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 Equal partitioning of replicated chromosomes during mitosis is vital. The genetic 

information stored in chromosomes provide the template for cells to produce RNA and protein 

molecules, which carry out cellular functions. Failure to equally divide chromosomes between 

two daughter cells means a disturbance in this central dogma of biology. Chromosome division 

is mediated by a bipolar structure specific to mitosis, called the spindle. Cytoskeletal 

microtubules anchored at each pole grow towards the other pole, resulting in the separation of 

two poles. During this process, the sister chromatids (replicated pair of chromosomes 

connected to each other) bind to spindle microtubules. This is made possible by the 

kinetochore, which assembles on the centromeric DNA region of each sister chromatid. During 

metaphase, sister kinetochores establish bioriented attachments on dynamic spindle 

microtubules. In anaphase, microtubule depolymerization is coupled with the segregation of 

sister chromatids towards their respective poles. Thus, the main function of the kinetochore is to 

make strong and processive attachments to microtubules. 



 

 

 In the budding yeast S. cerevisiae outer kinetochore, the essential Ndc80 and Dam1 

complexes are the main microtubule binding components. I show that these two protein 

complexes have a tripartite interaction and disrupting any one interaction site results in 

chromosome segregation error. Through these three interactions, the elongated Ndc80 complex 

bridges two Dam1 complex rings. In addition, I detail the mechanisms by which the Aurora B 

kinase and Cyclin dependent kinase 1 (Cdk1) regulate the kinetochore-microtubule interface. 

The Aurora B kinase phosphorylates the Dam1 complex to disrupt each interaction site between 

the Dam1 and Ndc80 complexes. Further phosphorylation of the Dam1 complex results in the 

inhibition of both cooperative and single molecule microtubule-binding ability. In contrast, the 

Cdk1 phosphorylates the Dam1 complex to enhance the cooperative binding onto microtubules. 

Together, I describe how the Ndc80 and Dam1 complexes are organized at the kinetochore-

microtubule interface and the intricate mechanisms regulating these interactions. 

The Spc105 and MIND complexes are also essential and conserved components of the 

outer kinetochore. I show for the first time a recombinant expression and purification method for 

the Spc105 complex. I detected coiled-coil interactions between the two proteins that compose 

the Spc105 complex, Spc105p and Kre28p. Purification of the Spc105 complex from budding 

yeast co-purifies both MIND and Ndc80 complexes. These three protein complexes represent 

the highly conserved KMN network. Future studies will further utilize these tools for investigating 

how the Spc105 complex is organized with other outer kinetochore components.  
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Chapter 1  

Introduction 

Mitosis and its spindle 

The cell cycle is the process by which one mother cell grows, duplicates its genome, and 

undergoes mitosis to divide into two daughter cells. The goal of mitosis is to equally partition the 

duplicated chromosomes between the daughter cells. During human development many 

generations of the cell cycle result in one zygote becoming an adult, who is made up of about 

~3.7 x 1013 cells (Bianconi et al., 2013). Ensuring the maintenance of genetic integrity during 

this process is of paramount importance. Gametic aneuploidy can result in genetic monosomy 

and trisomy disorders (Oromendia & Amon, 2014). Additionally, aneuploidy is a hallmark of 

cancer cell genomes and is implicated to drive tumorigenesis (Gordon et al., 2012). These 

possible adverse effects of aneuploidy throughout an individual’s lifetime calls for a deep 

understanding of chromosome segregation mechanisms during mitosis. 

Highly conserved in evolution, chromosome segregation is a microtubule-based process. 

Part of the cytoskeleton, microtubules are composed of -tubulin and -tubulin heterodimers. 

The tubulin dimers polymerize into a polar and linear protofilament in a GTP-dependent manner, 

as the tubulin dimer is a GTPase (Desai & Mitchison, 1997). 13 protofilaments serve as the 

microtubule wall, forming a round hollow tube with a diameter of 25 nm (Evans et al., 1985; 

Ledbetter & Porter, 1963; Tilney et al., 1973). Microtubules have an inherent polarity with a plus 

and a minus-end. These microtubule ends alternate between two states of growth 

(polymerization) and shrinkage (depolymerization); this process is termed dynamic instability 

and is dependent on the tubulin dimer concentration (Mitchison & Kirschner, 1984; Walker et al., 

1988). 
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Mediated by microtubule polymerization, development of the mitotic spindle is the major 

structural feature of a mitotic cell. At the start of mitosis, microtubules are nucleated and grow 

from two cellular structures called the microtubule-organizing center (MTOC; centrosome in 

humans and spindle pole body in budding yeast). Microtubules growing from one centrosome to 

another are antiparallel. Bipolar kinesins with two plus-end directed motors cross-link these 

antiparallel microtubules before walking towards the plus ends (Kapitein et al., 2005; Kashina et 

al., 1996). This results in centrosome separation, spindle elongation, and spindle bipolarity. 

Establishment of the mitotic spindle serves to set up the structural environment for sister 

chromatid congression and segregation during metaphase and anaphase, respectively 

(Wordeman, 2010). 

During the establishment of the mitotic spindle, the duplicated sister chromatids bind and 

become incorporated into the microtubule network. Prior to the onset of mitosis, DNA replication 

duplicates each chromosome and forms sister chromatids connected by cohesin (Haering et al., 

2008). Each sister chromatid’s centromeric DNA has an assembled kinetochore, which attaches 

the sister chromatids to microtubules (Torras-Llort et al., 2009). Initially, one kinetochore 

interacts with the lateral wall of a microtubule originating from one centrosome. Once laterally 

bound, the chromatids are transported towards the spindle pole independently of microtubule 

depolymerization (Rieder & Alexander, 1990). This is mediated by dynein in mammalian cells 

and Kar3p, a kinesin-14 family member, in budding yeast (Tanaka et al., 2005; Yang et al., 

2007). During this process, the plus end of the attached microtubule undergoes 

depolymerization and often catches up to the laterally-bound kinetochore. This results in the 

conversion from lateral to end-on attachment between the kinetochore and microtubule, and the 

sister chromatids tracking with the dynamic microtubule tip (Tanaka, 2010). 

Next, the sister kinetochores attempt to make bioriented attachments to the spindle 

microtubules. Biorientation is established when each kinetochore is attached to microtubule tips 

originating from a unique centrosome. Some sister kinetochores initially make bioriented 
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attachments on the spindle. Monooriented sister kinetochores, bound to microtubules originating 

from only one centrosome, localized at a spindle pole have shown to congress towards the 

spindle midzone prior to biorientation. This is mediated by CENP-E (kinesin 7), a plus-end 

directed motor that transports these sister kinetochores along microtubules that have already 

established biorientation (Kapoor et al., 2006). Congression towards the spindle midzone might 

increase the probability that monooriented sister kinetochores become bioriented by moving to 

an area with a higher density of microtubules originating from the opposite spindle pole. 

Establishment of biorientation in all sister kinetochores silences the mitotic checkpoint and 

triggers the transition from metaphase to anaphase, when sister chromatids segregate towards 

their respective spindle poles. 

Aurora B kinase mediated error correction 

Attempts by the sister kinetochores to make bioriented attachments on the mitotic 

spindle often lead to incorrect attachments, including monotelic, syntelic, and merotelic 

attachments. Monotelic and syntelic attachments have one and both kinetochores bound to 

microtubule originating from one centrosome, respectively. Merotelic attachments have one 

kinetochore bound to microtubules originating from one centrosome and other kinetochore 

bound to microtubules from both centrosomes. Progression from metaphase to anaphase 

without correcting these errors can lead to aneuploidy and give rise to chromosomal instability in 

cancer cells (Gregan et al., 2011). A mitotic cell has two central mechanisms for preventing 

these events. 

First, the error correction pathway detects and corrects aberrant kinetochore-microtubule 

attachments. The highly conserved Aurora B kinase has emerged as the key regulator in this 

pathway (Carmena & Earnshaw, 2003). Initial budding yeast genetics experiments showed that 

temperature sensitive (ts) mutants in Aurora B kinase result in chromosome segregation defects 

(Biggins et al., 1999; Chan & Botstein, 1993). In mammalian cells, inhibiting its activity with a 
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small molecule yields monooriented chromosomes (Hauf et al., 2003). Aurora B kinase 

phosphorylates the main microtubule-binding components of the kinetochore, resulting in 

decreased affinity of these proteins for microtubules in vitro (Alushin et al., 2012; Gestaut et al., 

2008; Umbreit et al., 2012). Phosphomimetic mutations of these Aurora B kinase 

phosphorylation sites result in chromosome segregation defects in vivo (Cheeseman et al., 

2002; Welburn et al., 2010). These studies suggest that the Aurora B kinase targets and 

destabilizes erroneous kinetochore-microtubule attachments, allowing further attempts for sister 

kinetochores to establish biorientation. 

Tension across bioriented sister kinetochores is implicated as the main regulator of 

Aurora B kinase activity. Biorientation results in tension across sister kinetochores, which is 

opposed by the cohesion of sister chromatids by the cohesin complex (Haering et al., 2008; 

Tanaka et al., 2000). Evidence for tension suppressing Aurora B kinase activity come from 

studies in budding yeast. Inhibiting cohesin or DNA replication by genetic manipulation 

hypothetically abolishes tension at the kinetochores. Phenotypes associated with these genetic 

manipulations can be rescued by an Aurora B kinase ts mutant ipl1-321 at the restrictive 

temperature (Biggins & Murray, 2001; Tanaka et al., 2002). Aurora B kinase’s sensitivity to the 

absence of tension fits with other studies showing that tension directly stabilizes kinetochore-

microtubule attachments (Akiyoshi et al., 2010; Nicklas & Ward, 1994). Under this model, the 

absence of tension increases Aurora B kinase activity and destabilizes kinetochore-microtubule 

attachments. In the presence of tension, Aurora B kinase activity is suppressed and 

kinetochore-microtubule attachments are stabilized. 

The spindle assembly checkpoint 

The second mechanism for preventing missegregated chromosomes is the spindle 

assembly checkpoint (SAC). The SAC surveys the attachment state of kinetochores and 

prevents anaphase onset until all kinetochore-microtubule attachments are satisfied. The Mps1 
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kinase localizes to kinetochores lacking microtubule attachments, specifically binding to the 

Ndc80 complex (Hiruma et al., 2015; Ji et al., 2015; Kemmler et al., 2009; Nijenhuis et al., 

2013). This allows the Mps1 kinase to phosphorylate the MELT motifs of the nearby kinetochore 

protein KNL1 (Spc105p in budding yeast), providing a scaffold for recruiting Bub proteins 

(London et al., 2012; Shepperd et al., 2012; Yamagishi et al., 2012). Next, phosphorylation of 

Bub1 by Mps1 kinase forms a scaffold for the Mad1-Mad2 dimer to bind (Kim et al., 2012; 

London & Biggins, 2014); this Mad2 is in the “closed” conformation (C-Mad2). The free and 

monomeric Mad2 in the “open” conformation (O-Mad2) is then catalytically converted to C-Mad2 

by the kinetochore-anchored C-Mad2 (Skinner et al., 2008). This ultimately leads to the 

association of free C-Mad2 with Cdc20 and formation of the mitotic checkpoint complex (MCC), 

the SAC effector molecule (Musacchio, 2015).  

Sequestering Cdc20 into the MCC results in SAC activation by inhibiting the anaphase 

promoting complex (APC/C). Cdc20 is a co-activator of APC/C, a ubiquitin ligase that targets 

securin and cyclin B for proteasome degradation (Oliveira et al., 2010). Securin inhibits the 

proteolytic cleavage of cohesin, a protein complex responsible for sister chromatid cohesion by 

trapping them inside the cohesin ring structure (Haering et al., 2008; Jallepalli et al., 2001). 

Therefore, absence of kinetochore-microtubule attachments leads to the activation of the SAC 

and persistence of securin and cohesin. This ensures that the sister kinetochores do not 

segregate until all kinetochore-microtubule attachments are satisfied. 

Cyclin B is another important target of APC/C. Cyclin dependent kinases (Cdk) are the 

master regulators of the cell cycle checkpoints, including transitions into G1, S, G2, and M 

phases of the cell cycle. Inferred by their names, Cdk’s are activated by various cyclins during 

the cell cycle. Although Cdk levels remain relatively constant, the different cyclin levels fluctuate 

during various parts of the cell cycle. Cyclin B (Clb2 in budding yeast) binds and activates Cdk1 

(Cdc28 in budding yeast) to promote the transition from G2 to M phase (King et al., 1994). 

Satisfying all kinetochore-microtubule attachments in yeast silences the SAC and leads to the 
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APC/C-Cdc20 mediated destruction of Clb2, which results in mitotic exit from telophase and 

progression into cytokinesis (Surana et al., 1993). These mechanistic details show the tight 

regulation that has evolved to prevent chromosome missegregation and explain why presence 

of even a single unattached kinetochore creates a strong enough downstream signal to activate 

the SAC (Li & Nicklas, 1995; Rieder et al., 1995). 

The kinetochore-microtubule interface 

 The process and regulation of sister chromatid segregation discussed above reveal the 

kinetochore’s extensive involvement in the equal partitioning of the duplicated genetic material. 

The budding yeast kinetochore exhibits a high level of conservation with the human kinetochore 

(Lampert & Westermann, 2011). Compared to the human kinetochore, which binds ~20-25 

microtubules per kinetochore, each budding yeast kinetochore binds only one microtubule 

(Winey et al., 1995). The power of yeast genetics combined with these advantages make 

budding yeast an optimal model organism for studying the kinetochore’s role in equal 

chromosome segregation. 

 The budding yeast kinetochore is a protein super-complex composed of >40 proteins 

organized into multiple protein complexes. Centromeric DNA on each chromosome is the 

platform on which the kinetochore assembles, and budding yeast have a short point centromere 

of ~125 bp (Bloom & Carbon, 1982). This DNA region is uniquely marked by the presence of 

centromeric histone H3 (CenH3) protein instead of the canonical histone H3 protein; the 

budding yeast CenH3 is called Cse4p (Carroll & Straight, 2006). Largely, the kinetochore is 

divided into two spatial categories: inner and outer kinetochores. Inner kinetochore components 

assemble on or near the centromeric region while outer kinetochore components extend from 

the inner kinetochore and bind microtubules. 

To date, many inner kinetochore proteins have been identified. These include the CBF3 

complex, Ctf19 complex, Cbf1p, Mif2p, and Cnn1p (Biggins, 2013). Of these, only the CBF3 
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complex, Mif2p, Okp1p, and Ame1p (Ctf19 complex components) are essential for viability, 

implying redundant functionality among inner kinetochore proteins. The heterotetrameric CBF3 

complex (Ndc10p, Cep3p, Ctf13p, Skp1p) is thought to nucleate the kinetochore. A 

temperature-sensitive allele of NDC10, ndc10-1, prevents kinetochore assembly at the 

restrictive temperature (Goh & Kilmartin, 1993; He et al., 2000). Mif2p might be the next 

assembled essential kinetochore protein since Cse4p is co-purified with Mif2p and Mif2p 

localization to the centromere is dependent on both Cse4p and Ndc10p (Meluh & Koshland, 

1997; Westermann et al., 2003). Finally, both Okp1/Ame1p dimer and Mif2p bind MIND complex 

in vitro, the main connection to the outer kinetochore (Dimitrova et al., 2016; Hornung et al., 

2014). In this hierarchical manner, the essential inner kinetochore proteins assemble near the 

centromeric DNA to provide a scaffold for outer kinetochore proteins. 

 All outer kinetochore proteins are essential and organize into four separate protein 

complexes: Spc105, MIND, Ndc80, and Dam1 complexes. The Spc105 and Ndc80 complexes 

connect to the inner kinetochore through the MIND complex. These three protein complexes 

form the highly conserved KMN (Spc105/KNL1, MIND/Mis12, Ndc80) network (Cheeseman et 

al., 2006; Kudalkar et al., 2015; Petrovic et al., 2014; Petrovic et al., 2010). Finally, the Dam1 

complex is a fungal-specific kinetochore component that is recruited to the kinetochore by the 

Ndc80 complex (Janke et al., 2002); together, these two protein complexes form the main 

microtubule-binding components of the budding yeast kinetochore. 

 Processive kinetochore-microtubule attachments are crucial for preventing sister 

chromatid missegregation. Upon establishing biorientation, the sister kinetochores experience 

oscillations of microtubule assembly and disassembly during metaphase. This is termed 

“directional instability” (Skibbens et al., 1993; Wise et al., 1991) and both kinetochores must 

remain processively attached to these dynamic microtubules for silencing the SAC. Processive 

attachment is also important in anaphase when microtubule depolymerization is coupled to 

sister chromatid segregation. The outer kinetochore components are required for this 
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processive attachment. Temperature sensitive mutants in the Ndc80 or Dam1 complex 

components show chromosome segregation errors at the restrictive temperatures (Cheeseman 

et al., 2001; Janke et al., 2001; Li et al., 2002; Wigge et al., 1998). In vitro, the Dam1 and Ndc80 

complexes independently bind microtubules and interact on microtubules, which enhances 

microtubule binding of the Ndc80 complex (Gestaut et al., 2008; Powers et al., 2009; Tien et al., 

2010). Furthermore, the Dam1 complex tracks with depolymerizing microtubule plus ends and 

imparts microtubule tip tracking ability to the Ndc80 complex (Asbury et al., 2006; Lampert et al., 

2010; Tien et al., 2010; Westermann et al., 2006). In vivo, the Dam1 complex is required for 

kinetochores to make microtubule tip attachments, which are important for establishing 

biorientation (Shimogawa et al., 2006; Tanaka et al., 2005).  

 As described thus far, the most important function of the kinetochore is to strongly and 

processively attach to microtubules. Studies summarized above demonstrate the extensive 

research into how the Dam1 and Ndc80 complexes contribute to the kinetochore-microtubule 

interaction. Understanding the interaction regions between these two kinetochore components 

has implications for how the kinetochore strongly binds to spindle microtubules and the 

mechanisms by which the mitotic kinases regulate kinetochore-microtubule attachments. This 

thesis focuses on studying the molecular architecture of the budding yeast kinetochore-

microtubule interface and how they are regulated by phosphorylation events. 
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Chapter 2  

The Ndc80 complex bridges two Dam1 complex rings 

Introduction 

Kinetochores link replicated chromosomes to spindle microtubules. They form 

attachments flexible and strong enough to stay attached to microtubules during assembly and 

disassembly. Estimates of the strength of the attachments suggest that they are much stronger 

than required just to pull a chromosome through the cellular milieu (Fisher et al., 2009; Nicklas, 

1965). Yet, incorrect attachments are weak enough to be detached and corrected.  

The Dam1 and Ndc80 complexes are the main microtubule-binding components in the 

budding yeast kinetochore. The Ndc80 complex connects the Dam1 complex to the rest of the 

kinetochore. The two complexes interact on microtubules, significantly increasing the strength of 

Ndc80 complex attachment to microtubules (Lampert et al., 2010; Lampert et al., 2013; Tien et 

al., 2010). How these two complexes interact on microtubules remains uncertain with conflicting 

results reported in the literature (Lampert et al., 2013; Maure et al., 2011). 

