

YSS255 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, NDC80-
mCherry::natNT2, CTF19-GFP::HIS 

YSS256 
MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, NDC80-
mCherry::natNT2, CTF19∆C270-369-GFP::HIS 

 

Table S3. Inter- and intra-protein cross-links detected on in vitro reconstituted Cse4 containing 

nucleosomes interacting with the kinetochore complexes Ame1/Okp1, Ctf19/Mcm21, Mif2, 

Chl4/Iml3 and MTW1c. Ctf19/Mcm21, Mif2 and MTW1 complexes were recombinantly 

expressed in insect cells and affinity-purified via Mcm21-6xFLAG-6xHis, Mif2-6xFLAG-6xHis, or 

Dsn1-6xFLAG-6xHis, respectively. Ame1/Okp1, Chl4/Iml3 and Cse4 nucleosomes were 

expressed in E. coli and in vitro reconstituted as described (see materials and methods). A 

nearly stoichiometric supramolecular complex of 

Ame1/Okp1:Ctf19/Mcm21:Chl4/Iml3:Mif2:MTW1c and Cse4-NCPs was generated in vitro (see 

Figure S1) and chemical cross-links introduced by BS3 were identified as described (see 

materials and methods). In total, 349 inter-protein (marked in dark blue) and 395 intra-protein 

(marked in light blue) cross-links were detected on the recombinant complex (for a graphical 

representation of the cross-link network see Figure 1C). 

https://doi.org/10.7554/eLife.42879.014 

 

Table S4. Inter- and intra-protein cross-links detected on in vitro reconstituted Sli15/Ipl1 

interacting with the inner kinetochore proteins Ctf19, Okp1, Ame1 and Mcm21 (COMA). COMA 

and Sli15/Ipl1 complexes were recombinantly expressed in insect cells and affinity-purified via 

Ame1-6xFLAG-6xHis, Mcm21-6xFLAG-6xHis, or Sli15-2xStrep, respectively. A nearly 

stoichiometric supramolecular complex of COMA and Sli15/Ipl1 was generated in vitro and 

chemical cross-links introduced by BS3 were identified as described (see materials and 

methods). In total, 98 inter-protein (marked in dark blue) and 69 intra-protein (marked in light 

blue) cross-links were detected on the recombinant complex (for a graphical representation of 

the cross-link network see Figure 4A). 

https://doi.org/10.7554/eLife.42879.014


61 
 

https://doi.org/10.7554/eLife.42879.015 

 

Table S5. Predicted and experimentally annotated protein domains and motifs depicted in 

protein cross-link networks.  

Native or in vitro reconstituted recombinant protein complexes were prepared and cross-

linked as described in materials and methods. The identified inter- and intra-protein cross-links 

are visualized as protein network representations in Figure 1C and Figure 4A and are listed in 

Tables S3 and S4. 

Protein Domain/Motif Start End Reference 

AME1 MIND binding 1 15 (Hornung et al., 2014) 

AME1 coiled coil 177 272 MARCOIL prediction 

AME1 Okp1 binding 129 247 (Schmitzberger et al., 2017) 

AME1 Nkp1-Nkp2 binding 268 292 (Schmitzberger et al., 2017) 

CENPA/ 
CSE4 

histone core 113 227 
(Zhou et al., 2011) 

CENPA/ 
CSE4 

CATD 166 201 
(Zhou et al., 2011) 

CHL4 IML3 binding 361 458 (Hinshaw and Harrison, 2013) 

CTF19 RWD 134 361 
Sequence alignment model 

/Psipred strcuture prediction 

H2A histone core 14 90 (Wang et al., 2013) 
H2B histone core 34 105 (Wang et al., 2013) 

H3 histone core 63 132 (Wang et al., 2013) 

H4 histone core 24 96 (Wang et al., 2013) 

IML3 dimerization 169 198 (Hinshaw and Harrison, 2013) 

IPL1 kinase domain 104 355 Sequence alignment model 

MCM21 RWD 156 368 
Sequence alignment model 

/Psipred strcuture prediction 

MIF2 MTW1C binding 1 35 (Hornung et al., 2014) 

MIF2 signature motif 238 312 (Hornung et al., 2014) 

MIF2 IML3/CHL4 binding 256 549 (Hinshaw and Harrison, 2013) 

MIF2 cupin fold 439 526 (Hornung et al., 2014) 

OKP1 core domain 166 211 (Schmitzberger et al., 2017) 

OKP1 coiled coil 183 290 MARCOIL prediction 

OKP1 Ame1 binding 234 264 (Schmitzberger et al., 2017) 

OKP1 Ctf19-Mcm21 binding „segment1“ 321 329 (Schmitzberger et al., 2017) 

OKP1 coiled coil 346 381 MARCOIL prediction 

OKP1 Nkp1-Nkp2 357 375 (Schmitzberger et al., 2017) 
SLI15 CEN targeting 1 227 (Campbell and Desai, 2013) 

SLI15 MT binding 229 565 (Fink et al., 2017) 

SLI15 SAH 517 565 (Fink et al., 2017) 

SLI15 IPL1 binding IN-box 630 681 
(Adams et al., 2000, Kang et 

al., 2001) 
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ABSTRACT 

 

Kinetochores are macromolecular protein assemblies at centromeric chromatin that 

mediate the accurate segregation of chromosomes during cell division. Kinetochores link the 

centromeric DNA, wrapped around Cse4CENP-A containing nucleosomes, to spindle 

microtubules. The budding yeast CBF3 complex binds to a specific centromere defining DNA 

element and is essential for kinetochore assembly in budding yeast. Here, we show that the 

Ndc10 subunit of the CBF3 complex recruits the outer kinetochore in mitosis through direct 

interaction of its N-terminus with the MTW1 complex. The Ndc10 interaction site at the Mtw1 

head domain is close to residues that mediate the binding of Mif2 and Ame1. Our findings 

indicate that the Ndc10 interaction is strongly enhanced upon Ipl1Aurora-B phosphorylation of 

Dsn1 in vitro, which is consistent with co-purification of the MTW1 complex and Ndc10 

selectively from mitotic cells. Moreover, MTW1 complex binding by Ndc10 was found to be 

important once recruitment through Mif2 is impaired. Our results suggest that Ndc10 

represents a third pathway of the point centromere kinetochore architecture that directly links 

the centromeric nucleosome to a single microtubule. 
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INTRODUCTION 

The kinetochore is a multi-protein structure that mediates the interaction between eukaryotic 

chromosomes and spindle microtubules enabling accurate distribution of the genetic material 

during cell division. Kinetochores assemble on a chromosomal locus of specialised chromatin 

called the centromere. The point centromere of budding yeasts represents the minimal system 

required for faithful segregation of sister chromatids linking only a single Cse4CENP-A containing 

nucleosome to a single microtubule. In contrast, the human regional centromere contains 

about 100 CENP-A containing nucleosomes linking roughly 30-40 spindle microtubules (Pluta 

et al. 1995, Clarke and Baum 1990, Fitzgerald-Hayes, Clarke and Carbon 1982, Willard 1990).  

The S. cerevisiae centromere is defined by a conserved ∼125 bp long centromeric DNA 

segment (CEN) that consists of three distinct centromere defining elements (CDE), the 8 bp 

long CDEI, the 78-86 bp AT rich CDEII and the 25 bp CDEIII sequence (Hegemann and Fleig 

1993). CDEII wraps the Cse4CENP-A containing nucleosome, flanked by the CDEI bound Cbf1 

protein and the CDEIII bound CBF3 complex (CBF3C) (Mellor et al. 1991, Goh and Kilmartin 

1993, Lechner and Carbon 1991). All kinetochore proteins apart from Cbf1 require the CBF3C 

for their recruitment. CBF3C consists of the four subunit CBF3 core complex which refers to 

Skp1:Ctf13:(Cep3)2 subassembly and Ndc10 homodimer (Doheny et al. 1993, Goh and 

Kilmartin 1993, Russell et al. 1999, Strunnikov et al. 1995, Jiang et al. 1993, Yan et al. 2019, 

Leber et al. 2018). The function of Skp1 and Ctf13 in the kinetochore context has not been 

clarified, but they appear to have a regulatory function within the CBF3c (Lingelbach and 

Kaplan 2004, Rodrigo-Brenni et al. 2004, Russell et al. 1999). Skp1 promotes Ctf13 

phosphorylation, as demonstrated in insect cells, and activates CBF3c to bind CEN DNA in vitro 

(Kaplan et al. 1997). Assembly of the CBF3 complex is highly regulated by posttranslational 

modifications (Stemmann and Lechner 1996, Kaplan et al. 1997, Kitagawa et al. 1999). Cep3 

and Ndc10 components, along with Ctf13 directly interact with DNA (Yan et al. 2018). The Cep3 

homodimer has an N-terminal Gal4-like zinc cluster domain that displays specificity for CCG 

triplets in the CDEIII region of centromeric DNA (Bellizzi et al. 2007, Purvis and Singleton 2008). 

Furthermore, it contains an αMN helix that binds a conserved TGT motif essential for CBF3 

binding (Russell et al. 1999). CEN DNA specificity of the CBF3c relies solely on the Cep3 protein 

as Ndc10 and Ctf13 also bind non-centromeric DNA, however they might increase overall 
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affinity of the CBF3c for CEN DNA binding (Perriches and Singleton 2012). Ndc10 also associates 

with the centromeric histone chaperone Scm3HJURP responsible for Cse4 deposition (Camahort 

et al. 2007). Ndc10 was initially described as a part of the CBF3 complex and the molecular 

details of this interaction as well as its interaction with the DNA are thoroughly investigated 

(Cho and Harrison 2011, Lee et al. 2019, Zhang et al. 2019, Yan et al. 2018). However, it was 

shown that Ndc10 also displays functions not related directly to the centromere such as 

interaction with the chromosomal passenger complex through Bir1Survivin (Bouck and Bloom 

2005, Yoon and Carbon 1999). 

Cse4CENP-A containing nucleosomes specifically recruit inner kinetochore members of the 

constitutive centromere associated network (CCAN) or CTF19 complex (CTF19c) in budding 

yeast (Hori et al. 2008, Foltz et al. 2006). This creates a hub for the recruitment of the outer 

kinetochore responsible for microtubule binding (Cheeseman et al. 2006, Cheeseman and 

Desai 2008). The inner kinetochore proteins Mif2CENP-C and Ame1/Okp1 are the only known link 

between the Cse4 nucleosome and the outer kinetochore KMN complex comprised of the 

SPC105KNL1, MTW1cMIS12 and NDC80cNDC80 complexes (Anedchenko et al. 2019, Fischbock-

Halwachs et al. 2019, Westermann et al. 2003, Killinger et al. 2020, Dimitrova et al. 2016, 

Przewloka et al. 2011). The Mif2 and Ame1 N-terminal motifs directly interact with the 

Mtw1/Nnf1 heterodimer of the four subunit MTW1 complex (Mtw1/Dsn1/Nsl1/Nnf1). This 

interaction is enhanced through Ip1Aurora-B phosphorylation of Dsn1 on amino acids S240 and 

S250 which in turn releases the interaction of Dsn1/Nnf1 (head II) to Mtw1/Nnf1 (head I). This 

results in the exposure of a head I binding site that can further be occupied by Mif2 or Ame1 

(Dimitrova et al. 2016, Akiyoshi et al. 2013a). Mif2 and Ame1/Okp1 are the only essential 

components of the CTF19c. Interestingly the Mif2 interaction with MTW1c is not essential, 

while the deletion of the N-terminal Mtw1 binding motif of Ame1 (Ame1Δ2-14) results in a 

lethal phenotype (Hornung et al. 2014).  

Here we show that in budding yeast Ndc10 protein, besides Mif2 and Ame1/Okp1, establishes 

a third direct link to the outer kinetochore MTW1 complex during mitosis. The CBF3c subunit 

Ndc10 displays a stable interaction with the MTW1c. With its N-terminal region Ndc10 contacts 

head I of the Mtw1/Nnf1 heterodimer in an Ipl1Aurora-B phosphorylation dependent manner. 

Using biochemical and cell viability assays, we demonstrate that Ndc10 N-terminal mutants are 

impaired in Mtw1 interaction and display benomyl and temperature hypersensitivity. 