In addition to providing strong attachments between chromosomes and spindle 

microtubules, kinetochores also serve as regulatory hubs. The Ndc80 complex and the Dam1 

complex are at the center of this regulation. The Ndc80 complex is a scaffold for the spindle 

assembly checkpoint (Dou et al., 2015; Hiruma et al., 2015; Ji et al., 2015). Both the Dam1 and 

Ndc80 complexes are targets of Aurora B kinase, which corrects aberrant kinetochore-

microtubule attachments to achieve bioriented attachments (Reviewed in Sarangapani & 

Asbury, 2014). Aurora B kinase phosphorylation of the Dam1 complex components Dam1p, 

Ask1p, and Spc34p together disrupts the interaction between the Dam1 and Ndc80 complexes 

(Lampert et al., 2013; Tien et al., 2010); however, which phospho-protein is responsible for 

disrupting the interaction has yet to be deciphered. 
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 Here, we present data suggesting that the Ndc80 and Dam1 complexes interact through 

a tripartite interaction. Interactions were detected between the Ndc80p (Ndc80 complex) and 

Dam1p, Ask1p, and Spc34p (Dam1 complex). These interaction regions correlate with the 

Aurora B kinase phosphorylation sites on the Dam1 complex, and to previously identified lethal 

mutations on the Ndc80p. Testing these phosphorylation events and mutations in our functional 

assay further confirmed the initial results. We suggest that this tripartite Ndc80 and Dam1 

complex interaction is more complex than previously thought and is heavily regulated by the 

Aurora B kinase. 

Results 

Three Ndc80p regions interact with Dam1p, Ask1p, and Spc34p of the Dam1 complex 

We identified where the Dam1 and Ndc80 complexes interact using protein cross-linking 

and mass spectrometry analysis (Figure 2.1 and 2.2) following protocols developed previously 

(Hoopmann et al., 2015; Kudalkar et al., 2015; Tien et al., 2014; Zelter et al., 2015). The full 

decameric Dam1 complex and tetrameric Ndc80 complex were cross-linked in the presence of 

taxol-stabilized microtubules. The C-terminal regions of Dam1p, Ask1p, and Spc34p formed 

cross-links to three distinct regions of Ndc80p (Figure 2.1A and Figure 2.2). The corresponding 

regions of Nuf2p also formed cross-links to these same regions of the Dam1 complex (Figure 

2.3). These three C-terminal regions of the Dam1 complex include five sites phosphorylated by 

Aurora B kinase. Phosphorylation of all five sites fully disrupts the interaction between the Dam1 

and Ndc80 complexes (Lampert et al., 2010; Tien et al., 2010). Thus, these sites likely 

represent primary interaction sites through which the Dam1 complex binds the Ndc80 complex. 

To identify the cognate binding site(s) on the Ndc80 complex, we compared the cross-

linking data to a map of functional regions on Ndc80p identified in a previous linker-scanning 

mutagenesis screen (Tien et al., 2013). Three of these regions map near or within the regions 

that cross-link to Dam1p, Ask1p, and Spc34p (Figure 2.1A). We define these interactions as A, 
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B, and C, and we will refer to the specific regions on each protein that are involved in these 

interactions as ADam1p and ANdc80p, BAsk1p and BNdc80p, and CSpc34p and CNdc80p, respectively (Figure 

2.1A and Table 2.1). 

We tested if the lethal mutations identified in our screen in regions ANdc80p, BNdc80p, and 

CNdc80p (Figure 2.1B) interfere with interactions between the Ndc80 and Dam1 complexes on 

microtubules using single-molecule total internal fluorescence (TIRF) microscopy (Figure 2.1C). 

Importantly, Ndc80 complexes carrying a mutation in regions ANdc80p, BNdc80p, or CNdc80p 

demonstrated homogeneous behavior in size exclusion chromatography, similar to the wild type 

Ndc80 complex (Figure 2.4E). These mutations also did not alter the residence time of the 

Ndc80 complex alone on microtubules, consistent with previous observations (Figure 2.1D; Tien 

et al., 2013). As reported previously, the presence of the Dam1 complex significantly increases 

the residence time of wild-type Ndc80 complex on microtubules (Tien et al., 2010). However, 

addition of the Dam1 complex only partially increased the residence time of the mutant 

complexes as compared to the wild-type Ndc80 complex (Figure 2.1D and Figure 2.4A,B). 

Ndc80-GFP complex containing Ndc80p insertional mutations outside the regions ANdc80p, 

BNdc80p, and CNdc80p had similar microtubule and Dam1 complex binding characteristics as the 

wild-type Ndc80 complex (Figure 2.4C,D). These observations suggest regions ANdc80p, BNdc80p, 

and CNdc80p each contribute to the interaction of Ndc80 complex with Dam1 complex; and the 

insertional mutants in these three regions were previously identified as lethal because they 

disrupted the interaction between the Dam1 and Ndc80 complexes. 

Dam1p, Ask1p, and Spc34p participate in interactions with Ndc80 complex that can be 

separately regulated by Aurora B kinase 

 We then asked if the corresponding regions in the Dam1 complex also contribute to the 

interaction between Dam1 and Ndc80 complexes. Aurora B kinase phosphorylates the Dam1 

complex at six different sites: Dam1p S20, S257, S265, S292; Ask1p S200; Spc34p T199 
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(Cheeseman et al., 2002). Phosphorylation of Dam1p S20 significantly decreases Dam1 

complex oligomerization, while phosphorylation of the three C-terminal sites in Dam1p slightly 

inhibits direct binding of the Dam1 complex to microtubules (Gestaut et al., 2008; Zelter et al., 

2015). In our prior work, we showed that phosphorylating all five sites besides S20 fully disrupts 

interaction between the Dam1 and Ndc80 complexes (Tien et al., 2010). As shown in Figure 

2.1A, these five sites fall into the three interaction regions defined above, ADam1p, BAsk1p, and 

CSpc34p (Table 2.1). We therefore systematically phosphorylated combinations of these five sites 

to dissect their contributions to the interaction between the Dam1 and Ndc80 complexes. 

We first purified recombinant mutant Dam1 complexes containing different combinations 

of Ser/Thr to Ala mutations, together with the S20A mutation in all cases. These mutants were 

treated with Aurora B kinase to produce a series of Dam1 complexes, each with a unique 

subset of phosphorylated sites. Each phosphorylated Dam1 complex was then tested for its 

ability to bind the wild-type Ndc80 complex in the single-molecule TIRF assay.  

 Simultaneously phosphorylating all three regions, ADam1p, BAsk1p, and CSpc34p completely 

disrupted the interaction between the Dam1 and Ndc80 complexes, as reported previously 

(Figure 2.5A and Figure 2.6A; Tien et al., 2010). Individually phosphorylating regions ADam1p, 

BAsk1p, or CSpc34p caused only partial disruption. Phosphorylating region BAsk1p together with 

CSpc34p also only partially disrupted the interaction, but phosphorylating ADam1p in combination 

with either BAsk1p or CSpc34p was sufficient to fully disrupt the interaction (Figure 2.5B and Figure 

2.6B,C). Neither the alanine mutations themselves, nor phosphorylation of a mutant Dam1 

complex with all six sites mutated to alanine had any effect, confirming that the observed 

disruptions were due to phosphorylation at the known sites (Figure 2.5A, Figure 2.6A, and 

Figure 2.7). Together these data demonstrate that each of these regions contributes to the 

interaction between the Dam1 and Ndc80 complexes and is regulated by phosphorylation. 
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The Dam1 and Ndc80 complexes interact at three different sites 

We next mixed and matched phosphorylation of the Dam1 complex with the mutations in 

Ndc80p. Full disruption by phosphorylation of the Dam1 complex was recapitulated by 

substituting a Dam1 complex phosphorylation with its corresponding mutation in Ndc80p. For 

example, phosphorylation of regions ADam1p and CSpc34p fully disrupted the interaction between 

the two complexes (Figure 2.5B). Similarly, phosphorylation at region ADam1p plus mutation in 

region CNdc80p fully disrupted the interaction between the two complexes (Figure 2.5C and Figure 

2.6E, F).  

Phosphorylation combinations that partially disrupted the interaction between the Dam1 

and Ndc80 complexes were also recapitulated by substituting a phosphorylation event with 

mutation in the corresponding binding region of Ndc80p. Phosphorylation at regions BAsk1p and 

CSpc34p partially disrupted the interaction between the two complexes (Figure 2.5B). Similarly, 

mutation in region BNdc80p plus phosphorylation at region CSpc34p, or phosphorylation at region 

BAsk1p plus mutation in CNdc80p partially disrupted the interaction between the two complexes 

(Figure 2.5C and Figure 2.6D). Together, our results demonstrate that the Dam1 and Ndc80 

complexes interact at three different sites, each of which is phospho-regulated by Aurora B 

kinase. 

The Ndc80 complex binds two Dam1 complex rings 

The Ndc80 complex is predicted to be a long fibril. The coiled-coiled length between 

regions ANdc80p and CNdc80p is predicted to be 29 nm (Lupas & Gruber, 2005) (Figure 2.8). The 

width of a Dam1 complex ring is only ~7 nm (V. H. Ramey et al., 2011). Assuming that the 

Ndc80 complex adopts a conformation roughly parallel to the microtubule axis (Alushin et al., 

2010; Joglekar, Bloom, & Salmon, 2009), a single ring could not span this distance. Thus we 

considered that multiple Dam1 complex rings might bind to the Ndc80 complex. Using negative 
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stain electron microscopy, we imaged the Dam1 complex on microtubules in the absence and 

presence of the wild-type Ndc80 complex.  

The Dam1 complex formed rings on microtubules as previously reported (Figure 2.8A 

and B; Miranda et al., 2005; Westermann et al., 2005). In the absence of the Ndc80 complex, 

the Dam1 complex rings tended to bind in doublets of rings, at an inter-ring distance of 13.3  

2.4 nm (avg  s.d.) (Figure 2.8A-C and Figure 2.9A). This suggests that Dam1 complex rings 

have an affinity for each other along the longitudinal axis of microtubules and have a tendency 

to stack together. The stacked double-ring organization may be analogous to the paired ring 

helices previously reported to form at higher concentrations of Dam1 complex (Miranda et al., 

2005). The percent of Dam1 ring pairs found in closely spaced doublets was higher in the 

presence of the Ndc80 complex, 49.1 % (estimated by Gaussian fitting to the peak, see 

Methods), as compared to without the Ndc80 complex, 18.8%. In addition, the two rings in each 

doublet were consistently held apart by a distance of 33.1  3.8 nm, similar to the predicted 

coiled-coil length between regions ANdc80p and CNdc80p (Figure 2.8 and Figure 2.8B). This 

suggests that one Ndc80 complex bridges two Dam1 rings by binding one ring at region ANdc80p 

and a second ring at region CNdc80p. 

To further test this hypothesis, 10 coiled-coil heptad repeats were inserted into the 

Ndc80p and Nuf2p coiled-coil domains to increase the length of the coiled-coil domain between 

the interaction regions by a predicted 10.5 nm (Figure 2.8D). In the presence of the 10-heptad 

mutant Ndc80 (Ndc8010-hep) complex, Dam1 ring doublets were consistently separated by 42.1  

2.1 nm, 9 nm farther apart than in the presence of wild-type Ndc80 complex (Figure 2.8 and 

Figure 2.9C). Finally, mutation in regions A, B or C of Ndc80p abolished its ability to bind two 

rings as the Dam1 inter-ring distance in these cases was the same in the absence of Ndc80 

complex (Figure 2.8D-F and Figure 2.10). These results strongly support the hypothesis that the 

Ndc80 complex bridges two Dam1 complex rings in vitro.  
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The Ndc80 10-heptad insertion complex is lethal in vivo 

We next explored the possibility that Ndc80 complex might also bridge across two Dam1 

complex rings in vivo. In particular, our observations raise the question of whether the specific 

33 nm inter-ring distance, delimited by the Ndc80 complex, is important. To test this we 

constructed yeast expression plasmids for ndc8010-hep and nuf210-hep, encoding Ndc80p and 

Nuf2p each with 10-heptad repeats inserted. Using a plasmid shuffle assay, we found that even 

when introduced together, ndc8010hep and nuf210hep could not support growth, even though the 

encoded proteins were expressed (Figure 2.11A, B). The Ndc8010hep complex is competent to 

assemble in vitro, to bind microtubules, to interact with the Dam1 complex on microtubules, and 

to bind two Dam1 complex rings (Figure 2.8; Figure 2.10C). The only known difference is that 

the inter-ring distance is increased by 9 nm. These results suggest that the Ndc8010hep complex 

cannot support viability due to an altered Dam1 complex inter-ring distance. 

The Ndc80 mutants exhibit biorientation and attachment defects 

The Ndc80p mutants in regions ANdc80p, BNdc80p, and CNdc80p cannot bind two Dam1 

complex rings, and consequently have decreased interaction with the Dam1 complex on 

microtubules. To determine if these Ndc80p mutants confer defects in chromosome 

biorientation and attachment, we used an auxin-inducible degron system for degrading the wild-

type Ndc80-AID (Nishimura et al., 2009). Non-degradable wild-type or mutant NDC80 was 

integrated at the URA3 locus. Ndc80-AID was efficiently degraded in the presence of auxin 

(Figure 2.13). Budding index analyses revealed that cells carrying wild-type NDC80 progressed 

through mitosis as expected. Cells without NDC80 also budded and divided on schedule, 

despite major defects in kinetochore attachment (see below), as expected since activation of the 

SAC requires the Ndc80 complex (Dou et al., 2015; Hiruma et al., 2015; Ji et al., 2015). In 

contrast, cells carrying Ndc80p mutations in regions ANdc80p, BNdc80p, and CNdc80p arrested as 
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large-budded cells (Figure 2.14) suggesting defects in kinetochore attachment and indicating 

that the checkpoint remained functional.    

 We performed a detailed analysis of the phenotype conferred by the NDC80 mutant 

alleles by imaging wild-type, depleted, and mutant cells with CEN3 and spindle pole bodies 

(SPB) tagged with GFP and mCherry, respectively. Cultures were synchronized at G1, released 

from synchrony and then imaged after 60 minutes. In the majority of wild-type NDC80 cells, 

CEN3 was bioriented with both CEN3-GFP puncta on the spindle axis; 78% were in metaphase 

and 22 % were in anaphase as judged by the spindle length. In the majority of the Ndc80-

depleted cells, CEN3-GFP was off of the spindle axis, consistent with complete detachment. A 

mutation in region ANdc80p, BNdc80p, or CNdc80p, resulted in 61, 59, and 75% of the cells with 

monooriented CEN3 and 34, 39, and 21% of cells with detached CEN3, respectively. (Figure 

5A, B). In addition, in the majority of cells depleted of Ndc80 or with a mutation in regions 

ANdc80p, BNdc80p, or CNdc80p the SPBs were separated by more than 2 m (Figure 2.12C). These 

long spindles and the high frequency of detached CEN3 suggest that few if any of the 

kinetochores were bioriented. Thus, we conclude that Ndc80p carrying a mutation in region 

ANdc80p, BNdc80p, or CNdc80p disrupts kinetochore biorientation and attachment in vivo. 

The Ndc80 mutants have defects in recruiting the Dam1 complex to the kinetochore 

 The Ndc80 complex is responsible for recruiting the Dam1 complex to the kinetochore 

(Janke et al., 2002). Since Ndc80 complexes carrying a mutation in region ANdc80p, BNdc80p, or 

CNdc80p are defective in binding the Dam1 complex in vitro, we asked if Dam1 complex 

kinetochore localization is also compromised in vivo. We again used the auxin-inducible degron 

system for degrading the wild-type Ndc80-AID, while wild-type or mutant NDC80 was integrated 

at the URA3 locus; Mtw1-YFP, Dad4-CFP, and Spc110-mCherry marked the kinetochore, 

Dam1 complex, and SPB, respectively.  
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Cells expressing wild-type NDC80 had two distinct clusters of Mtw1-YFP between two 

SPBs, as expected for bioriented sister kinetochores. Consistent with previous studies 

(Cheeseman et al., 2001; Hofmann et al., 1998; Li et al., 2002), the Dam1 complex localized 

along the spindle but also showed two distinct clusters that colocalized with the Mtw1-YFP. 

(Figure 2.15A, B). None of the mutants showed the organized kinetochores seen in wild-type 

cells. Instead, in the milder mutants (mutation in region BNdc80p; CNdc80p; or BNdc80p and CNdc80p) 

kinetochores were spread along the spindle and a few were detached. In the more severe 

mutants (mutation in region ANdc80p; ANdc80p and BNdc80p; ANdc80p and CNdc80p; ANdc80p, BNdc80p and 

CNdc80p; or Ndc80-depleted) few kinetochores were associated with the spindle. Instead, most 

were detached from the microtubules between the two SPBs (Figure 2.16).  

Unlike wild-type NDC80, Dad4-CFP in mutant Ndc80 cells decorated the spindle but 

concentrated poorly at the Mtw1-YFP clusters that did occur (Figure 2.15B and Figure 2.16). In 

wild-type NDC80 cells, an increase or decrease in Mtw1-YFP fluorescence correlated with an 

increase or decrease in Dad4-CFP fluorescence, respectively; however, Ndc80-depleted cells 

showed poor correlation. One or multiple mutations in region ANdc80p, BNdc80p, and CNdc80p resulted 

in significantly decreased correlation between Mtw1-YFP and Dad4-CFP (Figure 2.15C). Single 

mutations in region BNdc80p or CNdc80p resulted in less severe defects. These observations 

suggest that mutations in regions ANdc80p, BNdc80p, and CNdc80p had little effect on binding of Dam1 

complex to the microtubules, but disrupted the ability of Ndc80 to recruit Dam1 complex to the 

kinetochore in vivo, thereby causing severe defects in kinetochore attachment and biorientation. 

Discussion 

The discovery that the Dam1 complex forms oligomers and rings around microtubules 

galvanized the mitosis field by providing a molecular explanation for how kinetochores are able 

to maintain processive attachment to the flared ends of a depolymerizing microtubule. Rings are 

not required for the Dam1 complex to track depolymerizing microtubules in the absence of 
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tension (Gestaut et al., 2008; Grishchuk et al., 2008). However, oligomerization of the Dam1 

complex is required to maintain attachments under tension as would be experienced during 

metaphase (Umbreit et al., 2014; Volkov et al., 2013). Prior models of the kinetochore have all 

assumed that each kinetochore contains only one Dam1 complex ring. Here we show that the 

Ndc80 complex bridges two rings of the Dam1 complex in vitro. Lethal mutations in Ndc80p that 

block binding of either one of the two rings result in loss of the Dam1 complex from the 

kinetochore and failure in biorientation and attachment of kinetochores to the mitotic spindle. 

These results suggest that faithful microtubule attachments require two Dam1 complex rings per 

kinetochore in vivo. 

Counting of kinetochore components by fluorescence microscopy has yielded conflicting 

results for the number of Dam1 complexes at the yeast kinetochore depending on the standard 

used. Assuming two Cse4 histone molecules per kinetochore, Joglekar and coworkers report 

enough Dam1 complexes to form one ring at a kinetochore during metaphase and a partial ring 

during anaphase (Aravamudhan, Felzer-Kim, & Joglekar, 2013; Joglekar, Bouck, Molk, Bloom, 

& Salmon, 2006). Lawrimore and coworkers measured 5.5 Cse4 histone molecules per 

kinetochore, giving enough Dam1 complex for two rings at a kinetochore during anaphase 

(Lawrimore et al., 2011); whereas Coffman and coworkers measured 8 Cse4 histone molecules 

per kinetochore (Coffman et al., 2011). Our results show that the Ndc80 complex can bind two 

Dam1 rings in vitro. Given the results of the latter two groups, we propose that there are two 

Dam1 complex rings at the kinetochore.  

The region before the hairpin and the loop region of Ndc80p have both been identified 

as binding sites for the Dam1 complex (Lampert et al., 2013; Maure et al., 2011). Our results 

indicate that the interaction between the Ndc80 and Dam1 complexes is more extensive forming 

a tripartite network. The C-terminal domains of Dam1p, Ask1p, and Spc34p interact with three 

distinct regions of Ndc80p, one of which is the hairpin consistent with the previous report 

(Lampert et al., 2013). Our results are also consistent with a previous study showing an 
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interaction between Ndc80p and the C-terminal region of Dam1p (Kalantzaki et al., 2015). 

However, we did not find any evidence for an interaction between the Ndc80p ‘loop’ region and 

Dam1p (Maure et al., 2011). The inability of the loop deletion mutant to assemble the Dam1 

complex into the kinetochore might be due to an indirect effect.   

Comparing the predicted distances between regions ANdc80p, BNdc80p, and CNdc80p, and the 

33 nm Dam1 complex inter-ring distance from EM experiments suggests that regions A and B 

contribute to the Ndc80 complex interaction with the ring closer to the N-terminus of 

Ndc80p/Nuf2p, while region C contributes to the Ndc80 complex interaction with the second ring 

(Figure 2.17). Our TIRF microscopy and live cell imaging results suggest that disrupting 

interaction A is more severe than disrupting interaction B or C. A recent computational model of 

the structure of the Dam1 complex bound to  microtubules positions region ADam1p and BAsk1p 

near the microtubule surface, while region CSpc34p is positioned away from the microtubule 

surface (Zelter et al., 2015). Accordingly, our model of the interaction between Dam1 and Ndc80 

complexes shows the Ndc80 complex positioned under the first Dam1 ring and above the 

second Dam1 complex ring further from Ndc80p N-terminus (Figure 2.17). 

Aberrant kinetochore-microtubule attachments are phosphorylated and destabilized by 

Aurora B kinase (Biggins et al., 1999; Cheeseman et al., 2002; Hauf et al., 2003; Pinsky et al., 

2006; Tanaka et al., 2002). Aurora B kinase phosphorylation of the Dam1p, Ask1p, and Spc34p 

C-terminal sites together fully disrupts the interaction between the Dam1 and Ndc80 complexes 

(Tien et al., 2010). This regulation mechanism has been thought of as binary, either full or no 

disruption of the interaction. We show that phosphorylation of certain combinations results in 

only partial disruption and full disruption does not require phosphorylation of all three proteins. 

Our results suggest how the Aurora B kinase might fine tune the interaction between Dam1 and 

Ndc80 complexes, resulting in a range of disruption. 

The inability of ndc8010hep and nuf210hep together to support growth in vivo might be 

explained in several ways. The addition of extra heptad repeats in the coiled-coil domains might 
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destabilize formation of the heterotetrameric Ndc80 complex, for example. However, we do not 

currently favor this hypothesis because the extra-long mutant version of Ndc80p is expressed in 

vivo, and because the Ndc8010hep complex is stable and binds to both microtubules and to the 

Dam1 complex in vitro, similar to wild-type Ndc80 complex. Unnatural orientation of the 

Ndc80p/Nuf2p globular head in the Ndc8010hep complex, due to the addition of extra heptad 

repeats, might also disrupt the specific geometry that the Ndc80 complex takes in relation to 

other kinetochore proteins. However given the presence of the flexible loop in Ndc80p, it seems 

unlikely that the two ends of the complex are held in a rigid orientation relative to each other. 

Compared to the wild-type Ndc80 complex, the Ndc8010hep complex further separates the Dam1 

complex rings in vitro. We propose that the specific 33 nm Dam1 complex inter-ring distance is 

vital. The transition from 13 nm, in the absence of the Ndc80 complex, to 33 nm Dam1 complex 

inter-ring distance could signal the establishment of kinetochore-microtubule attachment or 

biorientation. Deviation from the specific 33 nm distance might disrupt a yet unknown 

mechanism for detecting kinetochore-microtubule attachments, or bioriented attachments, or 

both. Future work will focus on characterizing the specific effects of the extra-long Ndc80 

complex and the role of the Dam1 complex inter-ring distance in vivo. 

 

Materials and methods 

Protein expression and purification 

The S. cerevisiae Ndc80 and Dam1 complexes were independently expressed in E. coli 

using polycistronic vectors, as previously described (Gestaut et al., 2008; Miranda et al., 2005; 

Powers et al., 2009; Tien et al., 2010; Wei et al., 2005). The Dam1 complex component Spc34p 

C-terminus was tagged with Hisx6 and the Ndc80 complex component Spc24 N-terminus was 

tagged with FLAG or Hisx6. Each complex was affinity-purified before further purification 
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through gel filtration. For TIRF microscopy, Nuf2p C-terminus of the Ndc80 complex was tagged 

with GFP. 

Dam1 complex phosphorylation 

GST-Ipl1 and GST-Sli15 (residues 554-698) were purified as previously described 

(Gestaut et al., 2008; Tien et al., 2010; Zelter et al., 2015). GST-Ipl1 (pSB196, Sue Biggins, 

Fred Hutchinsin Cancer Research Center, Seattle, WA) and GST-Sli15 (residues 554-698) 

(pSB503, Sue Biggins) were expressed at 23°C and 37˚ C, respectively for 2 hours. GST-Ipl1 

was purified using GSTrap HP (GE Healthcare Biosciences) following manufacturer’s 

instructions, except that the elution buffer was 50 mM Tris buffer (pH 8.0), 250 mM KCL, 10 mM 

glutathione. HiTrap 26/10 Desalting column (GE Healthcare) was used to exchange the buffer to 

50 mM HEPES buffer (pH 7.4), 100 mM NaCl. GST-Sli15 was purified with glutathione-

Sepharose 4B resin (GE Healthcare) following manufacturer’s instructions, except that the 

elution buffer was 20 mM Tris buffer (pH 8.0), 200 mM NaCl, 1 mM -mercaptoethanol, 1 mM 

EDTA, 10 mM glutathione. 

4 M recombinant Dam1 complex was incubated with 0.5 M GST-Ipl1, 0.5 M GST-

Sli15, 200 mM NaCl, 10 mM ATP, 25 mM MgCl2, and 50 mM HEPES buffer, pH 7.4. Reaction 

mixtures were incubated for 90 min at 30°C. Under these conditions, we achieve nearly 

stoichiometric phosphorylation of the complex (Gestaut et al., 2008). Mock treated (non-

phosphorylated) controls of the Dam1 complex was carried out by substituting ATP with dH2O. 

TIRF microscopy 

Glass slides and functionalized coverslips were used to construct flow chambers, as 

reported previously (Gestaut et al., 2008; Gestaut et al., 2010; Tien et al., 2010; Zelter et al., 

2015). A coverslip was adhered to a glass slide with double-sided tape, forming a flow chamber 

between two adjacent strips of tape. ‘Rigor’ kinesin was flowed through the chamber to non-

specifically bind to the coverslip. Taxol-stabilized, Alexa-647-labelled microtubules were then 
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flowed in and incubated for 5 minutes for immobilization. For all TIRF microscopy experiments, 

Ndc80-GFP complex was incubated at 50 pM for single-molecule imaging. Each phosphorylated 

or mock-treated Dam1 complex mutant construct was incubated at 2.5 nM. GFP and Alexa-647 

fluorescence channels were simultaneously recorded using a custom TIRF imaging system 

(Gestaut et al., 2010). All TIRF microscopy experiments were carried out in BRB80 (80 mM 

PIPES buffer (pH. 6.8), 1 mM EGTA, 1 mM MgCl2) in the presence of 8 mg/ml BSA, 0.04 mg/ml 

-casein, and an oxygen scavenger system (200 g/ml glucose oxidase, 35 g/ml catalase, 25 

mM glucose, and 5 mM DTT). Each experimental condition was assayed between three and 

seven times yielding between 401 and 2051 measurements. This sample size adequately 

identified possible differences between different conditions. 

Analysis of the single particle tracking was carried out as previously described (Tien et 

al., 2010; Umbret et al., 2014; Zelter et al., 2015).  Custom analysis software was developed in 

Labview (National Instruments) and Igor Pro (Wavemetrics). Bootstrapping analysis was used to 

calculate the mean residence times (Umbreit et al., 2014). Randomly resampling each dataset 

(residence times from each TIRF microscopy experimental condition) with replacement was 

repeated 1,000 times. Carrying out this method with each dataset yielded normal distributions. 

Gaussian fits to these distributions were used to estimate the mean residence times and the 

width of the fit was used as an estimate of error. Statistical analysis of the TIRF data was 

performed with pairwise z-tests. P-values were computed form the pairwise z-scores: z = (1 - 

2)•(1
2 + 2

2)-0.5. 1 and 2 are bootstrap average residence times of Ndc80-GFP complex.  1
2 

and 2
2 are the corresponding estimates of error. Tables of pairwise comparisons can be found 

in Table 2.2 – Table 2.5 and Table 2.7. 

Chemical Cross-linking and Mass Spectrometry Analysis (XL-MS) 

XL-MS experiment was performed twice, using EDC and DSS cross-linking agents 

(biological replicate). The two experiments identified similar interaction regions between the 
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Dam1 and Ndc80 complexes. XL-MS was performed as described in Zelter et al. 2015. Briefly, 

10 µg of taxol stabilized microtubules were mixed with 10 µg Dam1 complex and 10 ug Ndc80 

complex in 100 µL BRB80 at 25oC and allowed to stand for 5 mins. For DSS cross-linking, 3 µL 

14.5 mM DSS in DMSO was added, and the mixture allowed to cross-link for 2 mins at 25oC 

before quenching by addition of 10 µL 0.5 M NH4HCO3. For EDC cross-linking 7.5 µL 145 mM 

EDC plus 3.75 µL 145 mM Sulfo-NHS were added to the reaction, and the mixture allowed to 

cross-link for 30 mins at 25oC before quenching by addition of 10 µL 0.5 M NH4HCO3. 

Quenched reactions were spun at 58,000 rpm in a TLA100 rotor for 10 minutes at 37oC. The 

pellet was resuspended in 100 µL ice cold buffer reduced with 10 mM dithiothreitol (DTT) at 

37oC for 30 mins followed by 30 mins alkylation at RT with 15 mM iodoacetamide (IAA). 

Digestion with trypsin at a substrate to enzyme ratio of 60:1 was performed overnight at room 

temperature with shaking. Digested samples were acidified with 5 M HCL prior to being stored 

at -80°C until analysis. Mass spectrometry and data analysis was performed on either a Q-

Exactive or Q-Exactive HF (Thermo Fisher Scientific) as previously described (Zelter et al., 

2015). Each cross-linked sample was run four times and the data were combined before 

analysis (technical replicate). Mass spectra were converted into mzML using msconvert from 

ProteoWizard (Chambers et al., 2012). Standard linear peptide searches were performed using 

Comet to identify all proteins in the sample (Eng et al., 2013). Cross-linked peptides were 

identified using the Kojak version 1.4.2 cross-link identification software (Hoopmann et al., 

2015) following the author’s instructions (http://www.kojak-ms.org). Kojak results were exported 

to Percolator version 2.08 (Käll et al., 2007) to produce a statistically validated set of cross-

linked peptide spectrum matches (PSMs) at the desired false discovery rate (FDR) threshold. 

Percolator (RRID: SCR_005040) is a semi-supervised algorithm that assigns a statistically 

meaningful q value to each PSM through analysis of the target and decoy PSM distributions. 

Decoy PSMs derive from peptide sequences known to be false. In the current work the target 

databases consisted of all proteins identified in the sample analyzed, while the decoy databases 

http://www.kojak-ms.org)/
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consisted of the corresponding set of reversed protein sequences. Cross-link PSMs were 

considered to be false if at least one of the peptides was from a decoy protein sequence. The 

data presented in this paper was filtered to show only hits to the target proteins that had a 

Percolator assigned peptide level q value  0.05. The complete, unfiltered list of all PSMs and 

their Percolator assigned q values, are available on the ProXL web application (Riffle et al., 

2016) at: http://proxl.yeastrc.org/proxl/viewProject.do?project_id=24 along with the raw MS 

spectra and search parameters used. 

Electron Microscopy 

Cleared tubulin was polymerized in a total volume of 40 l BRB80 (80 mM PIPES buffer 

(pH 6.8), 1 mM EGTA, 1 mM MgCl2) containing 1.75 mM GTP, 1 mM MgCl2, and 3.5% DMSO 

at 37°C for 30 min. Microtubules were pelleted and resuspended in BRB80 containing 10 M 

taxol. All samples were prepared in BRB80 + 10 M taxol by mixing 20 nM microtubules, and 25 

nM Dam1 in the absence or presence of 25 nM Ndc80 complex. Samples were incubated at 

room temperature for 15 minutes. Carbon-coated copper grids were negatively discharged in a 

glow discharge device. A 5 l volume of sample was applied on a discharged grid for 20 s 

before being blotted. 6 l 2% uranyl acetate was then applied on the grid and incubated for 1 

min. The grid was blotted and air dried. EM samples were viewed on a transmission electron 

microscope (Morgagni; FEI) operating at 100 kV. Images were recorded on a bottom-mounted 

Orius (Gatan) camera at 22,000x magnification. ImageJ was used to measure the Dam1 

complex inter-ring distances. Distances from middle of a ring to the middle of the next closest 

ring, on both sides, were measured.  

The EM microscopy experiments were performed with two independent copper grids. 

Similarity between the two replicates allowed us to combine the data. Statistical analysis of the 

EM data was performed with pairwise z-tests. P-values were computed from the pairwise z-

scores: z = (1 - 2)•(1
2 + 2

2)-0.5. 1 and 2 are the center of the Gaussian fits around the single 

http://proxl.yeastrc.org/proxl/viewProject.do?project_id=24
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large cluster in each sample and 1
2 and 2

2 are the corresponding estimates of error. A table of 

pairwise comparisons can be found in Table 2.5. 

Yeast strain construction and validation  

 Strains used in this study are derivatives of W303 (Table 2.9). We have previously 

verified the genotype of the W303 by whole-genome tiling as described (Gresham et al., 2006). 

For strains constructed for this study, NDC80 alleles were integrated at the URA3 locus as 

previously described (Widlund & Davis, 2005). Plasmids containing the NDC80 alleles were 

sequenced before transformation.  Successful integration was verified by PCR.  Genes were 

tagged with genes encoding fluorescent proteins as described (Wach et al., 1997) and verified 

by PCR.   

Test for function of Ndc8010hep complex 

To test if the Ndc8010hep complex is functional in vivo, we used a red/white plasmid 

shuffle assay (Davis, 1992; E. G. Muller, 1996) using strain JTY5-8B (ade2-1oc ade3Δ-100 

leu2-3,112 ura3-1 ndc80Δ:: natMX), harboring pJT12 (NDC80 ADE3 in a 2-µm vector). JTY5-8B 

was transformed with pJOK13 (URA3 ndc8010hep) and selected for growth on SD-ura low 

adenine plates. Transformation with pJOK13 yielded non-sectoring red colonies (strain JOKY3) 

demonstrating that the ndc8010hep is not viable when paired with wild-type NUF2 (data now 

shown). JOKY3 was then grown in SD-lys-ura media before being transformed with pJOK018 

(LEU2 nuf210hep), pJOK019 (LEU2 NDC80), or pRS315 (LEU2) and plated on SD-ura-leu plates. 

Four colonies from each transformation were streaked onto SD-ura low-ade plates to screen for 

sectoring colonies (technical replicate). Two transformations were performed for each condition 

(biological replicate), both trials gave the same result. 
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Yeast live-cell imaging and analysis 

Strains for live-cell imaging were constructed using previously described strains: 

SPC110-mCherry, pCUP1-GFP-LacI12 and CEN3::33LacO (Wargacki et al., 2010); NDC80-

3V5-IAA7 and pGPD1-TIR1 (Miller et al., 2016). Sue Biggins kindly provided the Ndc80-AID 

strain. Strains containing NDC80, ndc80-314 (ins ANdc80p), ndc80-383 (ins BNdc80p), or ndc80-563 

(ins CNdc80p) were constructed through an integration method previously described (Widlund & 

Davis, 2005). YFP and CFP were integrated into Mtw1 and Dad4, respectively, through 

homologous recombination with PCR products amplified with primers containing homologous 

sequence of its target locus. 

Asynchronously growing cells (30 Klett units) were arrested with 6 M -factor for 2 

hours. Auxin (IAA (0.5 mM) was then added and the incubation continued for an additional hour. 

The cells were released from -factor into YPD + 0.5 mM IAA medium and imaged at 15 minute 

time-intervals from time 0 to 120 min. At each time point, cells were also fixed in formaldehyde 

for budding index analysis. Budding index was determined twice (from two different colonies) 

and yielded the same conclusion for each of the five yeast strains shown in Figure 2.12. Data is 

shown for one of the two experiments. Cells were placed on agar pads prior to imaging, as 

previously described (Muller et al., 2005). Cells were imaged using a DeltaVision system 

(Applied Precision) equipped with IX70 inverted microscope (Olympus), a Coolsnap HQ digital 

camera (Photometrics), and a U Plan Apo 100X objective (1.35 NA).  

For CEN3 tracking biorientation assay, CEN3-LacI was visualized with GFP-LacO and 

the spindle pole bodies were visualized withSPC110-mCherry. Both GFP and mCherry were 

imaged with 0.4 s exposures with 16, 0.2 µm z-sections. Images were binned 2 x 2 with a final 

resolution of 512 x 512. Biorientation analysis was done manually for those cells with 2 mCherry 

puncta using Imaris software (Bitplane) (RRID: SCR_007370). For all the strains tested, the 60 

min time point was chosen for data analysis. The biorientation assay was performed twice for 
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each strain, each time with a different colony and on a different day. The combination of two 

experiments yielded sample sizes between 190 and 260 cells.  

For Dam1 complex kinetochore localization assay, kinetochore, Dam1 complex, and 

spindle pole bodies were visualized with Mtw1-YFP, Dad4-CFP, and Spc110-mCherry 

respectively. All three proteins were imaged with single focal plane 0.4 s exposures. Images 

were not binned with a final resolution of 1024 x 1024. Line scans analyses were obtained of 

Mtw1-YFP and Dad4-CFP fluorescence using Imaris software (Bitplane) (RRID: SCR_007370) 

and extended from one SPB to the other. For each line scan, a correlation of the direction of 

pixel intensity changes across the line between the Mtw1 and Dad4 channels was calculated to 

examine co-localization along the spindle. This was calculated as: R = Nagree - Ndisagree / N - 1, 

where Nagree is the number of pixels that changed in the same direction, Ndisagree is the number 

that changed in opposite direction and N is the length of the line scan. For each strain, a mean 

R was calculated from all line scans. Statistical analysis of the Mtw1-YFP and Dad4-CFP mean 

R-scores was performed with Student’s t-test. A table of the pairwise comparisons can be found 

in Table 2.8. 

Western blot analysis 

During the yeast live-cell imaging, samples were collected for western blot analysis. 