Importantly binding of Mtw1 by Ndc10 becomes crucial if the Mif2 pathway is impaired. 
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Furthermore, we demonstrate that the interaction profile differs throughout the cell cycle 

peaking in early mitosis. We also characterize the binding interdependencies between the 

three links Ndc10, Mif2 and Ame1/Okp1 pinpointing the interaction site and phosphorylation 

conditions between Ndc10 and Mif2 proteins.  

How the budding yeast point centromere, attaching a single Cse4 nucleosome to only a single 

microtubule, supports the tension during chromosome segregation is not yet understood. As 

opposed to the human kinetochore, the budding yeast kinetochore is assembled throughout 

the cell cycle and maintains attachment with the microtubule (Biggins 2013, Hara and 

Fukagawa 2020). Our findings show important contacts within the budding yeast kinetochore 

offering insights into the assembly of the kinetochore backbone as well as the higher order 

kinetochore organization. 

 

RESULTS 

Cell cycle dependent binding of Ndc10 and Mtw1 

To identify kinetochore components associated with the CBF3 complex, we employed native 

Ndc10-6xHis-6xFlag pull-downs from G1 or G2/M arrested S. cerevisiae cells using alpha factor 

or galactose induced overexpression of Mps1, respectively. Under both conditions, besides 

CBF3 complex and histone protein subunits, the Mtw1/Nnf1 heterodimer co-precipitated as 

the most prominent interactor (Figure 1A). Strikingly, in pull-down samples from cells arrested 

in G2/M phase, Ndc10 co-precipitated 4x more Mtw1/Nnf1 than in pull-downs from cells 

arrested in G1 phase, whereas similar levels of CBF3complex components were recovered in 

both conditions (Figure 1A). This indicates that the Ndc10 – Mtw1 interaction is cell cycle 

dependent and occurs in mitosis.  

 

Connectivity of the inner kinetochore receptors and MTW1c 

Using crosslinking mass spectrometry on a preassembled Ndc101-551, Mif2, Ame1/Okp1 and 

MTW1c complex we aimed to determine the interaction sites between Ndc10 and the MTW1c 

in the presence of the two known Mtw1 receptors Ame1 and Mif2 (Figure 1B). The crosslinks 

between Ndc101-551 and Mtw1/Nnf1 predominantly emanate from their N-terminal domains 

and are mainly formed between Ndc10 and Mtw1, whereas only one crosslink connects 

Ndc101-551 and Nnf1. Furthermore, we also found two crosslinks between Ndc101-551 and Mif2. 
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Ndc101-551, Mif2, Ame1/Okp1 and MTW1c were able to form a stable complex without obvious 

competition between the subcomplexes, as demonstrated by size-exclusion chromatography 

(SEC) (Figure S1).  

 

The CBF3 complex subunit Ndc10 binds the outer kinetochore MTW1 complex and the binding 

is enhanced by Dsn1S240/S250 phosphorylation 

In order to confirm and further investigate the observed interaction between Ndc10 and the 

MTW1c, in vitro purified MTW1c and the N-terminal domain of Ndc101-551 were analysed using 

analytical SEC. Combining MTW1c and Ndc101-551 in a 1:1 molar ratio and subsequent SEC 

analysis resulted in a larger shift in the SEC chromatogram, compared to the elution profiles of 

the single proteins, indicating a stable association (Figure 1C).  

The MTW1c exhibits an extended Y shaped structure formed by the Dsn1/Nsl1 and Mtw1/Nnf1 

heterodimers, where the N-terminal globular modules remain accessible for interactions. As 

previously reported, the inner kinetochore proteins Ame1 and Mif2 (Dimitrova et al. 2016, 

Hornung et al. 2011) create a direct link between the centromeric nucleosome and the Mtw1c 

by interacting with its N-terminus. Upon phosphorylation of Dsn1 on S240 and S250 by Ipl1 

kinase, the N-terminal modules of the Mtw1C are driven apart allowing for a stronger binding 

of Ame1 and Mif2. Accordingly, we investigated whether Ndc10 binding is enhanced in a similar 

manner. We performed in vitro binding assays using immobilised, dephosphorylated wildtype 

Mtw1C or phosphomimic Mtw1CS240D/S250D complexes as bait and incubated with Mif2, 

Ame1/Okp1 or Ndc101-551, respectively (Figure 1D). We observed a 4-fold increase in Ndc10 

binding to phosphomimic MTW1CS240D/S250D compared to the wildtype complex (Figure 1E). No 

obvious increase in binding affinity for Mif2 or Ame1/Okp1 was observed in all four 

independently set up replicates. 

 

Ndc10 binds the Mtw1/Nnf1 head I domain and its binding mode differs from that of Ame1 and 

Mif2 

This finding led us to investigate whether Ndc10 binds in the same region of the Mtw1/Nnf1 

head I domain as Ame1 and Mif2 (Hornung et al. 2011, Dimitrova et al. 2016). We separately 

expressed Dsn1/Nsl1 and Mtw1/Nnf1 as stable heterodimers and carried out in vitro binding 

assays with Ndc101-551. Consistent with our in vivo pull-down and crosslinking results, Ndc10 

demonstrated selective interaction with the Mtw1/Nnf1 heterodimer (Figure 2A). 
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Furthermore, we narrowed down the interaction site to aa 25-90 on the Mtw1 protein which 

is the same helix-loop-helix region involved in Ame1 and Mif2 interaction (Figure 2B, F). 

Pairwise point mutations to alanine in this region (V24/I27, I28/V31, N32/Y36, E73/D77, 

D81/E84, L85/L88) as well as deletion of the loop region (aa 41-69) did not abrogate Ndc10 

binding (Figure S2A, Figure 2F). In contrast, deletion of the same loop (aa 41-69) led to the 

complete loss of Mif2 and Ame1/Okp1 binding, despite no reported immediate contacts with 

the Mtw1 protein in this region (Figure S2B).  

Next, to find out whether Mtw1 helix 1 (aa 24-40), helix 2 (aa 70-90), or both helices of the 

helix-loop-helix region are involved in Ndc10 binding, we performed binding assays with the 

corresponding Mtw1 helix peptides (Figure 2F). Ndc101-551 preferably binds helix 1, while the 

overall binding is enhanced in the presence of both helices (Figure 2C, D and E). Although all of 

the Mtw1 binding sites were available for interaction, no binding to Mif2 or Ame1/Okp1 was 

detected, even with both helices combined (Figure 2E). However, the lack of binding might be 

attributed to the fact that Nnf1 binding sites are missing (Dimitrova et al. 2016). The finding 

that Ndc101-551 preferably binds helix 1 and does not require Nnf1 for binding, suggests, that 

the Ndc10-Mtw1 binding mechanism is more robust and presumably less affected by small 

perturbations.  

In addition, in order to confirm the differential binding mechanism, we also created a set of 

mutants (Mtw1N32A/Y36A, Mtw1N32A/Y36A/E73A/D77A, Mtw1D25A/D81A/E84A) known to disrupt the 

interaction with Mif2 or Ame1/Okp1 (Dimitrova et al. 2016, Killinger et al. 2020) and tested 

their effect on Ndc10 binding. All of the mutants abrogated the binding to Mif2 and 

Ame1/Okp1, however did not perturb Ndc10 binding which further corroborates that the 

Ndc10 binding mode is different from that of Mif2 or Ame1/Okp1 (Figure 2F and 2G). 

 

The N-terminus of Ndc10 is required for MTW1 complex binding 

Based on previous findings that the N-termini of Ame1 and Mif2 interact with the Mtw1/Nnf1 

head I domain (Hornung et al. 2011, Dimitrova et al. 2016), we designed Ndc101-551 N-terminal 

deletion mutants, as well as mutants of conserved sites based on a multiple sequence 

alignment of interrelated yeast species (Figure 3A). Deletion of the first 11, 36 or 63 amino 

acids (Ndc10Δ11, -Δ36, -Δ63), led to the loss of Mtw1/Nnf1 binding (Figure 3B). However, to 

evaluate the importance of this interaction and ensure that only the Ndc10-Mtw1 interaction 

was affected, we tested Ndc10 point mutations in the most conserved region (Y52A, I53A, 
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Q54Aand W55A) in an in vitro binding assay, and found that Ndc101-551-Y52A was sufficient to 

abrogate the interaction with Mtw1/Nnf1 (Figure 3C).  

In order to evaluate this finding in vivo, we used the anchor-away technique, where the 

endogenous Ndc10-FRB protein is anchored away from the nucleus upon addition of 

rapamycin, and tested whether the lethal phenotype is rescued by ectopic expression of the 

Ndc10 wild-type or mutant proteins, respectively. All the mutants were able to rescue the 

lethal phenotype at 30 °C, however Ndc10-Y52A showed benomyl sensitivity and a lethal 

phenotype at 37 °C, indicating a chromosome segregation defect (Figure 3D). To test whether 

kinetochore localisation is affected, we carried out live cell imaging of wild-type Ndc10-GFP 

and the two mutants that displayed a temperature sensitive phenotype (Ndc10-Y52A-GFP and 

Ndc10-W55A-GFP). After overnight treatment with rapamycin both mutants displayed proper 

kinetochore localization which was indistinguishable from that of wild-type Ndc10-GFP (Figure 

3E). 

 

MTW1c binding by Ndc10 becomes essential when the Mif2 pathway is impaired 

It is plausible that the mutation of only one amino acid is not sufficient to completely abrogate 

the interaction in vivo. Ndc10-Y52A is not the only interaction site between Ndc101-551 and 

Mtw1, since Ndc10-Δ11 also led to a loss of interaction. We therefore tested the impact of 

Ndc10-Δ11 as well as Ndc10-Δ11-Y52A on cell viability, yet, both mutants had no further impact 

on the phenotype observed with the Ndc10-Y52A point mutant (Figure S3A). As the minimal 

mutation of Ndc10 displays a similar growth phenotype as Mif2-Δ35 (‘ΔNT’) (Hornung et al. 

2014) we conclude that, similar to Mif2, Ndc10 plays a functionally less important role than 

Ame1. Since Mif2 and Ndc10 are equally redundant, we next asked whether disrupting the 

Mif2 and Ndc10 pathways conferred a synthetic effect. Indeed, expression of Ndc10-Y52A and 

Ndc10-Δ11-Y52A in a Mif2-Δ35 background resulted in severely impaired growth or lethality, 

although protein levels similar to wild-type levels were detected by western blot analysis 

(Figure 3F and 3G). Taken together we conclude that the Ndc10 and Mif2 pathways become 

essential once either of them is compromised.  

 

Mif2 binds Ndc101-551 in a phosphorylation dependent manner  

Further, we investigated binding dependencies between Mif2, Ame1/Okp1 and Ndc101-551 

within the inner kinetochore. Since Mif2 formed a stable complex with Ndc101-551 in in vitro 
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binding assays, we tested Mif2 mutants carrying either a deletion between the Mtw1 binding 

N-terminus and the CENP-C motif, responsible for Cse4 binding (Mif2Δ35-237), or a smaller 

and a larger deletion of the CENP-C motif alone (Mif2Δ238-312 and Mif2 Δ238-370), to 

pinpoint the binding site on Mif2. Only the deletion of aa 35-237 led to a loss of binding, 

suggesting that the CENP-C motif is not involved (Figure 4B and 4C).  

We found that insect cell-purified Mif2 binds Ndc101-551, however upon dephosphorylation 

with λ phosphatase the binding was lost, indicating that Mif2 - Ndc101-551 binding is 

phosphorylation-dependent. Re-phosphorylation by known kinetochore kinases Sli15/Ipl1Aurora 

B, Cdc5PLK1 and Cdc28CDK1 restored binding upon Cdc5PLK1 phosphorylation which was even 

further enhanced in combination with Cdc28CDK1 phosphorylation. In contrast, Sli15/Ipl1Aurora B 

kinase did not have any effect on the Mif2 - Ndc101-551 binding (Figure 4D and 4E). To delimit 

the binding site on Mif2, we created a series of deletion and phospho-ablative mutants by 

converting serines or threonines to alanines. Testing this mutant panel in in vitro binding assays 

with Ndc10, we were able to narrow down the binding interface to Mif2 amino acids 221-240, 

a serine-rich region containing 8 phosphorylation sites (Figure 4A, 4F and 4G). We conclude 

that Mif2 binds Ndc101-551 in the region of aa 221-240 in a phosphorylation dependent manner.  