After the addition of auxin, cell samples were collected at various time points. 0.7 ml cells and 

0.7 ml 20% tricholoroacetic acid were incubated at 4C for 1 hour. Samples were pelleted for at 

20,000xg for 10 min at 4C. The pellet was washed by resuspending in 1 ml 4C ethanol. The 

sample was then pelleted and resuspended once more before a final pelleting step. Supernatant 

was discarded and sample was air dried before resuspending in 50 l 0.1N NaOH, SDS-PAGE 

sample buffer. Western blot analysis was performed, probing for Ndc80p (gift from Arshad 

Desai, Ludwig Cancer Research Center, University of California San Diego) and -Actin 

(Abcam). Protein levels analysis was carried out using Image Studio Lite (Li-Cor) (RRID: 
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SCR_014211). Each western blot was performed twice, yielding the same conclusion for each 

experiment.
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Figure 2.1 
Dam1p, Ask1p, and Spc34p form cross-links to three distinct Ndc80p regions. 
(A) Cross-links between the Dam1p, Ask1p, and Spc34p of the Dam1 complex and Ndc80p of the Ndc80 
complex. Dam1 and Ndc80 complexes were cross-linked in the presence of microtubules. Horizontal 
black bars represent proteins and the six vertical yellow lines indicate Aurora B kinase phosphorylation 
sites on the Dam1 complex. Red and blue lines show cross-links formed with DSS and EDC cross-linkers, 
respectively. For clarity, only the cross-links between the Dam1 complex proteins and Ndc80p are 
displayed. Data are shown for peptides with Percolator (Käll et al., 2007) assigned q-values ≤ 0.05. Red 
bars on Ndc80p indicate regions where clusters of lethal mutations mapped (from Tien et al., 2013) to 
cross-linked regions. Grey bars on Ndc80p indicate clusters of lethal insertions outside of cross-linked 
regions. Green, blue, and orange trapezoids represent putative interactions (A, B, and C) between the 
Dam1 and Ndc80 complexes. (B) Bar diagram of Ndc80p with structural features. Green, blue and orange 
arrows indicate the positions of lethal mutations in interaction regions ANdc80p, BNdc80p, and CNdc80p used in 
this study. (CH: calponin homology; HP: hairpin) (C) Diagram showing the setup of TIRF microscopy 
experiments. Single molecule Ndc80-GFP complex binding on microtubules was visualized in the 
presence or absence of the Dam1 complex. (D) Lethal mutation in region ANdc80, BNdc80, or CNdc80 partially 
disrupts the Ndc80 complex’s interaction with Dam1 complex. Average residence time of Ndc80-GFP 
mutant and wild-type complexes on microtubules in the presence or absence of Dam1 complex. Bars 
represent average residence time ± error of the mean (estimated by bootstrapping analysis; see Methods 
for additional details). Refer to Table 2.2 for statistical analysis of data in part (D). 
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Figure 2.2 
Dam1 and Ndc80 complexes robustly react with DSS and EDC cross-linking agents. 
(A) Four types of peptides identified by mass spectrometry after cross-linking and trypsin digestion. 
Horizontal black bars represent protein sequence and vertical white lines represent residues able to react 
with the cross-linking agent. Unlinked: peptide that did not react with cross-linking agent; mono-link: only 
one end of the cross-linking reagent reacted with a residue; loop-link: intra-protein cross-link without a 
tryptic site in between the two cross-linked residues; self cross-link: intra-protein cross-link with a tryptic 
site in between the two-cross-linked residues. Dam1 and Ndc80 complexes were cross-linked in the 
presence of microtubules using DSS (panels B and C) or EDC (panels D and E). (B, D) Cross-links above 
and below the black bars represent self-crosslinks and loop-links, respectively. Data are shown for 
peptides with Percolator (Käll et al., 2007) assigned q-values ≤0.05. Highlighted regions above and below 
black bars represent sequence coverage from mass spectrometry. (C, E) Lines below the black bars 
represent mono-links. 
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Figure 2.3 
Dam1p, Ask1p, and Spc34p cross-link to Nuf2p, in agreement to the coiled-coil structure of 
Ndc80p and Nuf2p. 
(A) Cross-links between the Dam1p, Ask1p, and Spc34p of the Dam1 complex and Ndc80p and Nuf2p of 
the Ndc80 complex. For clarity, cross-links between the Dam1 complex proteins are not shown. Red lines 
represent cross-links between Ndc80p and Dam1p, Ask1p, or Spc34p. Blue lines represent cross-links 
between Nuf2p and Dam1p, Ask1p, or Spc34p. Purple lines represent cross-links between Ndc80p and 
Nuf2p. (B) Cross-links above and below the black bar represent self-crosslinks and loop-links, 
respectively, for Nuf2p. (C) Lines below the black bar represent mono-links for Nuf2p. Data from cross-
linking experiments using DSS and EDC cross-linking agents are both shown. Data are shown for 
peptides with Percolator (Käll et al., 2007) assigned q-values ≤0.05. 
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Figure 2.4 
Ndc80p mutants A, B , and C have partially disrupted interaction with the Dam1 complex, while 
mutants ins 219 and ins 652 are not affected. 
(A), (B) Survival probability of the data shown in Figure 2.1D: microtubule residence times of Ndc80-GFP 
complex with a lethal mutation in region ANdc80p, BNdc80p, or CNdc80p in the absence (A) and presence (B) of 
wild-type Dam1 complex. Data here have a range of n= 420 to 2051. (C) Average microtubule residence 
times of Ndc80-GFP complexes with wild-type Ndc80p, or lethal five amino acid insertional mutation at 
position 219 or 652. Bars represent average residence time ± error of the mean (estimated by 
bootstrapping analysis; see Methods for additional details). Refer to Table 2.3 for statistical analysis. (D) 
Survival probability curves of the data shown in (C). (E) Superdex 200 size exclusion chromatography of 
the Ndc80 complex with wild-type Ndc80p or insertional mutation in ANdc80p, BNdc80p

, or CNdc80p.
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Figure 2.5 
Dam1 and Ndc80 complexes interact through three distinct sites. 
(A) Average microtubule residence time of the wild-type Ndc80-GFP complex alone, in the presence of 
mock treated, phosphorylated Dam1 complex, or phosphorylated Dam1 6A mutant complex. Dam1 6A: all 
six Dam1 complex phosphorylation sites mutated to Ala. (B) Average microtubule residence time of wild-
type Ndc80-GFP complex in the presence of selectively phosphorylated Dam1 complex. Diagram on the 
left indicates phosphorylated proteins. (C) Average microtubule residence time of Ndc80-GFP complex 
with lethal mutation in region ANdc80p, BNdc80p, or CNdc80p in the presence of selectively phosphorylated 
Dam1 complex. Diagrams on the left indicate phosphorylated protein (P) and Ndc80p region with a lethal 
mutation (^). On the right are representative kymographs for each experiment. Bars represent average 
residence time ± error of the mean (estimated by bootstrapping analysis; see Methods or additional 
details). Refer to Table 2.4 for statistical analysis.  
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Figure 2.6 
Microtubule residence time survival probability plots of experiments in Figure 2. 
For all graphs, solid and dashed black lines represent curves for wild-type Ndc80 complex in the absence 
and presence of wild-type Dam1 complex, respectively. (A)-(C) Wild-type Ndc80-GFP complex 
microtubule residence time in the presence of variably phosphorylated Dam1 complex. Dam1 6A phos: all 
Dam1 complex phosphorylation sites mutated to Ala and treated with Aurora B kinase. (D)-(F) 
Microtubule residence time of Ndc80-GFP complex with a lethal mutation in region ANdc80p, BNdc80p, or 
CNdc80p in the presence of variably phosphorylated Dam1 complex. Data here have a range of n= 485 to 
2051. 
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Figure 2.7 
Mutating Dam1 complex Aurora B kinase phosphorylation sites to Ala does not affect the 
interaction between Dam1 and Ndc80 complexes.  
Average microtubule residence time of wild-type Ndc80-GFP complex in the presence of mock treated 
phosphorylation-blocking Dam1 complex mutant constructs. A red “A” identifies the phosphorylation sites 
that are mutated to alanine.  Mock treatment was carried out by substituting ATP with H20. Survival 
probability plots of the average microtubule residence time shown on the right. Refer to Table 2.5 for 
statistical analysis. 
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Figure 2.8 
The Ndc80 complex binds two Dam1 complex rings. 
(A) Representative EM images of Dam1 complex rings on microtubules in the absence or presence of the 
Ndc80 complex. Three experiments include no Ndc80 complex (Ndc80c), wild-type Ndc80c, and 
Ndc80c10hep. Protein concentrations were 20 nM tubulin and 25 nM Dam1 and Ndc80 complexes. Scale 
bars: 100 nm. (B) Zoomed in images of a Dam1 complex ring doublet for the three experiments. 
Distances from middle of one ring to that of next ring are indicated. (C) Distribution of closest neighboring 
inter-ring distances measured for the three different conditions. Measurements made between 0-60 nm 
are shown. The cluster of distance measurements was fitted with a Gaussian distribution and the vertices 
± standard deviations for each fit are listed. (D) Diagram demonstrating the predicted coiled-coil distances 
between the Ndc80p lethal mutations. Diagram below shows the location of additional 10-heptad insertion 
between the hypothesized binding sites of two Dam1 complex rings. Refer to Table 2.6 for statistical 
analysis of data in part (C). 
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Figure 2.9  
Full distributions of Dam1 complex inter-ring measurements for various experiments shown in 
Figure 2.8. 
Six conditions include Dam1 complex rings on microtubules in the absence of Ndc80 complex (Ndc80c) 
(A), presence of wild-type Ndc80c (B), Ndc80c10hep (C), Ndc80c lethal mutation ANdc80p (D), BNdc80p (E), 
and CNdc80p (F). The arrows identify the sharp peaks that contain at least 20% of the events.    
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Figure 2.10 
Mutations in regions ANdc80p, BNdc80p, or CNdc80p disrupts the Ndc80 complex’s ability to bind two 
Dam1 complex rings. 
(A) Representative EM images of Dam1 complex rings on microtubules in the presence of the Ndc80 
complex with a lethal mutation in region ANdc80p, BNdc80p, or CNdc80p. Scale bars: 100 nm. Protein 
concentrations were 20 nM tubulin and 25 nM Dam1 and Ndc80 complexes. (B) Zoomed in images of a 
Dam1 complex ring doublet for the three experiments. Distances from middle of one ring to those of the 
closest two rings were measured. (C) Distribution of closest inter-ring distances measured for the three 
experiments. Measurements made between 0-60 nm are shown. The cluster of distance measurements 
was fitted with a Gaussian distribution and the vertex ± standard deviation for each fit is listed. Refer to 
Table 2.6 for statistical analysis of data in part (C).
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Figure 2.11 
The Ndc8010hep complex does not support growth. 
(A) Red/white plasmid shuffle assay to test the viability of the Ndc8010hep complex. Solid red colonies 
indicate the inability of the Ndc8010hep complex and empty vector to support growth. Sectoring white 

colony indicates the ability of the wild-type Ndc80 complex to support growth. (B) -FLAG immunoblot of 

crude lysate of cells expressing either wild-type Ndc80p, Ndc80p10hep, or empty vector. -actin 
immunoblot of the same lysates shows equal loading of the lysates. (C) Wild-type or Ndc8010hep complex 
average residence time (top) on microtubules in the absence and presence of Dam1 complex as derived 
from the survival probability curves (bottom). Bars represent average residence time ± error of the mean 
(estimated by bootstrapping analysis; see Methods or additional details). Refer to Table 2.7 for statistical 
analysis of data.
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Figure 2.12 
Lethal mutations in ANdc80p, BNdc80p, and CNdc80p have biorientation and microtubule attachment 
defects in vivo. 
(A) Representative images from Ndc80-AID degron experiments with cells carrying an extra copy of 
NDC80 wild-type, no NDC80 (null), or a mutation in ANdc80p, BNdc80p, or CNdc80p. Cells were treated with 6 

M -factor for two hours prior to treatment with 6 M -factor and 0.5 mM auxin for one additional hour. 

At time 0, cells were released from -factor and incubated in YPD medium containing 0.5 mM auxin. 

Images were taken at 60 min after release from -factor arrest. Representative images are shown. (B) 
Stacked bar graphs showing proportion of the cells containing bioriented, monooriented or detached 
CEN3-GFP.  Spindles with two CEN3-GFP puncta positioned between the two SPBs were counted as 
bioriented.  Spindles with one CEN3-GFP puncta positioned between the two SPBs were counted as 
monooriented and spindles with one (or rarely two) CEN3-GFP puncta positioned off the spindle axis 
were counted as detached. Only cells with two Spc110-mCherry puncta and at least one CEN3-GFP 
punctum were included in the analysis. (C) Stacked bar graph showing the distance between SPBs. Wild-
type NDC80 n=236 cells; no NDC80 n=210 cells; ANdc80p n=210 cells; BNdc80p n=190 cells; CNdc80p n= 260 
cells.   
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Figure 2.13 
Wild-type Ndc80-AID is degraded upon the addition of auxin. 

(A) Western blot images from Ndc80-AID degron experiments, blotting for Ndc80-AID and -actin. Whole 
cell protein precipitation was carried out for Ndc80-AID cells carrying an extra copy of NDC80 wild-type, 
no NDC80 (null), lethal mutation in ANdc80p, BNdc80p, or CNdc80p. Samples were collected at various time 
points after adding auxin (Images were taken 120 min after auxin addition). (B) Normalized Ndc80-AID 
protein levels analyzed by western blot band intensities.  
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Figure 2.14 
Lethal mutation in region ANdc80p, BNdc80p, or CNdc80p causes mitotic arrest. 
(A) Budding index analyses of Ndc80-AID degron experiments. Ndc80-AID cells carrying an addition copy 
of NDC80 wild-type, no NDC80 (null), lethal mutation in region ANdc80p, BNdc80p, or CNdc80p were fixed at 
various time points after release from α-factor arrest (time 0). (B) Stacked bar graphs showing the 
percentage of cells with zero, one, or two CEN3-GFP spots for the various cell types.  
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Figure 2.15 
Lethal mutations in ANdc80p, BNdc80p, and CNdc80p confer defects in Dam1 complex recruitment to the 
kinetochore. 
(A) Representative images from NDC80-AID degron experiments with cells also containing wild-type 
NDC80 or mutation in region BNdc80p. The inner kinetochore was visualized with Mtw1-YFP, the Dam1 

complex with Dad4-CFP, and the SPB with Spc110-mCherry. Cells were treated with 6 M -factor for 
two hours prior to the addition of 0.5 mM auxin for one additional hour. At time 0, cells were released from 

-factor and incubated in YPD medium containing 0.5 mM auxin. Images were taken at 60 min after 

release from -factor arrest. (B) Line scan traces of Mtw1-YFP and Dad4-CFP from the images in (A). 
Only cells with two SPBs in the same plane of focus were selected for analysis. Each line scan extended 
from one SPB to the other. Each point represents one pixel. (C) Summary of correlation analysis carried 
out between Mtw1-YFP and Dad4-CFP. For each line scan, a correlation of the direction of pixel intensity 
changes across the line between the Mtw1-YFP and Dad4-CFP channels was calculated to examine co-
localization along the spindle (see materials and methods). Between 18 and 33 cells were analyzed for 
each mutant. Refer to Table 2.8 for statistical analysis of data.  
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Figure 2.16 
Mutations in regions ANdc80p, BNdc80p, or CNdc80p results in severe defects in kinetochore 
biorientation and attachment. 
Examples of commonly observed phenotypes in experiments with NDC80-AID degron cells carrying an 
additional copy of ndc80 containing single or multiple mutations in regions ANdc80p, BNdc80p, and CNdc80p, or 
not carrying a second copy of NDC80 (null). Each example shows Mtw1-YFP, Dad4-CFP, and Spc110-
mCherry and the same experiment procedure was carried out as in Figure 2.15. The majority of mutant 
cells with two SPBs exhibited detached kinetochores or had kinetochores spread along spindle 
microtubules.  All scale bars: 2µm
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Figure 2.17 
Model of the Ndc80 complex bridging two Dam1 complex rings, separated by 33 nm.  
Results in this study support ring 1 interaction being comprised of interaction A and B, and ring 2 
interaction being comprised of interaction C (refer to Figure 2.1). This image depicts only one Ndc80 
complex across two Dam1 complex rings, but multiple Ndc80 complexes would be present in vivo. 
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Table 2.1 The interacting regions in the Dam1 and Ndc80 complexes 

 

Interaction protein region amino acids 
Phosphorylated 
residues 

Five amino acid mutation 
(insertion) position 

A 
ADam1p 241 – 330 S257, S265, S292 n/a 

ANdc80p 262 – 322 n/a 314 

B 
BAsk1p 133 – 225 S200 n/a 

BNdc80p 350 – 448 n/a 383 

C 
CSpc34p 118 – 274 T199 n/a 

CNdc80p 532 – 630 n/a 563 
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Table 2.2 Pairwise statistical comparisons for Figure 2.1D 
 

Sample 1 (proteins on microtubules) Sample 2 (proteins on microtubules) p-value 

wt Ndc80c wt Ndc80c + Dam1c mock <0.001 

wt Ndc80c Mutant A Ndc80c 0.17 

wt Ndc80c Mutant B Ndc80c 0.089 

wt Ndc80c Mutant C Ndc80c 0.089 

Mutant A Ndc80c Mutant A Ndc80c + Dam1c mock <0.001 

Mutant B Ndc80c Mutant B Ndc80c + Dam1c mock 0.0016 

Mutant C Ndc80c Mutant C Ndc80c + Dam1c mock <0.001 

 
 
Table 2.3 Pairwise statistical comparisons for Figure 2.4C 
 

Sample 1 (proteins on microtubules) Sample 2 (proteins on microtubules) p-value 

wt Ndc80c Ndc80c ins 219 0.04 

wt Ndc80c Ndc80c ins 652 0.04 

wt Ndc80c + Dam1c mock Ndc80c ins 219 + Dam1c mock 0.20 

wt Ndc80c + Dam1c mock Ndc80c ins 652 + Dam1c mock 0.074 

  



53 

 

Table 2.4 Pairwise statistical comparisons for Figure 2.5 
 

Sample 1 (proteins on microtubules) Sample 2 (proteins on microtubules) p-value 

wt Ndc80c wt Ndc80c + Dam1c phos 0.48 

wt Ndc80c + Dam1c mock wt Ndc80c + Dam1c phos <0.001 

wt Ndc80c + Dam1c mock wt Ndc80c + Dam1c 6A phos 0.48 

wt Ndc80c + Dam1c phos wt Ndc80c + Dam1c 6A phos <0.001 

wt Ndc80c wt Ndc80c + Dam1c A phos <0.001 

wt Ndc80c wt Ndc80c + Dam1c B phos <0.001 

wt Ndc80c wt Ndc80c + Dam1c C phos <0.001 

wt Ndc80c wt Ndc80c + Dam1c B,C phos <0.001 

wt Ndc80c wt Ndc80c + Dam1c A,B phos 0.29 

wt Ndc80c wt Ndc80c + Dam1c A,C phos 0.29 

wt Ndc80c + Dam1c mock wt Ndc80c + Dam1c A phos <0.001 

wt Ndc80c + Dam1c mock wt Ndc80c + Dam1c B phos <0.001 

wt Ndc80c + Dam1c mock wt Ndc80c + Dam1c C phos <0.001 

wt Ndc80c + Dam1c mock wt Ndc80c + Dam1c B,C phos <0.001 

wt Ndc80c + Dam1c mock wt Ndc80c + Dam1c A,B phos <0.001 

wt Ndc80c + Dam1c mock wt Ndc80c + Dam1c A,C phos <0.001 

wt Ndc80c + Dam1c A phos wt Ndc80c + Dam1c A,B phos <0.001 

wt Ndc80c + Dam1c A phos wt Ndc80c + Dam1c A,C phos <0.001 

wt Ndc80c + Dam1c B phos wt Ndc80c + Dam1c A,B phos <0.001 

wt Ndc80c + Dam1c C phos wt Ndc80c + Dam1c A,C phos 0.0022 

wt Ndc80c + Dam1c B phos wt Ndc80c + Dam1c B,C phos 0.074 

wt Ndc80c + Dam1c C phos wt Ndc80c + Dam1c B,C phos 0.33 

wt Ndc80c + Dam1c B phos mut C Ndc80c + Dam1c B phos 0.26 

wt Ndc80c + Dam1c C phos mut B Ndc80c + Dam1c C phos 0.026 

wt Ndc80c + Dam1c B phos mut A Ndc80c + Dam1c B phos <0.001 

wt Ndc80c + Dam1c A phos mut B Ndc80c + Dam1c A phos 0.0054 

wt Ndc80c + Dam1c C phos mut A Ndc80c + Dam1c C phos 0.13 

wt Ndc80c + Dam1c A phos mut C Ndc80c + Dam1c A phos <0.001 

mut C Ndc80c + Dam1c mock mut C Ndc80c + Dam1c B phos 0.12 

mut B Ndc80c + Dam1c mock mut B Ndc80c + Dam1c C phos 0.48 

mut A Ndc80c + Dam1c mock mut A Ndc80c + Dam1c B phos 0.0016 

mut B Ndc80c + Dam1c mock mut B Ndc80c + Dam1c A phos 0.0011 

mut A Ndc80c + Dam1c mock mut A Ndc80c + Dam1c C phos 0.0094 

mut C Ndc80c + Dam1c mock mut C Ndc80c + Dam1c A phos <0.001 

wt Ndc80c + Dam1c B,C phos mut C Ndc80c + Dam1c B phos 0.26 

wt Ndc80c + Dam1c B,C phos mut B Ndc80c + Dam1c C phos 0.048 
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wt Ndc80c + Dam1c A,B phos mut A Ndc80c + Dam1c B phos 0.13 

wt Ndc80c + Dam1c A,B phos mut B Ndc80c + Dam1c A phos 0.48 

wt Ndc80c + Dam1c A,C phos mut A Ndc80c + Dam1c C phos 0.23 

wt Ndc80c + Dam1c A,C phos mut C Ndc80c + Dam1c A phos 0.48 
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Table 2.5 Pairwise statistical comparisons for Figure 2.7 
 

Sample 1 (proteins on microtubules) Sample 2 (proteins on microtubules) p-value 

wt Ndc80c wt Ndc80c + Dam1c 6A mock <0.001 

wt Ndc80c wt Ndc80c + Dam1c site A Ala mock <0.001 

wt Ndc80c wt Ndc80c + Dam1c site B Ala mock <0.001 

wt Ndc80c wt Ndc80c + Dam1c site C Ala mock <0.001 

wt Ndc80c wt Ndc80c + Dam1c site B,C Ala mock <0.001 

wt Ndc80c wt Ndc80c + Dam1c site A,B Ala mock <0.001 

wt Ndc80c wt Ndc80c + Dam1c site A,C Ala mock <0.001 

wt Ndc80c + Dam1c mock wt Ndc80c + Dam1c 6A mock 0.074 

wt Ndc80c + Dam1c mock wt Ndc80c + Dam1c site A Ala mock 0.074 

wt Ndc80c + Dam1c mock wt Ndc80c + Dam1c site B Ala mock 0.48 

wt Ndc80c + Dam1c mock wt Ndc80c + Dam1c site C Ala mock 0.040 

wt Ndc80c + Dam1c mock wt Ndc80c + Dam1c site B,C Ala mock 0.26 

wt Ndc80c + Dam1 mock wt Ndc80c + Dam1c site A,B Ala mock 0.48 

wt Ndc80c + Dam1 mock wt Ndc80c + Dam1c site A,C Ala mock 0.0734 

 
 
 
Table 2.6 Pairwise statistical comparisons for Figure 2.8 and 2.10  

Sample 1 Sample 2 p-value 

no Ndc80 complex wt Ndc80 complex <0.001 

no Ndc80 complex Ndc8010hep complex <0.001 

no Ndc80 complex Mutant A Ndc80 complex 0.48 

no Ndc80 complex Mutant B Ndc80 complex 0.44 

no Ndc80 complex Mutant C Ndc80 complex 0.44 

wt Ndc80 complex Ndc8010hep complex 0.016 

wt Ndc80 complex Mutant A Ndc80 complex <0.001 

wt Ndc80 complex Mutant B Ndc80 complex <0.001 

wt Ndc80 complex Mutant C Ndc80 complex <0.001 

Ndc8010hep complex Mutant A Ndc80 complex <0.001 

Ndc8010hep complex Mutant B Ndc80 complex <0.001 

Ndc8010hep complex Mutant C Ndc80 complex <0.001 

Mutant A Ndc80 complex Mutant B Ndc80 complex 0.44 

Mutant A Ndc80 complex Mutant C Ndc80 complex 0.44 

Mutant B Ndc80 complex Mutant C Ndc80 complex 0.48 
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Table 2.7 Pairwise statistical comparisons for Figure 2.11 
 

Sample 1 (proteins on microtubules) Sample 1 (proteins on microtubules) p-value 

Ndc80c10hep  Ndc8010hep + Dam1c mock <0.001 

wt Ndc80c Ndc8010hep 0.29 

wt Ndc80c + Dam1c mock Ndc8010hep + Dam1c mock 0.36 

 
 
Table 2.8 Pairwise statistical comparisons for Figure 2.15 
 

Sample 1 (Ndc80 mutation) Sample 2 p-value 

Ndc80 depleted (null) Wild-type Ndc80 <0.001 

Ndc80 depleted Region ANdc80p  0.26 

Ndc80 depleted Region BNdc80p  0.15 

Ndc80 depleted Region CNdc80p  0.0070 

Ndc80 depleted Region ANdc80p BNdc80p CNdc80p  0.78 

Ndc80 depleted Region ANdc80p BNdc80p  0.98 

Ndc80 depleted Region ANdc80p CNdc80p  0.60 

Ndc80 depleted Region BNdc80p CNdc80p  0.38 

Wild-type Ndc80 Region ANdc80p  <0.001 

Wild-type Ndc80 Region BNdc80p  <0.001 

Wild-type Ndc80 Region CNdc80p  0.0024 

Wild-type Ndc80 Region ANdc80p BNdc80p CNdc80p  <0.001 

Wild-type Ndc80 Region ANdc80p BNdc80p  <0.001 

Wild-type Ndc80 Region ANdc80p CNdc80p  <0.001 

Wild-type Ndc80 Region BNdc80p CNdc80p  <0.001 

Region ANdc80p  Region BNdc80p  0.009 

Region ANdc80p  Region CNdc80p  <0.001 

Region ANdc80p  Region ANdc80p BNdc80p CNdc80p  0.40 

Region ANdc80p  Region ANdc80p BNdc80p  0.26 

Region ANdc80p  Region ANdc80p CNdc80p  0.099 

Region ANdc80p  Region BNdc80p CNdc80p  0.03 

Region BNdc80p  Region CNdc80p  0.23 

Region BNdc80p  Region ANdc80p BNdc80p CNdc80p  0.081 

Region BNdc80p  Region ANdc80p BNdc80p  0.14 

Region BNdc80p  Region ANdc80p CNdc80p  0.37 

Region BNdc80p  Region BNdc80p CNdc80p  0.54 

Region CNdc80p  Region ANdc80p BNdc80p CNdc80p  0.0023 

Region CNdc80p  Region ANdc80p BNdc80p  0.0047 

Region CNdc80p  Region ANdc80p CNdc80p  0.035 

Region CNdc80p  Region BNdc80p CNdc80p  0.054 

Region ANdc80p BNdc80p CNdc80p  Region ANdc80p BNdc80p  0.77 

Region ANdc80p BNdc80p CNdc80p  Region ANdc80p CNdc80p  0.42 

Region ANdc80p BNdc80p CNdc80p  Region BNdc80p CNdc80p  0.21 

Region ANdc80p BNdc80p  Region ANdc80p CNdc80p  0.58 

Region ANdc80p BNdc80p  Region BNdc80p CNdc80p  0.32 

Region ANdc80p CNdc80p  Region BNdc80p CNdc80p  0.74 
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Table 2.9 Table of yeast strains used in this study 
 

Strain Genotypea Reference 

W303 ade2‐1oc can1‐100 his3‐11,15 leu2‐3,112 trp1‐1 ura3‐1  

JTY5-8b ade3∆-100 cyh2r lys2∆::HIS3 ndc80∆::natMX [pJT12] Tien et al., 2013 

JOKY3 ade3∆-100 cyh2r lys2∆::HIS3 ndc80∆::natMX [pJT12] [pJOK013] This study 

JOKY34 ade3∆-100 cyh2r lys2∆::HIS3 ndc80∆::natMX [pJT12] [pJT14] This study 

JOKY35 ade3∆-100 cyh2r lys2∆::HIS3 ndc80∆::natMX [pJT12] [pRS316] This study 

JOKY4 ade3∆-100 cyh2r lys2∆::HIS3 ndc80∆::natMX [pJT12] [pJOK013] 
[pJOK018] 

This study 

JOKY5 ade3∆-100 cyh2r lys2∆::HIS3 ndc80∆::natMX [pJT12] [pJOK013] 
[pJOK017] 

This study 

JOKY15 ade3∆-100 cyh2r lys2∆::HIS3 ndc80∆::natMX [pJT12] [pJOK013] 
[pRS315] 

This study 

JOKY16 ade3Δ-100 ura3-1::NDC80::URA3 CEN3::33LacO::kan pCUP1-
GFP12LacI12::HIS leu2::pGPD1-OsTIR1:LEU2 SPC110-
Cherry::hphMX NDC80-3V5-IAA7:kanMX 

This study 

JOKY17 ade3Δ-100 ura3-1::ndc80-940::URA3 CEN3::33LacO::kan pCUP1-
GFP12LacI12::HIS leu2::pGPD1-OsTIR1::LEU2 SPC110-
Cherry::hphMX NDC80-3V5-IAA7::kanMX 

This study 

JOKY18 ade3Δ-100 ura3-1::ndc80-1148::URA3 CEN3::33LacO::kan pCUP1-
GFP12LacI12::HIS leu2::pGPD1-OsTIR1::LEU2 SPC110-
Cherry::hphMX NDC80-3V5-IAA7::kanMX 

This study 

JOKY19 ade3Δ-100 ura3-1::ndc80-1687::URA3 CEN3::33LacO::kan pCUP1-
GFP12LacI12::HIS leu2::pGPD1-OsTIR1::LEU2 SPC110-
Cherry::hphMX NDC80-3V5-IAA7::kanMX 

This study 

JOKY20 ade3Δ-100 CEN3::33LacO::Kan pCUP1-GFP12LacI12::HIS 
leu2::pGPD1-OsTIR1::LEU2 SPC110-Cherry::hphMX NDC80-3V5-
IAA7::kanMX 

This study 

JOKY47 ade3∆-100 cyh2r lys2∆::HIS3 ndc80∆::natMX [pJT12] [pJOK035] 
[pJOK038] 

This study 

JOKY40 ade3∆-100 cyh2r lys2∆::HIS3 ndc80∆::natMX [pJT12] [pRS316] 
[pJOK038] 

This study 

JOKY48 ade3∆-100 cyh2r lys2∆::HIS3 ndc80∆::natMX [pJT12] [pJOK036] 
[pJOK038] 

This study 

JOKY51 ade3Δ leu2-3::pGPD1-OsTIR1::LEU2 ura3-1::URA3 SPC110-
Cherry::hphMX NDC80-3V5-IAA7:kanMX DAD4-CFP::hphMX 
MTW1-Venus::kanMX 

This study 

JOKY52 ade3Δ leu2-3::pGPD1-OsTIR1::LEU2 ura3-1::NDC80::URA3 
SPC110-Cherry::hphMX NDC80-3V5-IAA7:kanMX DAD4-
CFP::hphMX MTW1-Venus::kanMX 

This study 

JOKY53 ade3Δ leu2-3::pGPD1-OsTIR1::LEU2 ura3-1::ndc80-Ab::URA3 
SPC110-Cherry::hphMX NDC80-3V5-IAA7:kanMX DAD4-
CFP::hphMX MTW1-Venus::kanMX 

This study 
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JOKY54 ade3Δ leu2-3::pGPD1-OsTIR1::LEU2 ura3-1::ndc80-Bb::URA3 
SPC110-Cherry::hphMX NDC80-3V5-IAA7:kanMX DAD4-
CFP::hphMX MTW1-Venus::kanMX 

This study 

JOKY55 ade3Δ leu2-3::pGPD1-OsTIR1::LEU2 ura3-1::ndc80-Cb::URA3 
SPC110-Cherry::hphMX NDC80-3V5-IAA7:kanMX DAD4-
CFP::hphMX MTW1-Venus::kanMX 

This study 

JOKY56 ade3Δ leu2-3::pGPD1-OsTIR1::LEU2 ura3-1::ndc80-AbBbCb::URA3 
SPC110-Cherry::hphMX NDC80-3V5-IAA7:kanMX DAD4-
CFP::hphMX MTW1-Venus::kanMX 

This study 

JOKY57 ade3Δ leu2-3::pGPD1-OsTIR1::LEU2 ura3-1::ndc80-AbBb::URA3 
SPC110-Cherry::hphMX NDC80-3V5-IAA7:kanMX DAD4-
CFP::hphMX MTW1-Venus::kanMX 

This study 

JOKY58 ade3Δ leu2-3::pGPD1-OsTIR1::LEU2 ura3-1::ndc80-AbCb::URA3 
SPC110-Cherry::hphMX NDC80-3V5-IAA7:kanMX DAD4-
CFP::hphMX MTW1-Venus::kanMX 

This study 

JOKY59 ade3Δ leu2-3::pGPD1-OsTIR1::LEU2 ura3-1::ndc80-BbCb::URA3 
SPC110-Cherry::hphMX NDC80-3V5-IAA7:kanMX DAD4-
CFP::hphMX MTW1-Venus::kanMX 

This study 

 

aAll strains have the same markers as W303 except as noted 
b Indicates the region of the mutation.  “A,” “B,” and “C” signify a 15 bp insertion at base pair 940, 1148, 
and 1687, respectively.  
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Table 2.10 Yeast plasmids used in this study 
 

Plasmid Relevant markers Reference 

pRS315 CEN6 ARSH4 LEU2 bla Sikorski and Hieter 1989 

pRS316 CEN6 ARSH4 URA3  bla Sikorski and Hieter 1989 

pJT12 NDC80 ADE3 LYS2 bla in 2m vector Tien et al, 2013 

pJT14 NDC80 in pRS316 Tien et al, 2013 

pJOK13 ndc8010hep in pRS316 This study 

pJOK17 NUF2 in pRS315 This study 

pJOK18 nuf210hep in pRS315 This study 

pJOK19 NDC80 in pRS315 This study 

pJOK35 NDC80-FLAG in pRS316 This study 

pJOK36 ndc8010hep in pRS316 This study 

pJOK38 nuf210hep in pRS315 This study 
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Chapter 3  

Regulation of the Dam1 complex’s interaction with 

microtubules 

Introduction 

The kinetochore is a network of protein complexes that assemble on centromeric DNA. 

During mitosis, kinetochores attach to spindle microtubules and mediate the equal division of 

duplicated chromosomes into the two daughter cells (Biggins, 2013). The hetero-decameric 

yeast Dam1 complex is recruited to the kinetochore by the highly conserved Ndc80 complex 

and is essential to attach kinetochores to microtubules (Janke et al., 2002). In vitro, the Dam1 

complex recapitulates many functions of the kinetochore, including the ability to couple cargo to 

dynamic microtubules, while bearing load (Asbury et al., 2006). In solution, the Dam1 complex 

exists primarily as a 406-kDa dimer (Wang et al., 2007). In the presence of microtubules, 

however, it oligomerizes into rings encircling the microtubule (Miranda et al., 2005; Westermann 

et al., 2005). Such oligomerization is required for the Dam1 complex to form microtubule 

attachments that are robust against tension (Umbreit et al., 2014). 

Kinases regulate mitosis and chromosome segregation. For example, the cyclin 

dependent kinase 1 (Cdk1) is active during mitosis when bound to cyclin B. This complex is 

responsible for many mitotic processes including sister chromatid cohesion, spindle pole body 

separation, spindle elongation, and spindle positioning (Enserink & Kolodner, 2010). In addition, 

errors in chromosome segregation are devastating to the cell and, in multicellular organisms, 

are associated with a range of diseases as well as being a hallmark of cancer (Gordon et al., 

2012). Intricate error correction mechanisms exist to prevent such errors and delay cell cycle 

progression until correct kinetochore-microtubule attachments are achieved (Foley & Kapoor, 

2013). A major component of these protective pathways is the Aurora B kinase, which 
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phosphorylates kinetochore proteins to promote detachment of incorrectly attached 

kinetochores from microtubules (Kalantzaki et al., 2015; Pinsky et al., 2006).  

 Aurora B kinase phosphorylates the Dam1 complex at six different sites: Dam1p S20, 

S257, S265, S292, Ask1p S200, and Spc34p T199. The four Dam1p sites have been shown to 

play a role in regulating the ability of Dam1 complex to bind microtubules and mutations that 

block phosphorylation at all four sites are lethal. However, either the N-terminal site alone or the 

three C-terminal sites are sufficient for viability, suggesting functional redundancy (Cheeseman 

et al., 2002). Moreover, removal of the C-terminus of Dam1p reduces the affinity of the Dam1 

complex for microtubules but does not abolish binding completely (Ramey et al., 2011; 

Westermann et al., 2005). We previously found that phosphorylation of Dam1p S20 decreases 

the apparent affinity of the Dam1 complex to microtubules, whereas phosphorylation of the C-

terminal Aurora B sites together has little effect (Gestaut et al., 2008). Thus, both N- and C-

terminal regions of Dam1p have been implicated in microtubule binding, although their specific 

roles remain elusive. Despite much work, key questions remain regarding how the Aurora B 

kinase phosphorylation of Dam1p regulates the kinetochore-microtubule interface during 

mitosis. 

 Cyclin dependent kinase 1 (Cdk1) also phosphorylates the Dam1 complex. The 

transition into and exit from mitosis is regulated by Cyclin dependent kinase 1 (Cdk1) activation 

by cyclin B (King et al., 1994). Cdk1 phosphorylates the Dam1 complex Ask1p S216 and S250. 

Although mutations blocking phosphorylation (S216A and S250A) do not confer a visible 

phenotype, addition of the ASK1 ts allele, ask1-3, compromises growth at the restrictive 

temperature (Li & Elledge, 2003). This suggests that the Cdk1 phosphorylation at Ask1p S216 

and S250 act in a positive fashion to promote the Dam1 complex function; however, the 

mechanism by which this occurs is unknown. 