Moreover, we did not find any evidence that the N-terminal domain of Ndc10 interacts with 

Ame1/Okp1 using SEC experiments (Figure S4). 

 

The Ndc10 N-terminus interacts with Mif2  

Probing our Ndc101-551 mutant panel, we found, that the minimal deletion of the first 11 amino 

acids (Ndc10-Δ11) already abrogated Mif2 binding (Figure 5A). Along the same lines, Mif2 

binding was also impaired with Ndc10-Y52A and Ndc10-W55A. We could also observe that 

Mif2 occupies a wider region on Ndc10 than Mtw1. Specifically, whereas only the Ndc10-

Y52A/W55A double mutant was able to abrogate Mtw1 and Mif2 binding, mutation of 

Y45A/Y48A and L132A/L135A affected only Mif2 binding (Figure S5A and S5B). Overlapping 

Ndc10 sites for Mif2 and Mtw1 suggests a certain hierarchy of Ndc10 binding, or competition 

between Mtw1 and Mif2. To discern between the two possibilities, we took advantage of the 

Mif2-Δ170 mutant lacking the Mtw1-, but preserving the Ndc10-binding site. Incubation of 

Mtw1/Nnf1 with Ndc101-551 and either wild-type Mif2 or the Mif2-Δ170 version resulted in 

alterations in Ndc10 binding. Mif2-Δ170 was able to compete off Ndc10 from Mtw1/Nnf1 

resulting in an almost 50% reduction of Mtw1/Nnf1-bound Ndc10 (Figure 5C and 5D).  
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As we could show that in G2/M phase Mtw1/Nnf1 copurification with Ndc10 is enhanced and 

we did not find enrichment of Mif2 (Figure 1A), suggests that Mif2 does not bind Ndc10 during 

mitosis leaving Ndc10 available for recruitment of the KMN network. We found that Mif2 

binding of Chl4/Iml3 reduced Ndc10 levels bound by Mif2. This apart from phosphorylation 

could be one way of regulating the hierarchy and orderly binding of the budding yeast 

kinetochore (Figure 5E and 5F). 

 

DISCUSSION 

 

Using biochemical and genetic approaches we have discovered a new link required for the 

proper function of the budding yeast kinetochore. The budding yeast kinetochore with its point 

centromere represents a minimal structure required for chromosome segregation. Assembly 

of the entire kinetochore occurs on a single Cse4CENP-A nucleosome and provides the 

connection to a single microtubule, sufficient for accurate separation of the genetic material. 

In human cells equal distribution of the genetic material occurs through regional centromeres, 

where kinetochores assemble on ~100 CENP-A nucleosomes and link 30-40 microtubules. A 

substantial tension created through the pulling forces of the depolymerizing microtubules in 

anaphase must be supported by the kinetochore architecture. The minimal structure of the 

budding yeast point centromere might be required to sustain even more tension which is 

exerted by a single microtubule. The critical and only essential inner kinetochore subunits that 

support this assembly are the Cse4 nucleosome binding Mif2CENP-C and Ame1/Okp1 proteins 

responsible for recruitment of the KMN network. The N-termini of Mif2 and Ame1 create 

specific recruitment sites for the MTW1C which is tethered via the Mtw1 helix-loop-helix 

region in the Mtw1/Nnf1 head I domain (Hornung et al. 2014, Dimitrova et al. 2016). This 

interaction is regulated and augmented by Ipl1Aurora-B activity on MTW1C, where Mif2 binding 

depends on Dsn1S240/S250 phosphorylation, while the Ame1 interaction is only minorly 

strengthened (Hamilton et al. 2020).  

We have now identified a yet unknown function of the Ndc10 protein, a member of the 

centromere binding CBF3 complex, by providing another recruitment site for the Mtw1c. We 

used biochemical assays to study the differences and similarities between the two known 

MTW1c receptors Mif2 and Ame1 and the Ndc10 protein. MTW1c binding by Ndc10 is 
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mediated by a binding mechanism comparable to that of Mif2 and Ame1, and which is also 

strengthened upon Dsn1 phosphorylation. This finding implicated the same helix-loop-helix 

region as MTW1c binding domain which we were able to show. However, distinct Mif2 and 

Ame1 binding sites in this domain are sensitive to any perturbation in this region, even if the 

amino acids required for the binding are preserved (Dimitrova et al. 2016). Incubation with 

helix 1 (aa 24-40) and helix 2 (aa70-90) peptides, or deletion of the loop region (aa 41-69), 

which was considered not to be relevant for the binding, did not support the association. This 

indicates, that besides the annotated Mif2 and Ame1 contact sites the distance between the 

two helices also has a role in proper Mif2 and Ame1 binding. Conversely, the Ndc10 interaction 

remained unaffected by such perturbations, most likely because the Ndc10 binding site resides 

predominantly on helix 1.  

The binding site of Mtw1c on Ndc10 also lies in the very N-terminus as is the case for Mif2 and 

Ame1. We were able to pinpoint several sites responsible for the binding which allowed us to 

assess the relevance of this interaction in vivo. Expression of Ndc10 point or deletion mutants 

in yeast after anchoring-away endogenous Ndc10 - apart from benomyl or temperature 

sensitivity - had no major effect on yeast cell growth. A similar mild phenotype was observed 

for the Mif2-ΔNT mutant while expression of Ame1-ΔN caused lethality (Hornung et al. 2014). 

However, the simultaneous disruption of both redundant pathways (Ndc10 and Mif2) led to 

severe growth defects or even synthetic lethality. Based on this finding we speculate that 

although the Ame1 pathway is essential, the cell does not solely rely on this interaction. Hence, 

the Ndc10 and Mif2 pathways become vital once one of them is impaired (Figure 6G).  

As previously reported, Mif2 and Ame1/Okp1 form a stable complex in vitro (Hornung et al. 

2014) thus, we aimed to further elucidate the binding interdependencies of the three Mtw1 

receptors. We did not find convincing evidence of Ndc101-551 binding to Ame1/Okp1, but we 

cannot exclude that they could form a complex under different conditions. However, Ndc101-

551 associated with Mif2 into a stable complex and we mapped the binding domain to the region 

between the Mtw1 binding N-terminus and the Cse4 binding CENP-C motif. Moreover, the 

interaction seems to be regulated by phosphorylation. As the budding yeast kinetochore 

remains assembled during the cell cycle (Biggins 2013, Hara and Fukagawa 2020), additional 

factors such as cell cycle kinases might be responsible for the timely regulation of kinetochore 

function. When Mif2 is phosphorylated it interacts with the same, albeit slightly larger, N-

terminal domain of Ndc10 as Mtw1, raising the question whether there is a competition in 
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binding. The Mif2-Δ170 mutant, lacking the Mtw1C binding domain, binds Ndc10, but impairs 

association of Ndc10 and Mtw1. This might be especially important in recruitment of the inner 

kinetochore proteins to the Cse4 nucleosome, preventing premature recruitment of the KMN 

network. Using immunoprecipitation and mass spectrometry from synchronized yeast cells we 

were able to show that Ndc10 binds Mtw1c in a cell cycle-dependent manner with a 4x increase 

in enrichment of Mtw1/Nnf1 in mitosis. We therefore speculate that Ndc10 and Mif2 

association is required, but not crucial in the initial step of kinetochore assembly. Subsequent 

binding of additional factors to Mif2, such as Chl4/Iml3, could release the binding of Ndc10, 

which then becomes available to interact with the Mtw1c in mitosis. Our research raises new 

questions about the complex kinetochore binding hierarchy and its posttranslational 

regulation and can provide a stepping stone for exciting experiments in the future.  

 

MATERIALS AND METHODS 

 

Plasmid construction 

 

Respective DNA was amplified from yeast genomic DNA using Phusion High Fidelity DNA 

Polymerase or Q5® High-Fidelity DNA Polymerase (New England Biolabs). Ndc101-551 was 

amplified from yeast genomic DNA and cloned into pet28 a (+) vector (Addgene), using NdeI 

and BamHI sites, in frame with an N-terminal 6xHis tag and a Thrombin cleavage site. The 

individual mutants were generated using the Q5 site-directed mutagenesis kit based on the 

recommended protocol (New England Biolabs). 1xStrep-Clb2 was cloned into pet28 a (+) vector 

(Addgene) using the Gibson assembly method. 

For insect cell expression, open reading frames of Mif2-6xHis-6xFlag, MTW1c (Dsn1-6xHis-

2xStrep, Mtw1, Nnf1, and Nsl1), 6xHis-Cdc5, Cdc28, Cks1 and Sli15-2xStrep-1xHA-6xHis and Ipl1 

were amplified from yeast genomic DNA and cloned into the pLIB or pBIG1 vectors according 

to the biGBac system (Weissmann et al. 2016). The constructs for insect cell expression were 

transformed into DH10Bac E. coli cells (ThermoFisher Scientific) for Bacmid generation. Viruses 

were generated and amplified in Sf21 cells (ThermoFisher Scientific) and the proteins were 

expressed in High Five cells (ThermoFisher Scientific). All plasmids used in this study are listed 

in Table S1. 
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Expression and purification of proteins from E. coli cells 

 

Ame1-6xHis-Okp1, Mtw1/Nnf1-6xHis, 1xStrep-Mtw1/Nnf1-6xHis, 6xHis-thrombin-Ndc10 

constructs and the corresponding mutants (Table S1) were expressed in E. coli Rosetta 2 cells 

(Merck). Cells were grown at 37 ˚C until OD600 0.6 followed by induction with 0.5 mM IPTG at 

18 ˚C, overnight. Cells were harvested by centrifugation for 10 min, 3500 x g, at 4 °C.  

Ame1-6xHis/Okp1 protein expression and purification from E. coli was performed as described 

previously (Hornung et al. 2011).  

Chl4/Iml3 protein expression and purification was performed as described (Fischbock-

Halwachs et al. 2019). 

Mtw1/Nnf1-6xHis, 1xStrep-Mtw1/Nnf1-6xHis and 6xHis-thrombin-Ndc10 were lysed in lysis 

buffer (50 mM HEPES pH 7.5, 300 mM NaCl, 3% glycerol, 1 mM MgCl2, 0.01% Tween20, 

cOmplete ULTRA EDTA-free Protease Inhibitor Cocktail (Roche)) using an M110L Microfluidizer 

(Microfluidics). Cell lysates were treated with 25 U/ml benzonase (Merck), prior to 

centrifugation at 48000 x g for 25 min at 4 °C. Mtw1/Nnf1-6xHis and 6xHis-thrombin-Ndc10 

were bound to Ni-NTA agarose (Qiagen) for 1 h at 4 °C, washed in wash buffer (50 mM HEPES 

pH 7.5, 400 mM NaCl, 30 mM imidazole, 3% glycerol, 0.01% Tween20) and eluted in 50 mM 

HEPES pH 7.5, 150 mM NaCl, 250 mM imidazole, 5% glycerol.  

1xStrep-Mtw1/Nnf1-6xHis was bound to Strep-Tactin Superflow agarose (Qiagen) for 1 h at 4 

°C washed with a buffer containing 50 mM HEPES pH 7.5, 400 mM NaCl, 3% glycerol, 0.01% 

Tween20 and eluted in 50 mM HEPES pH 7.5, 150 mM NaCl, 8 mM biotin, 5% glycerol. All 

proteins were buffer exchanged into a buffer containing 50 mM HEPES pH 7.5, 120 mM NaCl, 

10% glycerol using a PD10 desalting column (GE Healthcare) 

 

Expression and purification of proteins from insect cells 

 

Mif2-6xHis-6xFlag, MTW1c (Dsn1-6xHis-2xStrep/Mtw1/Nnf1/Nsl1), 6xHis-Cdc5, Sli15-2xStrep-

1xHA-6xHis/Ipl1 and the corresponding mutants thereof (Table S1) were expressed in High Five 

insect cell suspension culture (ThermoFisher Scientific) using Express Five medium 

supplemented with 1% v/v Gibco L‐glutamine (ThermoFisher Scientific) and 1% v/v pluronic 

(Invitrogen). 1 l of 1x106/ml High Five cells was infected with 10 ml of the virus and incubated 

at 95 rpm, 27.5 °C for three days. 
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Suspension cell cultures were harvested for 10 min, 1000 x g at 4 °C. Cells were resuspended 

in lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 3% glycerol, 1mM MgCl2, 0.01% Tween20, 

cOmplete ULTRA EDTA-free Protease Inhibitor Cocktail (Roche)). Insect cells were lysed by 

dounce homogenization (Wheaton douncer) with 15 strokes on ice and cell lysates were 

treated with 25 U/ml benzonase (Merck) prior to centrifugation at 48000 x g, 25 min at 4 °C. 

Mif2-6xHis-6xFlag or 6xHis-Cdc5 containing cleared lysates were incubated with Ni-NTA 

agarose (Qiagen) for 1 h at 4 °C, washed with 50 mM HEPES pH 7.5, 400 mM NaCl, 30 mM 

imidazole, 3% glycerol, 0.01% Tween20 and eluted in 50 mM HEPES pH 7.5, 150 mM NaCl, 250 

mM imidazole, 5% glycerol. 

For Dsn1-2xStrep/Mtw1/Nsl1/Nnf1, 1xStrep-Mps1 and Sli15-2xStrep-HA-6xHis/Ipl1 

purification, the cleared lysates were incubated with Strep-Tactin Superflow agarose (Qiagen) 

for 1 h at 4 °C washed with 50 mM HEPES pH 7.5, 400 mM NaCl, 3% glycerol, 0.01% Tween20 

and eluted in 50 mM HEPES pH 7.5, 150 mM NaCl, 8 mM biotin, 5% glycerol. 

Peak elution fractions of all the recombinant proteins were buffer exchanged using a PD10 

column (GE Healthcare) in a desalting buffer (50 mM HEPES pH 7.5, 120 mM NaCl, 10% 

glycerol). 

 

Purification of the CDC28Cdk1 complex 

 

For the reconstitution of the Cdc28-Clb2-Cks1 complex, 1xStrep-Clb2 was expressed and 

purified from E. coli followed by incubation with insect cell lysate containing expressed Cdc28 

and Cks1. 1xStrep-Clb2 was expressed and harvested as described for the E. coli protocol. Cells 

were lysed by sonication in a buffer containing 50 mM HEPES pH 7.5, 150 mM KCl, 5% glycerol, 

0.01% Tween, 1.5 mM MgCl2, 1 mM DTT and complete EDTA-free protease inhibitor (Roche). 

Cleared lysate was incubated with Strep-Tactin Superflow resin (Qiagen) for 1 h at 4 °C. Beads 

were washed in a wash buffer containing 50 mM HEPES pH 7.5, 150 mM KCl, 5% glycerol, 1 

mM DTT and incubated with the cleared insect cell lysates (expressed and harvested as 

previously described), containing recombinant Cdc28 and Cks1, for one hour at 4°C. Beads 

were washed with wash buffer and eluted in elution buffer (50 mM HEPES pH 7.5, 300 mM 

KCl, 5% glycerol, 1 mM DTT, 10 mM biotin). The eluate was dialyzed in 50 mM HEPES pH 7.5, 

150 mM KCl, 10% glycerol) and flash-frozen aliquots were stored at -80 °C. 
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In vitro binding assays 

 

For binding assays using the Mtw1 complex (Dsn1 wild-type or Dsn1S240D/S250D-6xHis-

2xStrep/Mtw1/Nsl1/Nnf1) or the 1xStrep-Mtw1/Nnf1-6xHis heterodimer as a bait, the protein 

complexes, along with the respective wild-type or mutant candidate binding proteins/protein 

complexes, were mixed in a 1:2 molar ratio and incubated on ice for 30 min. The volumes were 

adjusted with low salt buffer (30 mM HEPES pH 7.5, 150 mM NaCl, 3% glycerol, 0.01% 

Tween20). The sample mixture was further immobilised on a Strep-Tactin Superflow resin 

(Qiagen) for 1 h at 4 °C, 1200 rpm using a thermomixer (Eppendorf) and washed two times 

with high salt buffer (30 mM HEPES pH 7.5, 300 mM NaCl, 3% glycerol, 0.02% Tween20) and 

one time with low salt buffer. Samples were eluted in a buffer containing 30 mM HEPES pH 

7.5, 150 mM NaCl, 3% glycerol and 8 mM biotin for 20 min at 4 °C and 1200 rpm using a 

thermomixer (Eppendorf).  

Binding assays with Mif2-6xHis-6xFlag and 1xFlag-thrombin-Ndc101-551 were performed in the 

same manner with two exceptions: 1) the proteins were immobilised on M2 anti-FLAG agarose 

beads (Sigma-Aldrich) and 2) elution was performed in a buffer containing 30 mM HEPES pH 

7.5, 150 mM NaCl, 3% glycerol and 1mg/ml Flag peptide. Proteins were resolved on 4-20% 

gradient SDS-PAGE gels (Bio-Rad) and visualised by Coomassie staining (Roth). Protein band 

intensities were quantified using ImageJ and the standard deviation was calculated from 2-4 

biological replicates.  

Immunoblotting of Mif2-FLAG (Fig 1 D) was performed by separating input or eluate fractions 

on 10% SDS-PAGE gels. Proteins were transferred to PVDF membrane and Western blot 

analysis was performed by incubating the membrane for 1 h in a 1:10000 dilution of a mouse 

monoclonal ANTI-FLAG® M2 primary antibody (Sigma-Aldrich) and using HRP-conjugated 

rabbit anti-mouse IgG (abcam) as secondary antibody. 

 

Analytical size exclusion chromatography 

 

Analytical SEC experiments were performed on a Superdex 200 Increase 3.2/300 or a Superose 

6 Increase 3.2/300 column (GE Healthcare). Proteins were mixed in equimolar ratios and 

incubated on ice for 1 h prior to injection. Samples were eluted under isocratic conditions at 4 

°C in a buffer containing 50 mM HEPES pH 7.5, 180 mM NaCl, 3% glycerol. Elution of proteins 
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was monitored by absorbance at 280 nm. 100 µl fractions were collected and analysed by SDS-

PAGE and Coomassie staining. 

 

Yeast growth assay 

 

The anchor-away strains (Table S2) were created by endogenously tagging the Ndc10 locus 

with the FRB domain in a strain expressing the ribosomal RPL13-FKB12 anchor. The 

endogenous protein can be anchored away by addition of 1 µg/ml rapamycin to the growth 

medium. For the rescue experiment wild-type or mutant Ndc10 coding sequences were cloned 

into the pRS313 vector along with the corresponding 200 bp promoter region and a C terminal 

6xHis--6xFlag tag (Table S1). Point mutations were made using the Q5® Site-Directed 

Mutagenesis Kit (NEB). The rescue constructs were transformed into a Ndc10-FRB strain and 

the cell growth was tested by spotting 2.5 μl of five 10-fold serial dilutions starting at OD600 = 

0.5 on YPD plates in the presence or absence of rapamycin (1 µg/ml). To test benomyl 

sensitivity, dilutions were plated on YPD + rapamycin + benomyl (15 µg/ml) plates. Plates were 

incubated at 30 °C or 37 °C for 2-3 days. 

 

Immunoprecipitation to evaluate Ndc10 expression levels in the anchor-away strains using 

western blot analysis 

 

Ndc10 anchor-away strains BTS2, BTS5, BSS313 and BSS325 (Table S1) ectopically expressing 

Ndc10 wild-type and mutant proteins were grown in 50 ml SD(-)His medium at 30 °C to an 

OD600 of 1-1.5. An equivalent of 50 OD of cells was harvested by centrifugation (5 min, 3140 

x g, 4 °C) and the pellet was resuspended in lysis buffer (25 mM HEPES pH 8, 150 mM KCl, 5% 

glycerol, 2 mM MgCl2, 0.08% NP40, 0.1 mM EDTA, 0.5 mM EGTA and complete EDTA-free 

protease inhibitor (Roche)) and lysed by intermittent vortexing using 500 μl glass beads (0.5 

mm diameter, Microspec). Lysates were cleared at 21000 x g, 4 °C for 30 minutes. The lysate 

was further incubated with 20 μl of anti-FLAG M2 agarose (Sigma-Aldrich) at 4 °C for one hour. 

Beads were washed twice with lysis buffer and eluted in the same buffer containing 0.5 mg/ml 

3xFLAG peptide. Samples were analysed using 10% SDS-PAGE gels followed by immunoblotting 

using anti-FLAG M2 (1:5000, Sigma-Aldrich) or anti-Pgk1 (1:10000, Invitrogen) antibodies, and 

visualized by the HRP-conjugated anti mouse secondary antibody (1:15000, Santa Cruz). 
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Co-Immunoprecipitation of Ndc10 from yeast cell extracts and mass spectrometric analysis  

 

A yeast strain expressing endogenously tagged Ndc10-6xHis-6xFlag and equipped with 

galactose inducible 1xmyc-Mps1 (pGAL-1xmyc-Mps1) (Table S2) was used for synchronized 

(G1- or G2/M-phase) immunoprecipitation experiments. 1 l YPD medium was set to OD600 0.2 

and grown at 30 °C, 180 rpm until OD600 0.5. The cells were pelleted and the medium was 

exchanged with YPD medium and alpha factor (10 mg/l for G1 phase arrest) or with YEP 

medium + 2% galactose + 2% raffinose (for G2/M phase arrest) and grown for 3.5 h until the 

cells were uniformly synchronized. Cells were harvested by centrifugation for 10 min at 3500 

x g, 4 °C and resuspended in lysis buffer (25 mM HEPES pH 8.0, 150 mM KCl, 2 mM MgCl2, 15% 

glycerol, 0,1% NP40, 0.1 mM EDTA, 0.5 mM EGTA, 2 mM DTT, cOmplete ULTRA EDTA-free 

Protease Inhibitor Cocktail (Roche), 1x Halt Phosphatase Inhibitor Cocktail (ThermoFisher 

Scientific). The cells were lysed using an M110L Microfluidizer (Microfluidics) followed by 

benzonase (25 U/ml) treatment (Merck) for 30 min on a rotation wheel at 4 °C. The lysate was 

cleared by centrifugation (48000 x g, 25 min, 4 °C) and protein was bound to M2 anti-FLAG 

agarose (Sigma-Aldrich) for 2 h on a rotation wheel at 4 °C. The beads were washed in a buffer 

containing 25 mM HEPES pH 8.0, 150 mM KCl, 15% glycerol, 0.1% NP40 and the protein was 

eluted in the same buffer with addition of 1 mg/ml 3xFLAG peptide. The eluate was rebound 

to Ni-NTA agarose (Qiagen) for 30 min at 4 °C in a thermomixer with 1200 rpm shaking. The 

beads were washed two times in a buffer containing 25 mM HEPES pH 8.0, 150 mM KCl, 15% 

glycerol. The beads were digested by addition of 2 sample volumes of 8 M urea, reduced with 

5 mM TCEP (ThermoFisher Scientific) for 15 min and alkylated with 10 mM iodoacetamide 

(Sigma-Aldrich) for 30 min. Peptides were released from the beads by sequential digestion with 

lysyl endopeptidase (1:50 w/w, Wako) for 2 h followed by trypsin treatment at 35 °C overnight, 

1200 rpm (1:50 ratio w/w, Promega). The reaction was stopped with 1% (v/v) trifluoroacetic 

acid and the peptides were purified using C18 cartridges (Sep-Pak, Waters). Samples were 

analysed by LC-MS/MS using an Orbitrap Elite instrument (Thermo Fisher Scientific). Protein 

intensities of two biological replicates were obtained using the MaxQuant software (Cox and 

Mann 2008). Raw IBAQ intensities were normalized to the Ndc10 bait.  
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Live cell microscopy 

For live cell microscopy of Ndc10-GFP, Ndc10-Y52A-GFP or Ndc10-W55A-GFP localization, the 

Ndc10 anchor-away strain expressing endogenously tagged Okp1-mCherry as kinetochore 

marker was transformed with the corresponding constructs (pRS313-Ndc10-GFP, pRS313-

Ndc10-Y52A or pRS313-Ndc10-W55A-GFP, Table S1). Transformed yeast cells were grown in 

selective medium (–His/-Trp) in the presence of 1 mg/ml rapamycin at 30 °C until OD600 ~0.5. 