 Here, we show that the Aurora B kinase phosphorylation of Dam1p inhibits both the 

Dam1 binding to and oligomerization on microtubules. Our data suggest that inhibiting 
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oligomerization, and thereby cooperativity, has a more significant effect on disrupting the Dam1 

complex binding to microtubules. In contrast, phosphomimetic mutations of the Ask1p Cdk1 

phosphorylation sites enhances the Dam1 complex cooperative binding to microtubules; these 

mutations do not affect the interaction between the Dam1 and Ndc80 complexes nor the Dam1 

complex’s ability to bind microtubules as a single complex. Altogether, we demonstrate that 

regulation of the Dam1 complex oligomerization is extensive with both negative and positive 

regulation mechanisms. 

Results 

Aurora B kinase inhibits the Dam1 complex oligomerization 

In a concurrent study, models of the Dam1 complex in the presence and absence of 

microtubules were built using protein cross-linking, mass spectrometry, and integrative 

structural modeling (Zelter et al., 2015; Figure 3.1). The models made testable predictions about 

the microtubule-binding and oligomerization interfaces of the Dam1 complex. Of the ten proteins 

that make up the Dam1 complex, only the C-terminal domains of Dam1p and Duo1p form cross-

links to the microtubule. (Figure 3.2). Thus, Aurora B kinase phosphorylation of the Dam1p 

three C-terminal sites should regulate the interface with the microtubule. In contrast, the Dam1 

complex model restricts the Dam1p S20 Aurora B phosphorylation site to the interface between 

the two Dam1 complex monomers (Figure 3.3). We hypothesized that phosphorylation of 

Dam1p at S20 should specifically affect oligomerization of the complex rather than the interface 

between the Dam1p and microtubule. 

We tested these predictions by measuring the binding of Dam1 complexes to 

microtubules, both at the single-molecule level and when assembled into oligomers. First, we 

constructed two phospho-blocking mutants of the recombinant Dam1 complex (Figure 3.4A): (1) 

‘Dam1 CP’, in which only the Dam1p C-terminal sites can be phosphorylated (Dam1p S20A, 

Ask1p S200A and Spc34p T199A) and (2) ‘Dam1 NP’, in which only the Dam1p N-terminal S20 
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site can be phosphorylated (Dam1p S257A, S265A, S292A, Ask1p S200A, and Spc34p T199A). 

These two mutants were then incubated with recombinant Aurora B kinase in the presence of 

ATP (phos) or buffer alone (mock). We used total internal reflection fluorescence (TIRF) 

microscopy to test the effects of phosphorylation on microtubule binding at the single-molecule 

level (40pM Dam1-GFP) (Umbreit et al., 2014). Consistent with our model, phosphorylation of 

the three C-terminal sites of Dam1p (Dam1 CP) decreased the residence time of single Dam1 

complexes on microtubules by 20%, whereas phosphorylation of the N-terminal S20 site (Dam1 

NP) had no effect (Figure 3.4B).  

To measure the effects of phosphorylation on oligomerization, we performed the TIRF 

assay at concentrations that support the formation of oligomeric rings (2 nM total Dam1 

complex) wherein small ‘tracer’ quantities of green fluorescent protein (GFP)-tagged Dam1 

complex (1:100) were included to measure the behavior of individual oligomeric particles, as 

previously described (Umbreit et al., 2014). Relative to single molecules, the average residence 

time of non-phosphorylated Dam1-GFP complexes increased 45-fold, indicating their 

incorporation into oligomers of untagged Dam1 complexes (Figure 3.4 C). Tracer Dam1 CP 

complexes similarly exhibited increased residence time in the presence of excess untagged 

Dam1 CP complexes, indicating that phosphorylation of the C-terminal sites of Dam1p does not 

block oligomerization. However, Dam1 NP was defective in oligomerization, as indicated by a 

residence time increased by only two-fold. These results confirm the predictions based on our 

model that phosphorylation of the Dam1p N terminus inhibits the ability of the Dam1 complex to 

form oligomers, whereas phosphorylation of the C-terminal sites regulates the interface with the 

microtubule. 

Cdk1 enhances the Dam1 complex oligomerization 

Kinetochore particles purified from yeast harboring the dad1-1 ts allele have a 

decreased ability to make load-bearing attachments to microtubule tips, when compared those 
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purified from DAD1 yeast (Akiyoshi et al., 2010). A collaborator incubated wt Dam1 complex 

(Dam1c-wt) or Dam1 complex harboring phosphomimetic mutations Ask1p S216D and S250D 

(Dam1c-2D) with kinetochores purified from dad1-1 yeast. Compared to the Dam1c-wt, the 

Dam1c-2D had an increased ability to make load-bearing attachments to microtubule plus tips. 

We hypothesized that this result might be explained by the Ask1p phosphomimetic mutations: 1) 

increasing the Dam1 complex’s affinity for microtubules as a single molecule; 2) promoting the 

Dam1 complex’s oligomerization state, thereby enhancing the cooperative binding onto 

microtubules; 3) enhancing the affinity between the Dam1 and Ndc80 complexes. 

We tested these hypotheses under the TIRF microscopy assay using the Dam1c-wt or 

Dam1c-2D. First, the Dam1c-wt and Dam1c-2D had similar microtubule residence times at a 

single-molecule level (50pM Dam1-GFP complex; Figure 3.5), suggesting that the 

phosphomimetic mutations do not affect single Dam1 complex binding to microtubules. Second, 

we tested the phosphorylation effects on oligomerization by incubating a higher concentration of 

the untagged Dam1 complex (1nM) in the presence of ‘tracer’ quantities of the Dam1-GFP 

complex (50pM). Under these oligomeric conditions, the Dam1c-2D mutant resided 50% longer 

on microtubules compared to the Dam1c-wt (Figure 3.5). These results suggest that Cdk1 

phosphorylation of the Ask1p does not affect the single molecule Dam1 complex affinity for 

microtubules, but promotes oligomerization and cooperative binding onto microtubules. 

Next, we tested the effects of Dam1c-2D mutations on the interaction between the Dam1 

and Ndc80 complexes. The Ndc80-GFP complex alone had a short residence time on 

microtubules. The addition of either untagged 5nM Dam1c-wt or Dam1c-2D similarly increased 

the Ndc80-GFP complex microtubule residence time (Figure 3.6A), suggesting that the Ask1p 

phosphomimetic mutations do not enhance the interaction between the Dam1 and Ndc80 

complexes. In addition, the ‘tracer’ experiment was repeated with 50pM GFP-tagged Dam1 

complex in the presence of 5nM untagged Dam1 complex. The microtubule residence times 

between the Dam1c-wt and Dam1c-2D were similar under these conditions (Figure 3.6B), 
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suggesting that the Dam1c-2D mutations do not significantly affect the Dam1 complex 

oligomerization at a higher concentration of 5nM. Altogether, these results suggest that the 

Cdk1 phosphorylation of the Ask1p does not enhance the interaction between the Dam1 and 

Ndc80 complexes.  

Discussion 

Ever since the discovery of the Dam1 complex’s ability to form high-order oligomeric 

rings around microtubules, its structure, function, and regulation have been extensively studied.  

The Dam1 complex imparts microtubule tip-tracking ability to the Ndc80 complex (Lampert et 

al., 2010; Tien et al., 2010) and might mediate the transition of lateral to end-on kinetochore-

microtubule attachment (Tanaka et al., 2007). Although ring formation is not required for 

tracking with depolymerizing microtubule tips in vitro, oligomerization is important for 

establishing bioriented kinetochore-microtubule attachments in vivo (Gestaut et al., 2008; 

Umbreit et al., 2014). We show that the Aurora B kinase phosphorylates Dam1p to inhibit both 

the single-molecule and oligomeric interaction with microtubules. In contrast, Cdk1 

phosphorylation of the Ask1p enhances oligomerization. 

The exclusive cross-links between microtubules and the Dam1p/Duo1p C-terminal 

domains allowed us to make an informed hypothesis about the function of Aurora B kinase 

phosphorylation of the Dam1p C-terminal sites. In vivo, mutation of these sites confers mild 

defects such as sensitivity to benomyl, a microtubule depolymerizing drug, and synthetic 

lethality with mutations in Aurora B kinase (Cheeseman et al., 2002). Here we find that 

phosphorylation of the C-terminal sites of Dam1p also has mild effects and decreases the 

affinity of the Dam1 complex for microtubules, but only under conditions where the complex is a 

monomer. The same phosphorylation does not detectably affect the microtubule-binding affinity 

of the complex as an oligomer, probably because the loss of affinity for the microtubule is 

largely overcome by the cooperativity of forming rings. Consistent with our results, the Dam1p C 
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terminus is not required for Dam1 complex assembly nor for its accumulation at the microtubule 

tip (Kalantzaki et al., 2015; Ramey et al., 2011). 

We were previously unable to pinpoint the exact site responsible for regulating the Dam1 

complex oligomerization. In the molecular model of the Dam1 complex dimer, localization of the 

Dam1p S20 to the interface between the two monomers (far from the microtubule) allowed us to 

hypothesize that the Aurora B kinase phosphorylation of this site inhibits Dam1 complex 

oligomerization. We show here that S20 phosphorylation has no effect on the direct interaction 

with the microtubule but a pronounced effect on oligomerization. Considering the importance of 

oligomerization for maintaining attachments to dynamic microtubules, this presents a 

mechanism by which Aurora kinase B could potentially detach kinetochores by phosphorylation 

at a single site. Similarly, several different phospho-site mutations with mild phenotypic 

consequences confer severe phenotypes when combined with Dam1p S20A (Cheeseman et al., 

2002). This further underscores the importance of S20 as a regulatory site. 

For the first time, our data demonstrates a positive mechanism of regulating the 

microtubule binding activity of a kinetochore component. Aurora B kinase is understood as the 

central negative regulator of kinetochore-microtubule attachments, participating in the error 

correction pathway. The Dam1 and Ndc80 complexes are both phosphorylated by Aurora B 

kinase, decreasing their microtubule affinity (Gestaut et al., 2008; Tien et al., 2010; Umbreit et 

al., 2012). Aurora B kinase phosphorylation of the Dsn1p, a component of the outer kinetochore, 

promotes the interaction between the MIND complex and inner kinetochore proteins Ame1p and 

Mif2p (Akiyoshi et al., 2013; Dimitrova et al., 2016). To date, this is the only previously 

described example of a positive regulation of the kinetochore function. In addition, our data 

suggests that Ask1p phosphorylation by Cdk1 enhances the Dam1 complex oligomerization and 

cooperative binding on microtubules while not affecting its single molecule affinity for 

microtubules and the interaction between Dam1 and Ndc80 complexes. 
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Promotion of the Dam1 complex oligomerization by Cdk1 is consistent with previously 

known effects of Cdk1 activity. Cdk1 is activated by cyclin B to promote entry into mitosis and a 

major downstream effect is the formation of the bipolar mitotic spindle (Murray & Kirschner, 

1989). This requires the elongation and stabilization of spindle microtubules for sister 

kinetochore biorientation and equal sister chromatid segregation. Since the Dam1 complex 

localizes to the whole length of the spindle and stabilizes microtubules (Cheeseman et al., 2002; 

Franck et al., 2007; Janke et al., 2002), the enhancement of oligomerization by Cdk1 might 

contribute to bipolar spindle formation. In addition to our results suggesting that Cdk1 

phosphorylation of the Ask1p enhances kinetochore-microtubule interaction, future experiments 

will test if the Cdk1 phosphorylated Dam1 complex stabilizes microtubules and the mitotic 

spindle. 

Materials and methods 

Protein expression and purification 

All ten Dam1 complex subunits were expressed in Escherichia coli (BL21 Rosetta; 

Novagen, Madison, WI) from a single polycistronic vector (Franck et al., 2007). The complex 

was affinity purified using a C-terminal 6xHis-tag on Spc34p. The eluate was purified on a size-

exclusion column (Superdex 200 10/300GL; Amersham Biosciences, Piscataway, NJ), 

equilibrated with 20 mM phosphate at pH 7.0, 500 mM NaCl. 

Dam1 complex phosphorylation 

Expression of GST-Ipl1 (budding yeast Aurora B kinase) was from plasmid pSB196 (Sue 

Biggins, Fred Hutchinson Cancer Research Center, Seattle, WA) at 23 °C for 2 hr. GST-Ipl1 

was purified using GSTrap HP, according to the manufacturer’s instructions (GE Healthcare 

Biosciences), except that the elution buffer was 50 mM, 250 mM KCl, 10 mM glutathione, pH 

8.0. pSB503 (Sue Biggins) was used to express GST-Sli15 (residues 554–698) at 37 °C. GST-
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Sli15 was purified using glutathione–Sepharose 4B resin, following the manufacturer’s 

instructions, except that the elution buffer was 20mM Tris buffer 200 mM NaCl, 1 mM β-

mercaptoethanol, 1 mM EDTA, 10 mM glutathione, pH 8.0. 

Ipl1p phosphorylation of recombinant Dam1 complex was carried out in a 

50 µl reaction containing 4 mM Dam1 complex, 0.5 mM GST-Ipl1, 0.5 uM GST-Sli15 (residues 

554-698), 200 mM NaCl, 10 mM ATP, 25 mM MgCl2 and 50 mM HEPES buffer, pH 7.4. 

Reactions were incubated for 90min at 30°C. Glycerol was added (5% final) before snap-

freezing and storing at -80°C. The mock/non-phosphorylated controls were carried out by 

substituting distilled water for the ATP. Under these conditions, we achieve nearly stoichiometric 

phosphorylation of the complex (Gestaut et al., 2008). 

TIRF microscopy 

Flow chambers were constructed using glass slides and functionalized coverslips as 

reported before (Gestaut et al., 2008; Tien et al., 2010; Umbreit et al., 2014). Coverslip was 

adhered to a glass slide with double-sided tape, to form individual flow channels between two 

adjacent strips of tape. ‘Rigor’ kinesin was added to each channel to nonspecifically bind to the 

coverslip. This allowed for the addition and immobilization of taxol-stabilized microtubules. For 

testing the effects of Aurora B kinase phosphorylation of the Dam1 complex, single-molecule 

imaging experiments were carried out by incubating 40pM phosphorylated or mock-treated 

Dam1-GFP NP (Dam1p S257A, S265A, S292A, Ask1p S200A and Spc34p T199A) or Dam1-

GFP CP (Dam1p S20A, Ask1p S200A and Spc34p T199A) with Alexa-647-labelled 

microtubules. For testing the effects of Ask1p phosphomimetic mutations, 50 pM GFP-tagged 

Dam1c-wt, Dam1c-2D, or Ndc80 complex was used; additional 5 nM unlabelled Dam1c-wt or 

Dam1c-2D complex was added when testing the effects of Cdk1 phosphomimetic mutations on 

the interaction between Dam1 and Ndc80 complexes. In ‘tracer’ assays, GFP-tagged and 

unlabelled versions of the Dam1 complex were mixed to 1:100 ratio to a total concentration of 2 
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nM, and 1 nM or 5 nM for testing Aurora B phosphorylation and Cdk1 phosphomimetic 

mutations, respectively. Next, this solution was incubated with microtubules. GFP and Alexa-

647 fluorescence channels were simultaneously recorded using a custom TIRF imaging system 

(Gestaut et al., 2010). 

All TIRF assays were carried out in BRB80 (80 mM K-PIPES, 1 mM MgCl2, 1 mM EGTA, 

pH 6.9) in the presence of oxygen scavenger system (200 mg/ml glucose oxidase, 35 mg/ml 

catalase, 25 mM glucose and 5 mM dithiothreitol). Experiments using GFP-tagged Dam1 

complex had an additional 0.8 mg/mL κ-casein and 50 mM KCl. Experiments using GFP-tagged 

Ndc80 complex had an additional 8 mg/ml BSA. 

Single particle tracking and analysis was carried out with custom software (available on 

request) developed in LabView (National Instruments) and Igor Pro (Wavemetrics) (Tien et al., 

2010; Umbreit et al., 2014). Mean residence times were carried out through bootstrapping 

analysis (Umbreit et al., 2014). Each residence time data set was randomly resampled with 

replacement 1,000 times. All data sets presented formed normal distributions. Gaussian fits to 

these distributions yielded estimates of mean residence time and s.d. 
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Figure 3.1 
Structural models of the Dam1 complex 
Structural model of the Dam1 complex in the (a) absence and (b) presence of microtubules. Each model 
represents the center of the single cluster found in the top 1,000 models. Four orientations are shown. 
Each panel shows the Dam1 EM structure EMD-1372 for reference (left) followed by 3 differently colored 
versions of the Dam1 structural model. The left version shows all the beads colored according to protein 
(key given at the bottom of the figure). The center version highlights only those residues that cross-link to 
microtubules. Transparency is used to make the MT-binding region visible. The right-hand version 
removes the transparency so that the proximity of the MT-binding region to the model’s surface can be 
clearly seen. It is noteworthy that in the absence of MTs, the MT-binding region is in the interior of the 
structure. 
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Figure 3.2 
Dam1 complex to microtubule cross-links 
Peptide sequence coverage (colored boxes), mono-links (colored vertical lines and circles) and lysines 
(vertical white lines) are also shown. Dam1p to Duo1p and tubulin to tubulin cross-links are hidden for 
clarity. Data are shown for peptides with Percolator (Käll et al., 2007) assigned q-values ≤ 0.01. 
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Figure 3.3 
Dam1p S20 localizes at the Dam1 complex dimer interface 
The Dam1 complex is shown as a dimer, with one monomer in red and the other in grey. The Aurora B 
kinase phosphorylation site Dam1p S20 lies at the interface between the two Dam1 complex monomers. 
Dam1p S20 beads are colored yellow. 
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Figure 3.4 
Aurora B kinase phosphorylation controls both microtubule binding and oligomerization of the 
Dam1 complex 
(A) Schematic of phospho-blocking Dam1 complex constructs. Both constructs were phosphorylated by 
Aurora B kinase in the presence of ATP. Mock-treated Dam1 complex had ATP substituted with distilled 
water. (B) Survival curve summary of single-molecule Dam1-GFP TIRF experiments. Dam1 NP mock 
(n=638), Dam1 NP phos (n=1009), Dam1 CP mock (n=777) and Dam1 CP phos (n=646) were each 
incubated at 40pM for single-molecule Dam1–GFP complex imaging. Inset: GFP fluorescence (A.U.) 
distributions for Dam1 NP mock (3,500±1,200), Dam1 NP Phos (3,300±1,100), Dam1 CP mock 
(4,300±1,500) and Dam1 CP phos (3,900±1,400). (C) Survival curve summary of tracer Dam1-GFP TIRF 
experiments. GFP-tagged Dam1 NP mock (20 pM; n=360), Dam1 NP phos (n=587), Dam1 CP mock 
(n=294) and Dam1 CP phos (n=454) constructs were incubated with 2 nM corresponding non-tagged 
Dam1 constructs. Inset: GFP fluorescence (A.U.) distributions for Dam1 NP mock (3,700±1,300), Dam1 
NP phos (3,700±1,300), Dam1 CP mock (3,600±1,400) and Dam1 CP phos (3,500±1,400) in tracer 
experiments. Inset panels show initial brightness of Dam1-GFP complex are similar across the whole 
TIRF data set, indicating that all data are from imaging single molecules of Dam1–GFP complexes either 
alone or incorporated into oligomers of unlabeled Dam1 complexes (in the tracer experiments). Vertical 
dashed line in inset panels represents the average height of single-step photobleach events under 
identical conditions (3,900±1,900 A.U., n=287). Average single-step photobleach duration under identical 
conditions is 130.9=5.7 s (n=287). All errors are s.d. of the mean. 
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Figure 3.5 
The Ask1p phosphomimetic mutations on Cdk1 phosphorylation sites promote Dam1 complex 
oligomerization 
Survival probability curves summarizing TIRF microscopy experiments using Dam1-GFP complex. Black 
and red curves represent Dam1c-wt and Dam1c-2D constructs, respectively. Solid and dashed lines show 
results from experiments carried out under single molecule and ‘tracer’ conditions, respectively. 
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Figure 3.6 
The Ask1p phosphomimetic mutations on Cdk1 phosphorylation sites do not affect interaction 
between Dam1 and Ndc80 complexes 
Survival probability curves summarizing TIRF microscopy experiments. (A) TIRF experiments carried out 
with Ndc80-GFP complex alone, with the addition of Dam1c-wt or Dam1c-2D. (B) TIRF experiments 
carried out under ‘tracer’ conditions with 50pM GFP-tagged Dam1 complex plus 5nM non-tagged Dam1 
complex. 
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Table 3.1 Plasmids used in this study 
 

Plasmid Relevant markers Reference 

pC4 wt Dam1 complex (Spc34p-6xHis) Miranda et al., 2005 

pC4-GFP pC4 with Dad1p-GFP  

pJOK044 pC4 with Dam1p S20A, Ask1p S200A, Spc34p 

T199A 

This study 

pJOK056 pC4-GFP with Dam1p S20A, Ask1p S200A, 

Spc34p T199A 

This study 

pJOK057 pC4 with Dam1p S257A, S265A, S292A; Ask1p 

S200A; Spc34p T199A 

This study 

pJOK058 pC4-GFP with Dam1p S257A, S265A, S292A; 

Ask1p S200A; Spc34p T199A 

This study 

pJOK120 pC4 with Ask1p S216D, S250D This study 

pJOK126 pC4-GFP with Ask1p S216D, S250D This study 

pETDuet Ndc80/Nuf2 wt Ndc80p, Nuf2p Wei et al., 2005 

pEM33 wt Spc24p-6xHis, Spc25p Wei et al., 2005 

 
  



79 

 

Chapter 4  

Characterization of the budding yeast KMN network 

organization 

Introduction 

Kinetochores assemble onto centromeric DNA regions and make bioriented attachments 

on spindle microtubules during mitosis. The budding yeast kinetochore is composed of at least 

40 different proteins, most of which are conserved from yeast to humans. Each budding yeast 

chromosome has a point centromere of ~125 base pairs, on which the inner kinetochore 

proteins assemble (Bloom & Carbon, 1982). Although many inner kinetochore proteins have 

been identified thus far, only CBF3 complex, Mif2p, Ame1p, and Okp1p are essential for 

viability; this suggests functional redundancy among inner kinetochore proteins. The outer 

kinetochore proteins further assemble onto the inner kinetochore scaffold and are all essential 

for viability. The Spc105 (Knl1 in human), MIND (Mis12 in human), and Ndc80 complexes make 

up the KMN network (Cheeseman & Desai, 2008). Finally, the Dam1 complex is recruited to the 

kinetochore by the Ndc80 complex (Janke et al., 2002). 

 The KMN network components make up the core outer kinetochore and are highly 

conserved from yeast to humans. The MIND and NDC80 complexes have both been obtained in 

vitro through recombinant expression and purification methods, allowing for their biochemical 

characterization. The heterotetrameric MIND complex (Dsn1p, Nsl1p, Mtw1p, Nnf1p) forms a 

“Y” structure and the N-terminal domains of Mtw1p and Nnf1p bind inner kinetochore proteins 

Mif2p and Ame1p (De Wulf et al., 2003; Dimitrova et al., 2016). The Ndc80 complex is a 

heterotetrameric complex with an elongated structure of ~55 nm (Wei et al., 2005). The Ndc80p 

and Nuf2p each have a globular calponin homology (CH) domain and an α-helical domain. 

These two proteins dimerize through a coiled coil domain; Spc24p and Spc25p also dimerize in 

a similar fashion, but have RWD domains instead of CH domains (Wei et al., 2007; Wei et al., 
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2006). The two dimers interact through the ends of their coiled coil domains forming a 

tetramerization domain (Valverde et al., 2016). The C-terminal domains of MIND complex 

Mtw1p, Nsl1p, and Dsn1p interact with the RWD domains of Ndc80 complex Spc24p and 

Spc25p (Kudalkar et al., 2015). Thus, the MIND complex serves as the main connection 

between the microtubule binding components and the inner kinetochore.  

 Unlike the MIND and Ndc80 complexes, the Spc105 complex has been historically 

difficult to obtain in vitro. This has resulted in limited information about the Spc105 complex’s 

biochemical behavior. The Spc105 complex is composed of Spc105p and Kre28p and the 

former has been implicated to have microtubule binding activity (Nekrasov et al., 2003; Pagliuca 

et al., 2009). In C. elegans, the KNL-1 binds microtubules and associates with the MIS-12 

complex, but not the NDC-80 complex (Cheeseman et al., 2006); a Kre28p homolog in C. 

elegans has not been identified. In Human, Knl1 and Zwint proteins are the homologs of 

budding yeast Spc105p and Kre28p, respectively (Kiyomitsu et al., 2007; Pagliuca et al., 2009). 

The Knl1 C-terminal RWD domain interacts with the C-terminal tail of NSL1 of Mis12 complex, 

but does not interact with the Ndc80 complex (Petrovic et al., 2014; Petrovic et al., 2010). These 

studies were carried out using highly truncated forms of human Knl1 (amino acids 2106-2316), 

unable to show how the full-length Knl1 complex is organized within the KMN network. 

 Here, we show for the first time a recombinant expression and purification of the full 

length Spc105 complex. In addition, tandem affinity purification (TAP) tag purification of the 

native Spc105p-TAP co-purifies other components of the KMN network. Chemical cross-linking 

and mass spectrometry analysis reveals that the Spc105p and Kre28p interact through a narrow 

region of coiled-coil domain. We were not able to detect any cross-link amongst KMN network 

components in either recombinantly or natively purified components. Finally, we report four 

phosphorylation events on the Kre28p, all of which are not necessary for viability. 
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Results 

Recombinant purification of the Spc105 complex 

To gain insight into why the recombinantly purified Spc105 complex has been difficult to 

obtain in vitro, we initially carried out a secondary structure prediction of the Spc105p and 

Kre28p (McGuffin et al., 2000). While most of the Kre28p is predicted to form secondary 

structures, only the C-terminal half of Spc105p is predicted to fold into secondary structure 

(Figure 4.1A). In addition, further analysis showed that the N-terminal half of the Spc105p is 

predicted to be disordered (Figure 4.1B). This analysis suggests that the Spc105p N-terminal 

domain (~450 amino acids) is unstructured and may negatively contribute to the Spc105 

complex’s recombinant expression and purification in vitro. 

As expected, our initial attempts at expressing and purifying the full length Spc105 

complex were not successful (data not shown). In accordance with the secondary structure 

prediction data, we then added a N-terminal MBP and a C-terminal GFP tag to the Spc105p in 

attempt to stabilize and solubilize Spc105p. A FLAG tag was also added to the C terminus of 

GFP for purification purposes (Figure 4.1C). The dicistronic construct of MBP-SPC105-GFP-

FLAG and KRE28 was bacterially expressed and purified in two steps using anti-FLAG antibody 

and amylose resin (see materials and methods). This purified sample separated on SDS-PAGE 

shows high purity and only minimal degradation (Figure 4.1D). With the addition of solubility 

tags, we demonstrate for the first time a full length expression and purification of the 

recombinant Spc105 complex. 

Analysis of the recombinantly purified KMN network interaction 

We asked how the Spc105 and Kre28p proteins interact to form a complex. This was 

done by applying a cross-linking and mass spectrometry analysis following protocols developed 

previously (Hoopmann et al., 2015; Kudalkar et al., 2015; Tien et al., 2014; Zelter et al., 2015). 

Application of this method to the newly purified Spc105 complex yielded good sequence 
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coverage and reactivity of the linkable residues (Table 4.1). The Spc105p and Kre28p formed 

robust cross-links between each other. Most of these cross-links occurred in a narrow region of 

about 200 amino acids for both Spc105p and Kre28p suggesting that these two proteins interact 

through a specific region (Figure 4.2). Analysis of the Spc105p and Kre28p with a coiled-coil 

prediction algorithm revealed that these narrow regions are also predicted to form coiled-coil 

domains (Figure 4.2). These results suggest that the Spc105 complex is formed through a 

coiled-coil domain. 

Then we attempted to identify the interaction regions among the highly conserved KMN 

network components. We incubated the recombinant Spc105, MIND, and Ndc80 complexes 

together before adding the chemical cross-linker. In this reaction, cross-links between the 

Spc105p and Kre28p were consistent with those when only the Spc105 complex was cross-

linked (Figure 4.3A, Figure 4.2). The cross-links of Ndc80 and MIND complexes within each 

complex and between the two complexes are consistent with previously published results 

(Figure 4.3; Kudalkar et al., 2015; Tien et al., 2014). In addition, sequence coverage and 

reactivity of the linkable residues were good (Table 4.2). These results demonstrate a robust 

cross-linking reaction and mass spectrometry detection of the digested peptides. However, the 

Spc105 complex did not form extensive cross-links to the Ndc80 or MIND complexes. Only one 

cross-link was observed between the Spc105 and Ndc80 complexes, and none between the 

Spc105 and MIND complexes (Figure 4.3 A, B). 

Analysis of the natively purified KMN network interaction 

Next, we purified the native Spc105 complex from budding yeast with the use of a 

Spc105p C-terminal tandem affinity purification tag on (Spc105p-TAP). We reasoned that there 

may be unknown post translational modifications on the KMN network component(s) that 

promote the assembly of the network. Adopting methods previously described (Fong et al., 

2017; Fong et al., 2016), we carried out a one-step purification of the Spc105p-TAP with 
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magnetic beads conjugated to rabbit IgG, stringent washes, and finally TEV protease cleavage 

elution (see Methods and Materials). Analysis of this purified sample with SDS-PAGE and silver 

staining showed additional bands other than the two components of the Spc105 complex, even 

after the stringent washes (Figure 4.4A). Mass spectrometry analysis of this sample identified 

other kinetochore proteins with the most abundant ones being components of the KMN network 

(Figure 4.4B). These results suggest that purification of the native Spc105p co-purifies other 

KMN network components, and that the native Spc105 complex interacts strongly with the 

Ndc80 and MIND complexes. 

The cross-linking and mass spectrometry analysis was then applied to this natively 

purified KMN network. The sequence coverage and reactivity of the linkable residues were 

robust (Table 4.3). However, no cross-link was detected between the Spc105 and Ndc80 

complexes, and Spc105 and MIND complexes (Figure 4.5 A, B). In addition, there were no 

cross-links detected between the Ndc80 and MIND complexes, unlike what was observed with 

cross-linking of recombinant components (Figure 4.5C). Even though the native Spc105 

complex co-purifies the Ndc80 and MIND complexes, we were not able to detect any cross-links 

among these KMN network components. 

Kre28p phosphorylation is not essential for viability 

Even though phosphorylation of the Spc105p and its involvement in the SAC has been 

extensively studied, information about the Kre28p phospho-regulation is still lacking. To address 

this, we analyzed the natively purified Spc105p-TAP sample with mass spectrometry searching 

for phosphorylated peptides (see materials and methods). Four phosphorylation events were 

detected through this method. Four Kre28p phospho-peptides were detected in the MS1 scan, 

each with a single phosphorylation event. Two sites (T210 and S214) were specifically identified 

based on the peptide fragments detected in the MS2 scan; however, the other two phospho-
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peptides fragmented such that one of two close-by sites may be phosphorylated (T16/S21 and 

S215/S217). For the first time, we show that Kre28p is phosphorylated. 

We next investigated the function(s) of these phosphorylation events. Since the N-

terminal phosphorylation sites (T210, S214, S215/S217) are included in the predicted coiled-coil 

domain of the Kre28p, we hypothesized that these phosphorylation sites may be involved in the 

assembly of the Spc105 complex. The two certain Kre28p phosphorylation sites (S210, S214) 

and all four of the ambiguous sites (T16, S21, S215, S217) were mutated to Asp, mimicking 

phosphorylation (Kre28p-6D). Recombinantly expressing and purifying this mutant Spc105 

complex did not have detectable differences during the purification process, when compared to 

the wild-type Spc105 complex (Figure 4.6B). This suggests that phosphorylation of the Kre28p 

does not affect the interaction between Spc105p and Kre28p in vitro. 

Finally, the Kre28p phosphorylation events were tested for their function in vivo. We 

constructed yeast expression plasmids for KRE28, kre28-6D, and kre28-6A encoding the wild-

type, phosphomimetic, and phospho-blocking versions of Kre28p. Using a plasmid shuffle 

assay, we found that both the Kre28p-6D and Kre28p-6A supported growth. The wild-type 

Kre28p also supported growth and the empty vector did not support growth, as expected (Figure 

4.6C). These results suggest that Kre28p phosphorylation at these sites is not required for 

viability.  

Discussion 

 Outer kinetochore components allow sister chromatids to attach to the spindle 

microtubules and ultimately make bioriented attachments. The KMN network is considered as 

the core outer kinetochore and microtubule binding unit (Cheeseman & Desai, 2008). In budding 

yeast, the KMN network alone is insufficient for strong kinetochore-microtubule attachments. 

The Ndc80 complex recruits the Dam1 complex, which imparts microtubule tip-tracking ability to 

the Ndc80 complex and is required for biorientation (Lampert et al., 2010; Tien et al., 2010; 
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Umbreit et al., 2014). Additionally, the Spc105 complex is the scaffold for recruiting spindle 

assembly checkpoint proteins; disruption of this checkpoint results in separation of sister 

kinetochores in the absence of correct attachments and aneuploidy (London & Biggins, 2014b). 

Understanding the structural organization of the KMN network protein complexes is crucial for 

uncovering how the outer kinetochore recruits other components for these functionalities. 

We demonstrate for the first time a recombinant expression and purification method for 

obtaining the full length Spc105 complex in vitro. The association of Spc105p and Kre28p 

through coiled coil domains is similar to the organization of other kinetochore proteins and the 

human Knl1 complex. Human Knl1 and Zwint also have sequences predicted to form coiled-coil 

domains similar to the Spc105 complex proteins. Full length Zwint associates with Knl1 that 

contains this coiled-coil domain, but not with Knl1 not containing the coiled-coil domain (Petrovic 

et al., 2010). This suggests that the formation of coiled-coil domains within the Spc105 complex 

is conserved between budding yeast and human. In addition, previous biochemical experiments 

suggest the Spc105p:Kre28p stoichiometry to be 1:2 forming a complex of ~195 kDa (Pagliuca 

et al., 2009). The C. elegans KNL-1 recombinantly purified in vitro forms decameric oligomers, 

mediated by a conserved hydrophobic patch (Kern et al., 2015). In budding yeast, the reported 

copy number of Spc105p per kinetochore is variable from 2.4 to 14.5 (Dhatchinamoorthy et al., 

2017; Joglekar et al., 2006; Lawrimore et al., 2011). Currently, the oligomeric state of the 

Spc105 complex and the stoichiometry between the Spc105p and Kre28p are unclear. The 

newly purified full length Spc105 complex will be appropriate for studying these characteristics 

in future experiments. 

The Mis12 complex was shown to be the main organizer of the KMN network. In both 

humans and C. elagans, the Ndc80 complex and KNL-1 do not interact with each other, but 

independently interact with the Mis12 complex (Cheeseman et al., 2006; Petrovic et al., 2014; 

Petrovic et al., 2010). Organization of the budding yeast KMN network is less clear. The 

interaction between the MIND and Ndc80 complexes is important for recruiting the Ndc80 



86 

 

complex to the kinetochore and enhancement of the Ndc80 complex microtubule binding activity 

(Kudalkar et al., 2015). However, how the Spc105 complex is recruited to the outer kinetochore 

is not known. Similar to other organisms, the MIND complex may be the main recruiter of the 

Spc105 complex, or the Ndc80 complex may also be involved in this process. We were unable 

to detect any significant cross-links between the Spc105 complex and the other KMN network 

components. Co-elution of the MIND and Ndc80 complexes in the Spc105p-TAP purification 

suggests strong interaction among the KMN network components. Future experiments will focus 

on optimizing the detection of these interactions through cross-linking the native Spc105p-TAP 

sample in the crude lysate prior to purification, digestion, and mass spectrometry detection. 

Cross-linking the sample in crude lysate has the advantage of capturing interactions in a more 

biologically-relevant environment and a possible higher abundance of the protein of interest. 

The KMN network is a hub of regulation important not only for signaling the spindle 

assembly checkpoint, but also for the error correction pathway. The Mps1 kinase is recruited to 

kinetochores lacking microtubule attachment and phosphorylates the Spc105p, starting the 

signaling cascade that ultimately results in activation of the spindle assembly checkpoint and 

inhibition of anaphase (Musacchio, 2015). The Ndc80p unstructured N-terminal tail is 

phosphorylated by Aurora B kinase, which decreases the Ndc80 complex’s affinity for 

microtubules (Akiyoshi et al., 2009; Ciferri et al., 2008; Umbreit et al., 2012). This regulation is 

important for correcting aberrant kinetochore-microtubule attachments, and disrupting it results 

in chromosome missegregation (Alushin et al., 2012; DeLuca et al., 2006; Foley & Kapoor, 

2013). Even though the four phosphorylation sites on Kre28p are not essential for viability, the 

phosphorylation sites taking place in the KMN network may regulate function. For example, the 

Cdk1 kinase phosphorylation of the Dam1 complex Ask1p is not necessary for cell viability, but 

significantly enhances the Dam1 complex oligomerization on microtubules (Li & Elledge, 2003; 

see Chapter 3). Future work will involve identifying what kinase(s) is responsible for 

phosphorylating the Kre28p and possible functions of these phosphorylation events. 
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Materials and methods 

Recombinant protein expression and purification 

The MBP-SPC105-GFP-FLAG and KRE28 open reading frames were cloned into the 

pCDF-1b vector such that a single dicistronic transcript is transcribed (pJOK116). This construct 

was transformed into BL21 Rosetta 2 E. coli cells (Millipore Sigma, Burlington, MA) and induced 

for 16 hours, 18°C. These cells were then resuspended in cold FLAG buffer (50mM Hepes pH 

7.6, 500mM NaCl) + cOmplete Protease Inhibitor Cocktail Tablet (Roche, Indianapolis, IN) + 

Benzonase nuclease (Sigma-Aldrich, St. Louis, MO). The purification was carried out at 4°C 

from here. These cells were then lysed with a French press and subjected to centrifugation at 

30,000 x g, for 20 min. The cleared lysate was then incubated with anti-FLAG resin (Sigma-

Aldrich; St Louis, MO) for 30 min before washing with FB + 10 mM MgATP (pH 7). Protein 

sample was eluted with FB + 100 µg/mL 3x FLAG peptide (Sigma-Aldrich, St. Louis, MO). This 

eluate was then incubated with amylose resin (NEB, Ipswich, MA) for 30 min before washing 

with FB + 10 mM MgATP (pH 7), and then MBP buffer (50 mM Hepes pH7.6, 150 mM NaCl; 

FB). Protein was eluted with MB + 10 mM maltose. 