Cells were immobilized on concanavalin-A (Sigma-Aldrich) coated slides (Ibidi) and imaged in 

an environmental chamber maintained at 30 °C (Oko Labs). Live cell imaging was carried out 

on a Nikon TiE microscope equipped with a Yokogawa CSU-W1 spinning disk confocal unit (50 

µm pinhole size), an Andor Borealis illumination unit, Andor ALC600 laser beam combiner (405 

nm / 488 nm / 561 nm / 640 nm), and Andor IXON 888 Ultra EMCCD camera. The microscope 

was controlled by software from Nikon (NIS Elements, ver. 5.02.00). Tiled images (5x5 with 5% 

overlap) were acquired for each condition with a pixel size of 130 nm using a Nikon PlanApo 

100x/1.45 NA oil immersion objective and a Perfect Focus System (Nikon). GFP and mCherry 

were excited for 500 ms using the 488 and 561 nm laser lines, respectively. The emission of 

GFP and mCherry was captured by using a 525/50 nm and a 600/50 nm filter, respectively. In 

addition, differential interference contrast (DIC) images were acquired. 

 

Crosslinking mass spectrometry 

 

Recombinant Mif2:Ame1/Okp1:Ndc10:MTW1cDsn1 S240/250D complex was crosslinked using a 

zero-length crosslinker DMTMM (4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium 

chloride, Sigma Aldrich) for 6 min at 10 °C and 1200 rpm at a final concentration of 40 mM. 

The reaction was quenched using a desalting column (ThermoFisher Scientific), followed by 

addition of ammonium bicarbonate at a final concentration of 100 mM. The crosslinked 

samples were subjected to tryptic digestion as described in the protocol above. After reversed 

phase chromatography, peptides were further enriched on a Superdex Peptide PC 3.2/30 

column (300 × 3.2 mm). Collected fractions were analysed by liquid chromatography coupled to 

tandem mass spectrometry using an LTQ Orbitrap Elite (ThermoFisher Scientific) instrument 

(Herzog et al. 2012) and the crosslinked peptides were identified using xQuest software 

(Walzthoeni et al. 2012). The results were filtered with an MS1 tolerance window of −4 to 4 

ppm and score ≥ 22 followed by manual validation.  
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Amino acid sequence alignment  

Multiple sequence alignment of Mif2 and Ndc10 protein sequences from interrelated budding 

yeast species was conducted with Clustal Omega (Sievers et al. 2011). Protein sequences with 

the highest similarity were determined by protein BLAST and included in the Clustal Omega 

alignment.  

 

Data availability 

The mass spectrometry raw data was uploaded to the PRIDE Archive. The access information 

is for the recombinant Mif2:Ame1/Okp1:Ndc10:Mtw1CDsn1 S240/250D XLMS data: Project 

accession: PXD022043, Username: reviewer_pxd022043@ebi.ac.uk, and Password: 

LYn3YmQk. 
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Figure 1. Ndc10 binding to the MTW1 complex is cell cycle and phosphorylation dependent  

(A) Relative abundances of proteins that coprecipitated with the endogenously tagged full 

length Ndc10-6xHis-6xFlag. Cells were synchronized in G1 or G2/M phase using alpha factor or 

galactose induced Mps1 overexpression, respectively. Pull-down samples were analysed by 

mass spectrometry and the raw IBAQ intensities were normalised to the bait. (B) Crosslinking 

mass spectrometry analysis of the recombinant Mif2:Ame1/Okp1:Ndc10:Mtw1CDsn1 S240/250D 

complex (Table S4). Proteins are indicated as bars with the known domains indicated (Table 

S5). Subunits of the same complex are shown in the same color. Inter-protein crosslinks are 

depicted in black or dark gray and intra-protein crosslinks in light gray. (C) The interaction 

between Ndc10 and the MTW1 complex was analysed by size exclusion chromatography. 

Proteins were mixed in equimolar ratio and run on a Superose 6 Increase 3.2/300 column. The 

peak fractions were visualised by SDS-PAGE and Coomassie staining. (D) In vitro binding assay 

probing the interaction of immobilised wild-type Mtw1c or Mtw1cDsn1 S240/250D with Mif2, 

Ame1/Okp1 and Ndc10. Bound proteins were analysed by SDS-PAGE and Coomassie staining. 

Levels of Mif2 protein are visualized by Western blot as it overlaps with Dsn1 protein. IN: input 

sample, IP: immunoprecipitated sample. (E) Quantification of bound Ndc101-551 protein levels 

shown in (D). Protein band intensities were quantified using ImageJ. Bars represent the average 

of four experiments with error bars indicating the standard deviation. 
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Figure 2. The Mtw124-40 helix is responsible for Ndc10 binding 

(A) The role of the Dsn1/Nsl1 or Mtw1/Nnf1 heterodimer in Ndc101-551 binding was assessed in 

vitro. Heterodimers were separately expressed, purified from E. coli and binding to 

immobilised 1xFlag-Ndc101-551 was tested in vitro. (B) To further narrow down the Ndc101-551 

binding site on the Mtw1/Nnf1 heterodimer, 1xFlag-Ndc101-551 was immobilised and incubated 

with wild-type Mtw1/Nnf1 Mtw1Δ25-90/Nnf1, Mtw1Δ120-289/Nnf1 or monomeric Mtw1. (C) In 

vitro binding assay of Mtw124-40, Mtw170-90 or their combination to Ndc101-551. 1×Strep-tagged 

peptides (Table S3) were incubated with recombinant Ndc101-551 at a molar ratio of 2:1. (D) 

Ndc101-551 levels bound to the respective peptides shown in (C) were quantified with ImageJ. 

Each bar represents the average of three experiments and the highest intensity (Mtw124-

40+Mtw170-90) was set to 1 with error bars indicating the standard deviation. (E) Experiment as 

described in (C) was performed using Mif2, Ame1/Okp1 and Ndc10 as prey. *asterisk indicates 

contaminant band. (F) Model of the Mtw1 helix-loop-helix region is displayed based on the 

crystal structure (PDB entry 5T58) (Dimitrova et al. 2016). The region used to design the helix 

1 (aa 24-40) and helix 2 (aa 70-90) peptides is indicated in green and by dashed arrows. The 

Mif2 and Ame1 binding sites constituted by the corresponding critical binding residues are 

shown in dark blue and red, respectively (Dimitrova et al. 2016). (G) Empty Strep beads or 

immobilised 1xStrep-Mtw1/Nnf1 wild-type or the respective point mutants (depicted in (F)) 

responsible for breaking the interaction with either Mif2 of Ame1 (Dimitrova et al. 2016) were 

incubated with Mif2, Ame1/Okp1 or Ndc101-551. Eluates were analysed by SDS-PAGE and 

Coomassie staining. 
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Figure 3. The conserved N-terminal Ndc10 residue Y52 is important for Mtw1 interaction and 

essential for cell viability at restrictive temperature 

(A) Amino acid sequence alignment of the Ndc101-173 N-terminal region from interrelated yeast 

species with the highest similarities to S. cerevisiae. The region used for N-terminal deletion 

analysis and the conserved region used for point mutational analysis are indicated and shaded 

in light blue. Amino acids are colored according to the Clustal Omega color scheme. Residues 

that are identical among aligned protein sequences (*), conserved substitutions (:), and 

semiconserved substitutions (.) are indicated. (B) In vitro binding assay analysing the 

interaction of Ndc10 N-terminal deletion mutants with Mtw1/Nnf1. 1xStrep-Mtw1/Nnf1 was 

immobilised and incubated with Ndc101-551 wild-type or deletion mutants (Ndc10Δ11, Ndc10Δ36, 

Ndc10Δ63). (C) Mtw1 interaction with Ndc101-551 point mutants (Ndc10Y52A, Ndc10I53A, 

Ndc10Q54A, Ndc10W55A) was tested as described in (B) (D) Cell viability assay of Ndc10 point 

mutants using the anchor-away technique. Ndc10-FRB strains transformed with the indicated 

Ndc10 rescue alleles were spotted in serial dilutions on YPD plates with or without addition of 

rapamycin (1 µg/ml) and benomyl (15 µg/ml) and incubated at 30 °C or restrictive temperature 

(37 °C), respectively. (E) Live cell microscopy showing the localization of ectopically expressed 

wild-type Ndc10-GFP and Ndc10-Y52A-GFP, Ndc-W55A-GFP mutant proteins analyzed in a 

Ndc10 anchor-away strain. Strains were grown and analyzed in the presence of 1 µg/ml 

rapamycin. Okp1-mCherry was used as kinetochore marker. BF: brightfield image. (F) Cell 

viability assay of Ndc10 wild-type, Ndc10-Δ11, the Ndc10-Y52A point mutant or the 

combination of both Ndc10-Δ11-Y52A analysed in aNdc10-FRB/mif2-Δ35 background. (G) 

Western blot analysis of ectopically expressed Ndc10 wild-type and mutant protein levels from 

the experiment shown in (F).  Ndc10 proteins are visualized using anti-Flag antibody, Pgk1 

levels are shown as a loading control. 
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Figure 4. Ndc10 binds to a serine-rich region in Mif2 (aa 220-240) 

(A) Amino acid sequence alignment of the Mif2189-241 region from interrelated yeast species 

with the highest similarities to S. cerevisiae. The region spanning ScMif2-200-240 is shaded in 

light blue. Phosphorylation sites used for mutational analysis are indicated by arrowheads. 

Residues that are identical among aligned protein sequences (*), conserved substitutions (:), 

and semiconserved substitutions (.) are indicated accordingly.  (B) Ndc101-551 interaction with 

Mif2 was tested by immobilising Mif2-6xHis-6xFlag wild-type or mutant proteins (Mif2Δ238-312, 

Mif2Δ238-370, Mif2Δ35-237) and incubating with Ndc101-551. (C) Bound Ndc101-551 levels were 

quantified using ImageJ and Ndc10 ratio to the bait Mif2 is shown (n=2). (D) The effect of Mif2 

phosphorylation on Ndc101-551 binding was tested in an in vitro binding assay. Insect cell-

expressed Mif2-6xHis-6xFlag was dephosphorylated using λ phosphatase and re-

phosphorylated with the known kinetochore kinases (Sli15ΔN228/Ipl1Aurora B, Cdc5Plk1, 

Cdc28Cdk1) in a buffer containing 1 mM ATP and 2.5 mM MgCl2. (E) Quantification of the 

experiment shown in (D) as described in (C). (F) In vitro binding assay to delimit the Ndc10 

binding site on Mif2. Indicated Mif2-6xHis-6xFlag deletions or phosphorylation-site mutants 

were immobilised and binding to Ndc101-551 was analysed. (G) Bound Ndc10 levels from the 

experiment shown in (F) were quantified as described in (C). 
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Figure 5. Mif2 binding to Ndc101-551 occurs via the same N-terminal region as Mtw1 binding 

(A) Mif2-6xHis-6xFlag was immobilised and incubated with Ndc101-551 wild-type or the 

indicated deletion mutants in a 1:1 molar ratio. (B) Immobilised Mif2-6xHis-6xFlag was 

incubated with Ndc101-551 point mutants (Ndc10Y52A, Ndc10I53A, Ndc10Q54A, Ndc10W55A). (C) 

Competition between Mtw1 and Mif2 was tested using the Mif2-Δ170 mutant lacking the 

Mtw1 binding domain. 1xStrep-Mtw1/Nnf1 was immobilised and incubated with Ndc101-551, 

Ndc101-551 and Mif2 or Ndc101-551 and Mif2-Δ170. The interaction between Ndc10 and Mif2 

wild-type or Mif2-Δ170 was tested by immobilising the corresponding proteins and incubating 

with Ndc101-551. (D) Quantification of the Ndc10 levels retained by Mtw1/Nnf1 as shown in (C). 

Protein levels were quantified using ImageJ with bars depicting the relative intensity and with 

error bars indicating the standard deviation (n=2). (E) Competition between Chl4/Iml3 and 

Ndc101-551 for Mif2 binding was tested by immobilising Mif2-6xHis-6xFlag and incubating with 

the indicated proteins. (F) The experiment shown in (E) was quantified as described in (D). (G) 

Model summarising the phosphorylation dependent recruitment of Mtw1/Nnf1 (green) via the 

three inner kinetochore receptors Ame1 (red), Mif2 (blue) and Ndc10 (grey) through their N 

terminal domains. While the N terminal deletion of Ame1 is lethal and crucial for cell viability, 

perturbations in both, the N terminal regions of Mif2 and Ndc10 cause synthetic lethality.  
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Supplemental information 

Supplemental Figures 

Figure S1 

 

Figure S1. Analysis of Ndc101-551, Mif2, Ame1/Okp1 and Mtw1C complex formation by size 

exclusion chromatography. The interaction between 6xHis-Ndc101-551, Mif2-6xHis-6xFlag, 

6xHis-Ame1/Okp1 and Mtw1c (Mtw1/Nnf1/Dsn1-6xHis-6xFlag/Nsl1) was analyzed using size 

exclusion chromatography. Protein complexes were mixed in an equimolar ratio and incubated 

on ice for 1 h. The samples were run on a Superose 6 Increase 3.2/300 column and analyzed 

by SDS-PAGE and Coomassie staining. The shift in fraction 11 and 12 indicates association of 

the larger complex.  
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Figure S2 

 

Figure S2. Ndc101-551displays more robust binding comparing to Mif2 and Ame1/Okp1 

(A) In vitro binding assay was performed by immobilizing 1xStrep-Mtw1/Nnf1 wild-type or the 

indicated Mtw1 deletion or double-point mutants and incubating with 6xHis-Ndc101-551. (B) In 

vitro binding assay to estimate the effect of the Mtw141-69 loop deletion on Mif2-6xHis-6xFlag, 

6xHis-Ame1/Okp1 or 6xHis-Ndc101-551 binding. The eluted protein complexes were visualized 

by SDS-PAGE and Coomassie staining. IN: input sample, IP: immunoprecipitated sample. 
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Figure S3 

 

 

Figure S3. In vivo effect of mutating Ndc10 – Mtw1 binding sites 

In vivo analysis of Ndc10 mutants using the anchor-away technique. Yeast cell growth of a 

Ndc10-FRB strain was tested in serial dilutions either untransformed (-) or transformed with 

the indicated Ndc10 rescue constructs on YPD medium in the absence or presence of 1 µg/ml 

rapamycin and/or 15 ug/ml benomyl at permissive (30 °C) or restrictive temperature (37 °C). 

 

Figure S4 

 

 

Figure S4. Ame1/Okp1 does not form a stable complex with Ndc101-551 in size exclusion 

chromatography analysis. 

The interaction between 6xHis-Ndc101-551 and 6xHis-Ame1/Okp1 was analyzed using size 

exclusion chromatography. Protein complexes were mixed in an equimolar ratio, incubated on 

ice for 1 h prior to injection and run on a Superose 6 Increase 3.2/300 column. Collected peak 

fractions were analyzed by SDS-PAGE and Coomassie staining. 
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Figure S5 

 

Figure S5. Mif2 occupies a larger binding site on Ndc10 than Mtw1 

(A) In vitro binding assay to estimate the effect of conserved Ndc10 residues based on a 

multiple sequence alignment from interrelated yeast species on Mtw1/Nnf1 binding. 1xStrep-

Mtw1/Nnf1 was immobilized and probed by incubation with indicated 6xHis-Ndc101-551 

mutants. (B) Binding assay to access the influence of mutation in the conserved areas of Ndc10 

on Mif2 binding. Mif2-6xHis-6xFlag was immobilized and probed with the indicated 6xHis-

Ndc101-551 mutants. Eluted proteins were visualized by SDS-PAGE and Coomassie staining.  
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Supplemental Tables 

Table S1. Plasmids used in this study.  

Number Plasmid Source 

BMP82 pET28 6xHis-Thrombin-Ndc101-551 This study 

BMP131 pET28 6xHis-Thrombin-Ndc1063-551 (Δ63) This study 

BMP83 pET28 6xHis-Thrombin-Ndc101-107,139-551 (Δ107-139) This study 

BMP132 pET28 6xHis-Thrombin-Ndc10139-551 (Δ139) 
This study 

BMP142 pET28 6xHis-Thrombin-Ndc101-551 Y45AY48A This study 

BMP143 pET28 6xHis-Thrombin-Ndc101-551 Y52AW55A This study 

BMP155 pET28 6xHis-Thrombin-Ndc101-551 L122A L125A This study 

BMP156 pET28 6xHis-Thrombin-Ndc101-551 L132A L135A This study 

BMP197 pET28 6xHis-Thrombin-Ndc101-551 Y52A This study 

BMP198 pET28 6xHis-Thrombin-Ndc101-551 I53A This study 

BMP199 pET28 6xHis-Thrombin-Ndc101-551 Q54A This study 

BMP200 pET28 6xHis-Thrombin-Ndc101-551 W55A 
This study 

BMP102 pETDuet-1 Mtw1/Nnf1-6xHis This study 

BMP62 pST39 Dsn1/Nsl1-6xHis/Mtw1 Stefan Westermann 

BMP181 pETDuet-1 1xStrep-Mtw1/Nnf1-6xHis This study 

BMP136 pETDuet-1 1xStrep-Mtw1 Δ25-90/Nnf1-6xHis This study 

BMP135 pETDuet-1 1xStrep-Mtw1 Δ120-289/Nnf1-6xHis This study 

BMS20 pET28 1xStrep-Mtw1 This study 

BMP75 pBIG1 Dsn1-2xStrep/Mtw1/Nsl1/Nnf1 
(Fischbock-Halwachs 

et al. 2019) 

BTS16 pBIG1 Dsn1S240D/S250D-6xHis-2xStrep /Mtw1/Nsl1/Nnf1 This study 

BMP123 pST39 Okp1-6xHis/Ame1 Stefan Westermann 

BJF6 pLib-Mif2-6xHis-6xFlag 
(Fischbock-Halwachs 

et al. 2019) 

BMP201 pLib-Mif2Δ35-237-6xHis-6xFlag This study 
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BMP202 pLib-Mif2Δ238-312-6xHis-6xFlag This study 

BMP203 pLib-Mif2Δ238-370-6xHis-6xFlag 
This study 

BSS227 pLib-Mif2Δ176-230-6xHis-6xFlag This study 

BSS230 pLib-Mif2Δ176-200-6xHis-6xFlag This study 

BSS231 pLib-Mif2Δ200-230-6xHis-6xFlag This study 

BSS290 pLib-Mif2Δ200-240-6xHis-6xFlag This study 

BSS292 pLib-Mif2Δ221-240-6xHis-6xFlag This study 

BSS327 pLib-Mif2ΔN2-170-6xHis-6xFlag This study 

BSS280 pLib-Mif2-S177A-T194A-S195A-S198A-S199A-S217A-S226A-

S228A-S229A-6xHis-6xFlag 

This study 

BSS285 pLib-Mif2-S177A-T194A-S195A-S198A-S199A-S217A-S226A-

S228A-S229A-S232A-S234A-S236A-S238A-S240A-6xHis-6xFlag 

This study 

BSS287 pLib-Mif2-S217A-S226A-S228A-S229A-S232A-S234A-S236A-

S238A-S240A-6xHis-6xFlag 

This study 

BSS294 pLib-Mif2-S232A-S234A-S236A-S238A-S240A-6xHis-6xFlag This study 

BJF1 pBIG1-SLI15-2xStrep-HA-6xHis/IPL1 (Fischbock-Halwachs 

et al. 2019) 

BCK44 pET28-1xStrep-Clb2 This study 

BSS25 pLib-Cdc28 This study 

BSS26 pLib-Cks1 This study 

BSS75 pLib-6xHis-Cdc5 This study 

BMP37 pETDuet-1-6-His-Chl4/Iml3 (Fischbock-Halwachs 

et al. 2019) 

BTS1 pRS313-200 5’UTR Ndc10-6xHis-FLAG This study 

BTS2 pRS313-200 5’UTR Ndc10Y52A-6xHis-6xFLAG This study 

BTS3 pRS313-200 5’UTR Ndc10I53A-6xHis-6xFLAG This study 

BTS4 pRS313-200 5’UTR Ndc10Q54A-6xHis-6xFLAG This study 

BTS5 pRS313-200 5’UTR Ndc10W55A-6xHis-6xFLAG This study 

BSS313 

 

BSS325 

 

pRS313-200 5’UTR Ndc10ΔN2-11-6xHis-6xFLAG 

 

pRS313-200 5’UTR Ndc10ΔN2-11-Y52A-6xHis-6xFLAG 

 

This study 

 

This study 
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BSS340 

 

BSS341 

pRS313-200 5’UTR Ndc10ΔN2-21-6xHis-6xFLAG 

 

pRS313-200 5’UTR Ndc10ΔN2-28-6xHis-6xFLAG 

This study 

 

This study 

 

BSS339 

 

pRS313-200 5’UTR Ndc10ΔN2-36-6xHis-6xFLAG 

 

This study 

 

BSS260 

 

BSS306 

 

BSS329 

 

pRS313-200 5’UTR Ndc10-GFP 

 

pRS313-200 5’UTR Ndc10Y52A-GFP 

 

pRS313-200 5’UTR Ndc10W55A-GFP 

 

 

This study 

 

This study 

 

This study 

 

 

 

Table S2. Yeast strains used in this study.  

Number Genotype 

YTS35 MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX, 

pRS313-NDC10-6xHis6xFLAG::HIS 

YTS37 MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX, 

pRS313-NDC10Y52A-6xHis6xFLAG::HIS 

YTS39 MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX, 

pRS313-NDC10I53A-6xHis6xFLAG::HIS 

YTS41 MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX, 

pRS313-NDC10Q54A-6xHis6xFLAG::HIS 

YTS43 

 

YSS699 

 

YSS667 

 

YSS712 

 

YSS713 

 

YSS702 

 

YSS691 

 

YSS704 

 

YSS705 

 

YSS706 

YSS696 

 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX, 

pRS313-NDC10W55A-6xHis6xFLAG::HIS 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX, 

pRS313-NDC10ΔN2-11-6xHis6xFLAG::HIS 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10 

FRB::KanMX, pRS313-NDC10ΔN2-11-Y52A-6xHis6xFLAG::HIS 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX, 

pRS313-NDC10ΔN2-21-6xHis6xFLAG::HIS 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX, 

pRS313-NDC10ΔN2-28-6xHis6xFLAG::HIS 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX, 

pRS313-NDC10ΔN2-36-6xHis6xFLAG::HIS 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX, 

mif2ΔN2-35::hphNT1 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX, 
mif2ΔN2-35::hphNT1, pRS313-NDC10-6xHis6xFLAG::HIS 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX, 

mif2ΔN2-35::hphNT1. pRS313-NDC10ΔN2-11-6xHis6xFLAG::HIS 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX, 

mif2ΔN2-35::hphNT1. pRS313-NDC10ΔN2-11-Y52A-6xHis6xFLAG::HIS 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10- 
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YSS697 

 

YSS709 

 

YSS710 

 

YSS711 

 

YSS663 

 

YSS665 

 

YSS675 

 

YTZ50 

 

FRB::KanMX, mif2ΔN2-35::hphNT1. pRS313-NDC10Y52A-6xHis6xFLAG::HIS 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10- 

FRB::KanMX, mif2ΔN2-35::hphNT1. pRS313-NDC10W55A-6xHis6xFLAG::HIS 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX, 

mif2ΔN2-35::hphNT1. pRS313-NDC10ΔN2-21-6xHis6xFLAG::HIS 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX, 

mif2ΔN2-35::hphNT1. pRS313-NDC10ΔN2-28-6xHis6xFLAG::HIS 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX, 

mif2ΔN2-35::hphNT1. pRS313-NDC10ΔN2-36-6xHis6xFLAG::HIS 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX, 

Okp1-mCherry::natNT2, pRS313-NDC10-GFP 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10- 

FRB::KanMX, Okp1-mCherry::natNT2, pRS313-NDC10Y52A-GFP 

MAT a, tor1-1, fpr1::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10- 

FRB::KanMX, Okp1-mCherry::natNT2, pRS313-NDC10W55A-GFP 

pGAL-1myc-MPS1, Ndc10-6xHis-6xFLAG 

 

 

 

Table S3.  

Peptides were preceded with a Strep tag and a short linker (SAWSHPQFEKGGSA). 

Number Protein ID Sequence 

PA0123 Mtw124-40 SAWSHPQFEKGGSAVDDIINAVNEIMYKCTA 

PA0124 Mtw170-90 SAWSHPQFEKGGSASLLENSVDKNFDKLELYVLRN 

 

Table S4. Inter- and intra-protein crosslinks on recombinant Mif2:Ame1/Okp1:Ndc101-

551:Mtw1cDsn1 S240/250D complex used in Figure 7B 

Mif2 and Mtw1c were recombinantly expressed in insect cells while Ndc101-551 and 

Ame1/Okp1 were expressed and purified from E. coli. The complex was assembled and 

incubated on ice prior to cross linking. In total, 96 inter-protein (dark green) and 170 intra-

protein (light green) crosslinks were detected on the recombinant complex depicted in Figure 

1B.  

Submitted to PRIDE Archive with project accession code: PXD022043.  
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Table S5. Predicted and published domains depicted in the crosslink network 

The crosslink network on the recombinant Ndc101-551:Mif2:Ame1/Okp1:Mtw1c complex from 

Table S4 was depicted in Figure 1B with addition of previously identified protein domains. 

Protein Domain/Motif Start End Reference 

Ame1 coiled coil 177 272 MARCOIL prediction 

Mif2 MTW1C binding 1 35 (Hornung et al. 2014) 

Mif2 signature motif 238 312 (Hornung et al. 2014) 

Mif2 IML3/CHL4 binding 256 549 
(Hinshaw and 

Harrison 2013) 

Mif2 cupin fold 439 526 (Hornung et al. 2014) 

Okp1 coiled coil 183 290 MARCOIL prediction 

Okp1 coiled coil 346 381 MARCOIL prediction 

Mtw1 Mif2 and Ame1 binding domain 25 90 (Dimitrova et al. 2016) 

Nnf1 Mif2 and Ame1 binding domain 13 83 (Dimitrova et al. 2016) 

 

References: 

Dimitrova YN, Jenni S, Valverde R, Khin Y, Harrison SC (2016) Structure of the MIND Complex Defines a 

Regulatory Focus for Yeast Kinetochore Assembly. Cell 167: 1014-1027 e1012 

Fischbock-Halwachs J, Singh S, Potocnjak M, Hagemann G, Solis-Mezarino V, Woike S, Ghodgaonkar-

Steger M, Weissmann F, Gallego LD, Rojas J et al (2019) The COMA complex interacts with Cse4 and 

positions Sli15/Ipl1 at the budding yeast inner kinetochore. eLife 8 

Hinshaw SM, Harrison SC (2013) An Iml3-Chl4 heterodimer links the core centromere to factors 

required for accurate chromosome segregation. Cell reports 5: 29-36 

Hornung P, Troc P, Malvezzi F, Maier M, Demianova Z, Zimniak T, Litos G, Lampert F, Schleiffer A, 

Brunner M et al (2014) A cooperative mechanism drives budding yeast kinetochore assembly 

downstream of CENP-A. The Journal of cell biology 206: 509-524 
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3.3 C-Terminal Motifs of the MTW1 Complex Cooperatively Stabilize Outer Kinetochore 

Assembly in Budding Yeast 

 

Ghodgaonkar-Steger M*, Potocnjak M*, Zimniak T, Fischböck-Halwachs J, Solis-Mezarino V, 

Singh S, Speljko T, Hagemann G, Drexler DJ, Witte G, Herzog F. C-Terminal Motifs of the MTW1 

Complex Cooperatively Stabilize Outer Kinetochore Assembly in Budding Yeast. Cell Reports. 

2020; 32, 108190. doi: 10.1016/j.celrep.2020.108190. (*equal contribution) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



106 
 

 

 

 

 



107 
 

 

 

 

 



108 
 

 

 

 

 



109 
 



110 
 

 

 

 

 



111 
 

 

 

 

 



112 
 

 

 

 

 



113 
 

 

 

 

 



114 
 

 

 

 

 



115 
 

 

 

 

 



116 
 

 

 

 

 



117 
 

 

 

 

 



118 
 

 

 

 

 



119 
 

 

 

 

 



120 
 

 

 

 

 



121 
 

 

 

 

 



122 
 

 

 

 

 



123 
 

 

 

 

 



124 
 

 

 

 

 



125 
 

 

 

 

 



126 
 

 

 

 

 



127 
 

 

 

 

 



128 
 

 

 

 

 



129 
 

 

 

 

 



130 
 

 

 

 

 



131 
 

 

 

 

 



132 
 

 

 

 

 



133 
 

 

 

 

 



134 
 

 

 

 

 



135 
 

 

 

 

 



136 
 

 

 

 

 



137 
 

 

 

 

 



138 
 

 

 

 

 



139 
 

 

 

 



140 
 

4 Discussion 
 

The initial goal of this thesis was to characterise essential kinetochore complexes associated 

with the centromeric nucleosome in budding yeast, which bridge the centromeric DNA and the 

microtubule binding KMN network at the outer kinetochore. The budding yeast kinetochore 

assembled on a point centromere is thought to represent the simplest kinetochore unit. It links 

a single Cse4CENP-A containing nucleosome to a single microtubule. The human kinetochore has 

been proposed to be built up by several such units. Roughly 100 CENP-A nucleosomes give rise 

to a human kinetochore that attaches 20-30 microtubules (Verdaasdonk and Bloom 2011). 

Before the start of my work the only known interactor of the Cse4CENP-A nucleosome was 

Mif2CENP-C (Kato et al. 2013). Using biochemical reconstitution, co-immunoprecipitation and 

crosslinking combined with mass spectrometry we have identified two additional kinetochore 

components – Ame1/Okp1 and Ndc10, which connect the outer kinetochore to the 

centromeric nucleosome. Furthermore, we have identified previously unknown interactions 

within the inner and outer kinetochore that are crucial for the cooperative stabilization of the 

kinetochore architecture and its function.  

 

4.1 Mif2 and Ame1/Okp1 are direct and selective interactors of the Cse4 containing 

nucleosome  

 

In order to screen for direct interactors of the budding yeast centromeric nucleosome we 

reconstituted the individual CTF19cCCAN subcomplexes, Mif2, Ame1/Okp1, Ctf19/Mcm21, 

Chl4/Iml3, Mcm16/Ctf3/Mcm22, Cnn1/Wip1, Nkp1/Nkp2, Mhf1/Mhf2, and Cse4 or H3 

containing nucleosomes in vitro. As Mif2 was previously identified to bind the C-terminal tail 

of Cse4 it served as a positive control. Applying the electrophoretic mobility shift assay (EMSA) 

I have identified Ame1/Okp1 as another selective binding partner of the Cse4 nucleosome 

(Figure 7A and B). The interaction does not rely on the AT-rich centromeric DNA as proposed 

by (Hornung et al. 2014) since we reconstituted the nucleosomes using the Widom 601 

nucleosome-positioning DNA sequence. All of the other members of the CTF19cCCAN did not 

form stable complexes with either Cse4 or H3 nucleosomes. 
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Furthermore, I have performed crosslinking analysis on a complex assembled on Cse4 

nucleosomes by Mif2, Ame1/Okp1, Ctf19/Mcm21 and obtained a connectivity map of 349 

inter-protein crosslinks. The network confirms several known interactions such as the binding 

of Mif2 and Ame1 to the MTW1c as well as the interaction between Mif2 and Ame1/Okp1 

(Przewloka et al. 2011, Screpanti et al. 2011, Hornung et al. 2014, Dimitrova et al. 2016). Inter-

protein crosslinks confirm the interaction between Mif2 and Chl4/Iml3 within the annotated 

Chl4/Iml3 binding domain and the formation of a complex between Ame1/Okp1, Ctf19/Mcm21 

and Chl4/Iml3 (Hinshaw and Harrison 2013, Schmitzberger et al. 2017). The Mif2 signature 

domain uses the C-terminus of Cse4 protein as docking site (Kato et al. 2013), however we 

were able to identify that Ame1/Okp1 docks onto the N-terminus of Cse4 (Anedchenko et al. 

2019, Fischbock-Halwachs et al. 2019). Deletion of amino acids 34-46 in the N-terminal region 

of Cse4 leads to the loss of interaction with Ame1/Okp1. We also showed that this region is 

important for cell viability using the anchor-away assay. The crosslinks pinpointed a helical 

region in Okp1 as the binding site of the Cse4 N-terminus which I further confirmed using 

deletion mutants and size exclusion chromatography. Deletion of helix2 (aa 163-187) of Okp1 

prevents complex formation with Cse4 nucleosomes in EMSA or size exclusion 

chromatography experiments. Deletion of this region in vivo results in a lethal phenotype 

indicating that the interaction between Ame1/Okp1 and Cse4 is essential for cell viability. 

The human orthologue of Chl4/Iml3, CENP-N/L, was shown to interact with the CENP-A 

nucleosome (Pentakota et al. 2017, Tian et al. 2018, Chittori et al. 2018), but we could not 

reproduce this interaction with the budding yeast orthologous proteins using EMSA or 

crosslinking analysis. Furthermore, the human orthologue of the CTF3 complex, CENP-HIK, 

binds equally well to Cse4 and H3 nucleosomes (Weir et al. 2016), however the budding yeast 

orthologues did not show this interaction. In summary, our results suggest that the 

architecture of the budding yeast inner kinetochore is distinct from the human kinetochore, 

which could be a consequence of assembling the kinetochore structure on highly divergent 

centromeres. In contrast to the regional centromeres in humans, the geometrical constraints 

of the budding yeast point centromere might require a specific Cse4CENP-A binding structure 

in order to build a high-affinity link of one Cse4 containing nucleosome to a single microtubule 

that facilitates the transmission of the microtubule tensile forces for biorientation and accurate 

chromosome segregation. 
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Figure 7 The heterodimeric Ame1/Okp1 complex directly and selectively binds the Cse4 
nucleosomal core particle. 

(A) Electrophoretic mobility shift assays of the indicated CTF19cCCAN subunits and 

subcomplexes mixed in a 2:1 molar ratio with either Cse4- or H3-NCPs. DNA/protein complexes 

were separated on a 6% native polyacrylamide gel. The DNA is visualized by SYBR Gold staining. 

(B) Coomassie stained gel of the individual inner kinetochore components, recombinantly 

purified from E. coli, used in the EMSA in (A). (C) XLMS analysis of the in vitro reconstituted 

Cse4-NCP:Mif2:COMA:Chl4/ Iml3:MTW1c complex. Proteins are represented as bars indicating 

annotated domains (Supplementary file 3) according to the color scheme in the legend. 

Subunits of a complex are represented in the same color and protein lengths and cross-link 

sites are scaled to the amino acid sequence. (Figure and description from (Fischbock-Halwachs 

et al. 2019)) 
 

 

4.2 The Ndc10 N-terminus recruits MTW1c in mitosis 
 

In addition to Ame1/Okp1 as a link between the Cse4 nucleosomes and the outer kinetochore 

MTW1c, I have identified Ndc10, a subunit of the CBF3 complex, as another centromeric link 
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within the kinetochore architecture. The CBF3 complex has been previously identified as a 

direct binder of Cse4 nucleosomes which displays CEN DNA specificity and is required for the 

recruitment of other kinetochore proteins. The CBF3c represents the assembly of 

Skp1:Ctf13:(Cep3)2:(Ndc10)2 with Ndc10 loosely interacting with the CBF3 core complex in 

vitro (Doheny et al. 1993, Goh and Kilmartin 1993, Russell et al. 1999, Strunnikov et al. 1995, 

Jiang et al. 1993, Yan et al. 2019, Leber et al. 2018). Using pull-down experiments of 

endogenously tagged Ndc10 from synchronized cell lines I found a previously unknown 

interaction with the outer kinetochore MTW1c. Interestingly, the co-precipitated levels of 

Mtw1/Nnf1 were 4 times higher in mitotically arrested cells compared to cells synchronized in 

G1 indicating that this pathway specifically recruits the outer kinetochore in mitosis. This is 

particularly intriguing for budding yeast where, unlike the human kinetochore, the kinetochore 

is fully assembled and bound to the microtubule throughout the cell cycle (Biggins 2013, Hara 

and Fukagawa 2020).  

I have investigated this finding using biochemical and genetic experiments and compared it to 

the previously identified pathways which recruit the outer kinetochore via interactions with 

Mif2 and Ame1/Okp1. Interestingly, the Ndc10 binding mode of MTW1c is similar to the other 

two MTW1c recruiters. Notably, it binds to the same loop-helix-loop region (amino acids 24-

90) of the Mtw1 head I domain (Dimitrova et al. 2016) with the difference that it predominantly 

binds helix 24-40. Mif2 and Ame1/Okp1 require the full helix-loop-helix formation for the 

interaction with a higher sensitivity to perturbations or even single mutations. Thus, Ndc10 

might represent a more robust Mtw1 binder that does not require Nnf1 for the interaction. In 

comparison to Mif2 and Ame1/Okp1, the interaction of Ndc10 is even more enhanced by 

Dsn1S240/250 phosphorylation through Ipl1Aurora-B kinase which renders the Mtw1/Nnf1 head I 

accessible for binding by Ndc10, Mif2 or Ame1. The Ndc10 region associating with Mtw1 lies 

in its N-terminus (amino acids 1-55), similar to the MTW1c binding sites of Mif2 and 

Ame1/Okp1. This suggests that Ndc10 is a third link required for the recruitment of an 

additional microtubule binding unit, and thus further stabilizes microtubule attachment in 

mitosis. I have identified the first 11 amino acids and residue Y52 to be required for the 

interaction with Mtw1 as deletion or substitution mutants cause loss of binding in vitro. 

Analysis of the corresponding mutants in cell viability assays using the anchor-away assay, 

suggested that the Ndc10 – Mtw1 interaction is not essential. However, expression of the 

Ndc10-Y52A mutant in a Mif2Δ35 mutant background resulted in severe growth defects and 
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synthetic lethality. This indicates that the Ndc10 pathway is redundant with the Mif2-mediated 

MTW1c interaction and the cell cannot solely rely on the Ame1/Okp1 link to the outer 

kinetochore. We do not yet fully understand the molecular details of how the three different 

proteins organize recruitment of the KMN network and whether there is a binding hierarchy 

that is potentially controlled by posttranslational modifications. This will require in vitro 

reconstitution studies of a minimal kinetochore containing the CBF3c, Mif2, Ame1/Okp1 and 

the outer kinetochore MTW1c. 

 

4.3 Mif2 interacts with the Ndc10 N-terminus in a phosphorylation-dependent manner 

and competes with Mtw1 binding 

 

Interaction of the two MTW1c receptors Ame1/Okp1 with Mif2 was investigated and 

confirmed previously (Hornung et al. 2014), we therefore aimed to map the binding 

interdependencies between Ndc10, Ame1/Okp1 and Mif2. Although it was reported that the 

COMA complex (Ctf19/Okp1/Mcm21/Ame1) interacts with the CBF3 complex (Ortiz et al. 

1999) we did not find convincing evidence that this interaction occurs through Ame1/Okp1 

(purified from E. coli or insect cells) and the N-terminal Ndc101-551 region, but we cannot 

exclude the possibility that additional factors in a cellular environment might support this 

interaction. In contrast, Mif2 and Ndc101-551 forms a stable complex in vitro. I have found that 

in vitro Mif2 binding occurs only upon phosphorylation of a serine-rich region (aa 217-240), 

predominantly by Cdc5PLK1 kinase. Interestingly, the same region of Mif2 also binds Ame1/Okp1 

in a phosphorylation-dependent manner (Hagemann et al. manuscript submitted). How this 

interaction is regulated and whether there is a competition of Ndc10 and Ame1/Okp1 for the 

binding site at Mif2 remains to be investigated.  

Using biochemical experiments, I have determined that the binding domain of Mif2 maps to 

the same, albeit slightly larger region of Ndc10, as that of Mtw1. An N-terminal deletion 

(Ndc10-Δ11) or a single site mutation of the conserved residue Y52 to alanine abrogates both 

interactions of Mif2 and Mtw1 in vitro. Thus, I wanted to determine whether there is a 

competition between Mif2 and Mtw1 for the Ndc10 binding site. Mif2-Δ170 was unable to 

bind Mtw1 although its Ndc10 binding site remains preserved. Upon competition in the binding 

assay Mif2-Δ170 was able to reduce bound Ndc10 levels from the Ndc10-Mtw1 complex by 

50%. This indicates that phosphorylated Mif2 competes off Ndc10 from the Mtw1 protein. As 



145 
 

I determined by in vivo pull-down assays, that Ndc10 predominantly co-precipitates Mtw1 and 

to a lesser extent Mif2 in mitosis we hypothesised that in a certain condition Mtw1 has a 

binding advantage over Mif2. Using binding assays, I found that Mif2 bound by its known 

binding partner Chl4/Iml3 (Hinshaw and Harrison 2013) has 50% reduced ability of Ndc10 

binding compared to free Mif2. Apart from the de-phosphorylated state of Mif2 this might be 

another mechanism to enable Mtw1 to preferentially access Ndc10 in mitosis. We speculate 

that binding of Mif2 and Ndc10 occurs during the initial step of kinetochore assembly followed 

by the binding of additional factors to Mif2 such as Chl4/Iml3. This improves the accessibility 

of Ndc10 for Mtw1 binding and facilitates stabilization of the outer kinetochore in mitosis.  

 

4.4 The C-terminus of the MTW1c is the centrepiece of outer kinetochore assembly 
 

The advances in crystallography and cryo-electron microscopy over the recent years yielded 

high resolution structures of kinetochore proteins and sub-complexes providing the 

foundation for studying the kinetochore architecture (Dimitrova et al. 2016, Yan et al. 2019). 

The structures are predominantly limited to structured and rigid areas and thus, crosslinking 

and mass spectrometry has proven a useful tool to integrate the structural information on the 

unstructured and flexible parts which are frequently implicated in establishing the interactions 

between kinetochore subcomplexes. We employed large-scale purifications of endogenously 

tagged budding yeast kinetochore proteins in order to obtain a comprehensive network of 

interactions and elucidate binding dependencies in the outer kinetochore. We identified 225 

inter-protein and 237 intra-protein crosslinks on the inner and outer kinetochore subunits 

confirming most of the known interactions (Kudalkar et al. 2015, Malvezzi et al. 2013, Pekgoz 

Altunkaya et al. 2016a, Schleiffer et al. 2012, Hornung et al. 2014). We observed a majority of 

crosslinks connecting the C-termini of the MTW1c to the other KMN subcomplexes, 

Spc105/Kre28 and the NDC80c. In our previous work we have shown that the N-terminus of 

MTW1c is a crucial link to the CCAN by connecting to Ame1/Okp1, Mif2 and Ndc10 proteins, 

while its C-terminal region serves as a central hub for outer kinetochore recruitment. The C-

terminus of MTW1c is proteolytically unstable and flexible which is the reason why it was not 

possible to observe its features in the published structures (Dimitrova et al. 2016).  

Crosslinks specifically indicated several regions in the C-termini of Mtw1, Dsn1 and Nsl1 

described or predicted as helices. The interaction between MTW1c and Spc24/25 through the 
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Dsn1 helix was previously described  (Kudalkar et al. 2015, Malvezzi et al. 2013). Cnn1, a CTF19c 

protein, binds to the same site on Spc24/25 as Dsn1, but with a higher affinity and thus, was 

used to compare the relative affinities of MTW1c interactions. Cnn1 levels peak in anaphase 

and it is believed to compete with MTW1c upon Cnn1 dephosphorylation during mitotic exit 

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

How the budding yeast Spc105/Kre28 is recruited to the KMN network was shown at the time. 

In humans, motifs NSL1209–213 and NSL1258–281 are sufficient to recruit SPC24/25 and KNL1, 

respectively (Petrovic et al. 2010, Petrovic et al. 2014). These motifs, however, are not 

conserved in budding yeasts. Using in vitro binding assays with the predicted helical peptides 

of the MTW1c C-termini, we identified Dsn1 and Mtw1 as predominant interactors of the 

Spc24/25 complex. Together, Dsn1 and Mtw1 peptides synergistically increased the binding 

affinity to Spc24/25 indicating that multiple C-terminal motifs cooperatively stabilize KMN 

network assembly. Mtw1 and Nsl1 motifs showed preferential binding of the SPC105c. In order 

to evaluate the impact of different helices on recruiting SPC105c and Spc24/25 in the context 

of the full-length MTW1c I have recombinantly expressed MTW1c mutants carrying deletion 

or point mutations within the Mtw1, Dsn1 or Nsl1 helices. Deletion of either of the individual 

helices led to the loss of Spc24/25 binding, indicating that the binding is very sensitive to 

perturbations and that Ndc80C is cooperatively stabilized at the KMN network in order to 

attach the microtubules to the kinetochore.   

In order to evaluate the importance of the Mtw1 helical motif we performed a series of pull-

down assays from S. cerevisiae using different C-terminal deletion mutants and identified the 

associated proteins by mass spectrometry. Deletion of the Mtw1232–248 helix resulted in loss of 

SPC105c and NDC80c recruitment and led to lethality in the cell growth assays. This indicates 

that the predicted Mtw1 helix is crucial for KMN assembly in budding yeast. Moreover, we 

were able to identify single amino acids within the Mtw1 helix required for Spc24/25, but not 

SPC105c interaction. The Mtw1V244D/L248D mutant that abrogated Spc24/25 binding in vitro, was 

not viable which implies that the Mtw1-Spc24/25 interaction is important for cell viability. Helix 

mutants within the full-length MTW1c complex showed the importance of the Nsl1 helix for 

Spc24/25 binding in vitro which could not be determined by the peptide binding assays. 

Together, our experiments indicate that the C-terminal motifs of Nsl1 and Mtw1 recruit 

SPC105c and support the recruitment of Spc24/25 by the Dsn1 C terminus (Figure 8). 
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4.5 The Spc105/Kre28 recruitment depends on the Kre28 coiled-coil 2 domain 
 

In order to determine how Spc105/Kre28 is recruited to the MTW1c we created a series of 

deletion mutants based on the crosslink information obtained from analysis of the 

recombinant and endogenous KMN network. Deletion of the coiled-coil domains of Spc105 

abrogated MTW1c binding and at the same time, prevented complex formation with Kre28. 

We therefore, expressed full-length Spc105 without Kre28 to exclude the possibility that the 

loss of Kre28 might have interfered with the binding, however Spc105 alone was not able to 

bind MTW1c. This indicates that unlike in humans where Zwint-1 is dispensable for the 

interaction, Kre28 is responsible for the recruitment of SPC105c to the MTW1c C-terminus. 

Based on the multiple sequence alignment of Kre28 from interrelated yeast species I have 

generated double point mutants within the two coiled-coils to determine the binding site of 

MTW1c on Kre28. Mutations within coiled-coil 2 impaired MTW1c binding whereas coiled-coil 

1 mutants had no effect on the interaction. Notably, mutants of the coiled-coil 2 are viable as 

are the mutants of the Mtw1 helix showing a reduction of bound SPC105c levels indicating that 

this interaction might be further stabilized through phosphorylation or other protein 

interactions that we have not detected. 

The outer kinetochore KMN network displays high levels of cooperativity. As within the MTW1c 

the combination of the Mtw1 and Dsn1 helical peptides increases overall affinity for the 

recruitment of the NDC80c, it is likely that the network has to satisfy a certain degree of protein 

association to withstand the pulling forces of the depolymerizing microtubules. Furthermore, 

binding of the full KMN super complex displays a 50 % stronger binding of SPC105c when 

Spc24/25 is present together with MTW1c, likely through the weak interactions between 

SPC105c and Spc24/25. Overall, the KMN network creates a strong and stable microtubule 

receptor sensitive to potential shortcomings within the system in order to prevent that 

chromosome segregation errors are passed on to future generations. 
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Figure 8 Crosslink Map Summarizing the Connectivity of the MTW1c C-Terminal Peptide Motifs 
with the Spc105/Kre28 and Spc24/25 Complexes 

Models of Spc105/Kre28 and MTW1c were prepared using I-Tasser and Chimera, and the 

Spc24 and Spc25 C-terminal RWDs are represented by the crystal structure (PDB: 4GEQ) 

(Malvezzi et al. 2013). RWD domains of Spc105 (amino acids 545–917) are highlighted in cyan, 

and CC2 of Kre28 (amino acids 225–265) is shown in light blue. The partial model of MTW1c 

depicts the Mtw1 helix amino acids 232–248 (red), Nsl1 helix amino acids 164–193 (dark gold), 

and Dsn1 helix amino acids 547–576 (dark blue), with the accordingly colored crosslinks to 

Spc24/25 and Spc105/Kre28. The accordingly colored arrows indicate the binding 

dependencies detected in in vitro binding assays. (Figure and description from (Ghodgaonkar-

Steger et al. 2020)) 
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