The S. cerevisiae Ndc80 and MIND complexes were independently expressed in BL21 

Rosetta 2 E. coli cells (Millipore Sigma, Burlington, MA) using polycistronic vectors, as 

previously described (Kudalkar et al., 2015; Powers et al., 2009; Wei et al., 2005). Spc24-6xHis 

and Dsn1p-FLAG were used for purifying the Ndc80 and MIND complexes, respectively. The 

Ndc80 complex was affinity purified with Ni2+ charged MAC resin column (Bio-Rad, Hercules, 

CA). The MIND complex was affinity purified with anti-FLAG antibody M2 resin (Sigma-Aldrich, 

St. Louis, MO). Each of these eluates were further purified using size exclusion chromatography 

on a Superdex 200 column. 
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Native budding yeast TAP purification purification 

S. cerevisiae Spc105 complex was purified with a TAP tag on the C terminus of 

Spc105p as previously described (Fong et al., 2017). Lysed cells were resuspended in 

purification buffer (20 mM HEPES buffer, pH 7.4, 0.5% Triton X-100, 2 mM MgCl2, 100 μM 

GTP, 1 mM ATP, 1 mM DTT, 1 mM PMSF, 4 μg/ml aprotinin, 4 μg/ml chymostatin, 4 μg/ml 

leupeptin, 4 μg/ml pep- statin, 10 mM sodium fluoride, 1 mM sodium pyrophosphate, 1 mM β-

glycerophosphate, 5% glycerol) plus 300 mM NaCl and homogenized. This sample was 

subjected to centrifugation at 2000 x g for 10 min at 4°C. The cleared lysate was incubated with 

Dynabeads, conjugated to rabbit IgG (following manufacturer’s directions), for 30 min at 4°C. 

The Dynabeads were then washed three times with purification buffer containing 500 mM KCl, 

and once with purification buffer containing 150 mM NaCl. Finally, these beads were 

resuspended in TEV cleavage buffer (40 mM HEPES buffer, pH 7.4, 200 mM NaCl, 2 mM 

MgCl2, 1 mM GTP, 1 mM ATP, 1 mM EDTA, pH 8, 1 mM DTT, 5% glycerol) and incubated with 

1 μg of TEV for 2 h at 4°C. The eluate was then analyzed with SDS-PAGE and silver staining, 

and mass spectrometry. 

Identification of phosphorylation sites in Spc105 by Mass Spectrometry Analysis 

The Spc105p-TAP was purified from yeast (EMMY002-7c) as described above. 650 uL 

of the purified sample were concentrated down to 100 µL according to manufacturer's 

instructions in an Amicon 10K MWCO filter unit (Amicon Ultra-0.5 Centrifugal Filter Unit cat 

number UFC501024; Millipore Sigma, Burlington, MA). 400 µL 25 mM ammonium bicarbonate 

were mixed with the sample in the filter unit and the sample was spun down to 100 µL. This 

process was repeated a total of 3 times leaving the protein in 100 µL of 25 mM ammonium 

bicarbonate. Protein was reduced in the Amicon unit by adding 2.75 µL 200 mM TCEP and 

incubating for 1 hour at 37°C. Alkylation was performed by adding 1.35 µL of 0.5 M IAC and 

incubating at room temperature for 20 minutes in the dark. 1.5 µL of 0.2 µg/µL sequencing 
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grade modified trypsin (Promega Corp cat #V5111; Madison, WI) was added to the Amicon filter 

unit and samples were digested at 37°C for 4 hours in an Eppendorf Thermomixer with shaking 

(1000 rpm). Digested sample was transferred to a clean eppendorf tube by pipetting. Filter unit 

was washed by spinning through 100 µL 25 mM ammonium bicarbonate. Flow through was 

added to the digested sample. This process was repeated a total of 3 times. Finally, the Amicon 

unit was inverted and eluted according to the manufacturer's instructions. The combined sample 

from the steps above was placed in a speed vac at room temperature and volume was reduced 

to around 15 µL. Sample was acidified with HCl (pH ~2) and stored at -80°C until analysis. MS 

analysis was performed as described below for XL-MS. Analysis of MS data was performed 

Comet (Eng et al., 2013) and a statistically meaningful q-value was assigned to each peptide 

spectrum match (PSM) using Percolator version 2.08 (Käll et al., 2007). Data was visualized 

using MSDaPl (Sharma et al., 2012). 

Chemical Cross-linking and Mass Spectrometry Analysis (XL-MS) 

Chemical crosslinking and mass spectrometry analysis (XL-MS) was carried out as 

described by (Zelter et al., 2015). The Spc105p-TAP was purified from yeast (EMMY002-7c) 

following steps described above. 1 mL the sample in TEV cleavage buffer (40 mM Hepes pH 

7.6, 150 mM NaCl, 1 mM DTT) was brought up to 0.25 mM BS3 or 0.5 mM DSS using 14.5 mM 

stock crosslinker solutions. Samples were crosslinked for 15 or 30 minutes at room temperature 

(BS3 and DSS samples, respectively) before quenching the reaction by bringing it to 100 mM 

ammonium bicarbonate. Samples were concentrated and buffer exchanged into 25 mM 

ammonium bicarbonate using Amicon concentration filter units and digested as described for 

samples analyzed for phosphorylation sites above. For recombinant E. coli expressed Spc105 

complex and Spc105/Ndc80/MIND complex crosslinking, reactions were 35 μL total volume in 

50 mM Hepes, 150 mM NaCl, 10 mM maltose, pH 7.6, 5% glycerol plus 0.5 mM DSS or 9.6 mM 

EDC plus 9.6 mM sulfo-NHS. Spc105/Ndc80c/MIND complexes where present were at 0.4 μM 
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final concentration of each protein complex. Crosslinking was carried out at room temperature. 

For EDC/sulfo-NHS reactions crosslinking was done for 40 mins prior to quenching by addition 

of 4.2 µL 0.33 mM BME. For DSS reactions crosslinking was performed for 10 mins before 

quenching by addition of 4.2 µL 0.83 mM ammonium bicarbonate. After quenching, reactions 

were brought up to 0.1% PPS silent surfactant (Expedion Inc.; San Diego, CA) and 5 mM TCEP 

(tris(2 carboxyethyl)phosphine) and reduced for 60 mins at 60°C. Alkylation was performed at 

room temperature with 6 mM iodoacetamide, followed by trypsin digestion at 37°C for 6 hours in 

an Eppendorf Thermomixer with shaking (1000 rpm) at a substrate to enzyme ratio of 15:1 prior 

to acidification with 250 mM HCl (final concentration). Digested samples were stored at 80°C 

until analysis. Mass spectrometry and data analyses were performed as previously described 

(Zelter et al., 2015). In brief, 3 µl of digested protein was loaded by autosampler onto a 150 μm 

Kasil fritted trap packed with 2 cm of ReprosilPur C18AQ (3 μm bead diameter, Dr. Maisch) at a 

flow rate of 2 μL per min. After desalting with 8 μL of 0.1% formic acid plus 2% acetonitrile, the 

trap was brought online with a fused silica capillary tip column (75 μm i.d.) packed with 30 cm of 

ReprosilPur C18AQ (3 μm bead diameter, Dr. Maisch). Peptides were eluted from the column at 

0.25 μL/min using an acetonitrile gradient. A QExactive HF (Thermo Fisher Scientific) was used 

to perform mass spectrometry in data dependent mode. Acquired spectra were converted into 

mzML using msconvert from ProteoWizard (Chambers et al., 2012). All proteins in the sample 

were identified using Comet (Eng et al., 2013). Crosslinked peptides were identified within 

proteins identified by comet, using Kojak version 1.4.3 (Hoopmann et al., 2015) available at 

(http://www.kojak-ms.org). A statistically meaningful q value was assigned to each peptide 

spectrum match (PSM) through analysis of the target and decoy PSM distributions using 

Percolator version 2.08 (Käll et al., 2007). Target databases consisted of all proteins identified in 

the sample analyzed. Decoy databases consisted of the corresponding set of reversed protein 

sequences. Data were filtered to show hits to the target proteins that had a Percolator assigned 

peptide level q value ≤ 0.01 and were identified by 2 or more PSMs. 
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Testing the function of the Kre28p phosphorylation in vivo 

The function of Kre28p phosphorylation sites in vivo was assayed using the red/white 

plasmid shuffle (Davis, 1992; E. G. Muller, 1996) and strain JOKY065-7D (ade2-1oc ade3Δ-100 

can1-100 his3-11,15 leu2-3,112 lys2Δ::HIS3 trp1-1 ura3-1 kre28Δ::KANMX) containing plasmid 

pJOK124 (ADE3 LYS2 KRE28 in a 2µm vector). JOKY065-6D was transformed with pJOK127, 

pJOK129, pJOK130, and pRS316 (see Table 4.1) and plated on SD-ura plates. Colonies were 

grown at 25°C and observed for sectoring. 
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Figure 4.1 Purification of the Spc105 complex 
(A) Secondary structure prediction of Spc105p and Kre28p using PSIPRED3 (McGuffin et al., 2000). (B) 
Disordered structure prediction of Spc105p and Kre28p using DISOPRED3 (D. T. Jones & Cozzetto, 
2015). (C) Bacterial expression construct of the full length Spc105 complex under control by the T7 
promoter and terminator. (D) Coomassie blue stained SDS-PAGE gels of elution fractions during Spc105 
complex purification. Left gel shows elution fractoins from the first FLAG-affinity step and right gel shows 
elution fractions from the second MBP-affinity step. 
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Figure 4.2 The Spc105p and Kre28p interact through a coiled-coil domain 
Cross-links between the MBP-Spc105p-GFP-FLAG and Kre28p. Horizontal black and gray bars represent 
proteins and the blue bars represent mass spectrometry sequence coverage. Red lines represent cross-
links between the two proteins from Percolator (Käll et al., 2007) peptides assigned q-values ≤ 0.05. Data 
shown is the combination of two experiments using DSS and EDC cross-linkers. Graphs above and 
below the protein bars present the probability of each protein sequence forming coiled-coil domain based 
on PairCoil2 analysis (McDonnell, Jiang, Keating, & Berger, 2006). 
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Figure 4.3 Cross-linking of recombinantly reconstituted KMN network 
Recombinantly purified Spc105, Ndc80, and MIND complexes were combined before the addition of DSS 
or EDC cross-linker. Data shown here show cross-links combined from both experiments using Percolator 
(Käll et al., 2007) peptide q-value ≤ 0.01. Horizontal black bars and blue bars represent protein and mass 
spectrometry sequence coverage, respectively. (A) Cross-links within Spc105 and Ndc80 complexes, and 
between the two complexes. (B) Cross-links within Spc105 and MIND complex, and between the two 
complexes. (C) Cross-links between the Ndc80 and MIND complexes. Proteins involved in the interaction 
of these two complexes are shown (Kudalkar et al., 2015). Cross-links within Ndc80 and MIND complexes 
are omitted for clarity.  
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Figure 4.4 Native Spc105-TAP purification co-purifies other KMN network components 
(A) Silver stained SDS-PAGE gel of the Spc105-TAP purification eluate. Protein bands are labeled based 
on predicted size and the abundance from mass spectrometry. (B) Data showing the most abundant 
kinetochore proteins from the Spc105-TAP purification. Proteins are arranged based on the number of 
peptides.  
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Figure 4.5 Cross-linking of the natively purified KMN network 
The natively purified KMN network using Spc105-TAP sample was cross-linked using DSS or BS3. Data 
shown here show cross-links combined from both experiments using Percolator (Käll et al., 2007) peptide 
q-value ≤ 0.01. Horizontal black bars and blue bars represent protein and mass spectrometry sequence 
coverage, respectively. (A) Cross-links within Spc105 and Ndc80 complexes, and between the two 
complexes. (B) Cross-links within Spc105 and MIND complex, and between the two complexes. (C) 
Cross-links between the Ndc80 and MIND complexes. Proteins involved in the interaction of these two 
complexes are shown (Kudalkar et al., 2015).  
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Figure 4.6 Kre28 phosphorylation sites are not essential for viability 
(A) Four detected phosphorylation sites on the Kre28p. Natively purified Spc105-TAP sample was 
analyzed for phosphor-peptides. Two of four sites are ambiguous based on the detected fragments in the 
MS2 scan. (B) Coomassie Blue stained SDS-PAGE gels of the recombinantly purified wt Spc105 or 
Spc105-6D (Kre28 T16D, S21D, T210D, S214D, S215D, S217D) complex. (C) Red/white plasmid shuffle 
assay to test the viability of the Kre28 phospho-site mutations. Solid red colony indicate the inability of the 
empty vector to support growth. Sectoring white colonies show the ability of wt KRE28, kre28-6A, and 
kre28-6D to support growth.  
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Table 4.1 Statistics from recombinant Spc105 complex cross-linking and MSa 
 

protein 
sequence 
coverage 

proportion of reacted 
linkable residuesb 

MBP-Spc105-GFP-FLAG 0.99 0.69 

Kre28-6xHis 1 0.62 

 
 

Table 4.2 Statistics from recombinant KMN network cross-linking and MSa 
 

protein 
sequence 
coverage 

proportion of reacted 
linkable residuesb 

MBP-Spc105-GFP-FLAG 0.98 0.58 

Kre28-6xHis 0.98 0.67 

Ndc80 0.96 0.57 

Nuf2 0.75 0.52 

6xHis-Spc24 0.97 0.67 

Spc25 0.84 0.21 

Dsn1-FLAG 0.76 0.66 

Mtw1 0.92 0.59 

Nnf1 0.99 0.63 

Nsl1 0.96 0.53 

 
 
Table 4.3 Statistics from native KMN network cross-linking and MSa 
 

protein 
sequence 
coverage 

proportion of reacted 
linkable residuesb 

Spc105-TAP 0.84 0.86 

Kre28 0.94 0.82 

Ndc80 0.71 0.67 

Nuf2 0.77 0.61 

Spc24 0.8 0.78 

Spc25 0.61 0.50 

Dsn1 0.59 0.70 

Mtw1 0.72 0.72 

Nnf1 0.84 0.77 

Nsl1 0.87 0.56 

 
aStatistics shown are for peptides with Percolator (Käll et al., 2007) assigned q-values ≤ 0.01 
bStatistic showing the proportion of reacted linkable resides in the total number of linkable 
residues sequenced 
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Table 4.4 plasmids used in this study 
 

Plasmid Relevant markers Reference 

pRS316 CEN6 ARSH4 URA3  bla Sikorski and Hieter 1989 

pJOK127 KRE28 in pRS316 This study 

pJOK129 kre28 T16A S21A T210A S214A S215A S217A in pRS316 This study 

pJOK130 kre28 T16D S21D T210D S214D S215D S217D in pRS316 This study 

pJOK116 MBP-SPC105-GFP-FLAG, KRE28-6xHis in pCDF-1b This study 

pJOK123 MBP-SPC105-GFP-FLAG, KRE28-6D (T16D S21D T210D 
S214D S215D S217D)-6xHis in pCDF-1b 

This study 

wt Ndc80, Nuf2 NDC80 NUF2 in pETDuet This study 

wt Spc24, Spc25 6xHis-SPC24 SPC25 in pRSFDuet This study 

wt MINDc-FLAG DSN1-FLAG MTW1 NNF1 NSL1 in pST39 This study 

   
   

Table 4.5 yeast strains used in this study 
 

Strain Genotypea Reference 

W303 ade2‐1oc can1‐100 his3‐11,15 leu2‐3,112 trp1‐1 ura3‐1  

EMMY002-7C ade3Δ-100 SPC105-6xHis-TAP This study 

JOKY065-7D ade3Δ-100 lys2Δ::HIS3 kre28Δ::KANMX This study 

 

aAll strains have the same markers as W303 except as noted 
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Chapter 5  

Conclusions and future directions 

The conserved outer kinetochore mediates essential functions during mitosis. These 

include making strong and processive attachments to microtubule tips, activating the error 

correction pathway, and signaling the spindle assembly checkpoint. The arrangement of outer 

kinetochore proteins impacts how the kinetochore carries out these functions. My thesis 

research detailed the interaction mechanism between the Ndc80 and Dam1 complexes, and 

how they are organized at the kinetochore-microtubule interface. I also determined how the 

Aurora B kinase regulates the interaction between these two complexes. In addition, I found that 

the Aurora B kinase and Cdk1 regulate the Dam1 complex microtubule-binding activity through 

several mechanisms. Finally, I report methods for the purification of recombinant full length 

Spc105 complex and native KMN network purification from budding yeast. The MIND and 

Ndc80 complexes are co-purified with the Spc105 complex from yeast; these advancements 

might provide a future platform for studying the architectural organization of the outer 

kinetochore. Overall, I have contributed to our understanding of the molecular architecture and 

regulation of the budding yeast kinetochore-microtubule interface. 

The Ndc80 complex bridging two Dam1 complex rings: implications at the kinetochore-

microtubule interface 

The Ndc80 complex’s ability to bridge two Dam1 complex rings in vitro has implications 

on how these proteins are organized in vivo. Unlike other kinetochore proteins, the Dam1 

complex localizes along the length of the spindle microtubules (Cheeseman et al., 2001; Jones 

et al., 2001). After the Ndc80 complex attaches kinetochores laterally to microtubules, molecular 

motors transport the kinetochores and chromosomes toward the spindle pole (Rieder & 

Alexander, 1990; Tanaka et al., 2005; Yang et al., 2007). When the microtubule plus-ends 

depolymerize to catch up to the kinetochores, the lateral attachments are converted to end-on 
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attachments (Tanaka, 2010). During this process, the Ndc80 complex is exposed to many 

Dam1 complexes already localized to the microtubule. We show that the Ndc80 complex coiled-

coil domain contains three Dam1 complex binding sites. Two sites together bind one Dam1 

complex ring and the third site binds the second ring, resulting in the Ndc80 complex bridging 

two rings in vitro. Mutating any one of the three Ndc80 complex interaction sites results in 

chromosome segregation error. We postulate that the Dam1 complex might occupy all three 

binding sites on the Ndc80 complex in vivo.  

Even though the Dam1 complex oligomerization and ring formation has been extensively 

studied in vitro, it is still unclear if rings are present at the kinetochore-microtubule interface in 

cells. Fluorescence brightness studies in budding yeast that counted the copy number of each 

kinetochore protein give conflicting results. The measurements suggest enough Dam1 complex 

molecules for one or two rings per kinetochore (Dhatchinamoorthy et al., 2017; Joglekar et al., 

2006; Lawrimore et al., 2011). Regardless of the Dam1 complex copy number at each 

kinetochore, these studies still do not show direct evidence of ring formation in a cell. Ring 

formation is not required for the Dam1 complex to track with microtubule tips, but 

oligomerization is required for kinetochores to track with microtubule tips under load-bearing 

conditions (Gestaut et al., 2008; Umbreit et al., 2014). Hence, it is also possible that the Ndc80 

complex recruits partial Dam1 complex rings to the kinetochore. 

The Dam1 complex is specific to fungal organisms and the Ska complex is believed to 

be its functional homolog in human. A recent study showed that the Dam1 complex and Ska 

complex (Ska1, Ska2, Ska3 proteins) are widespread in eukaryotic species in an inverse 

manner, suggesting their functional redundancy and homology (Van Hooff et al., 2017). In vivo, 

kinetochore localization of the Ska complex is dependent on the Ndc80 complex (Janczyk et al., 

2017; Zhang et al., 2017), and loss of the Ska complex is associated with chromosome 

segregation defects and mitotic delay (Hanisch et al., 2006; Welburn et al., 2009). In vitro, the 

Ska complex binds microtubules and makes load-bearing attachments to microtubule tips 
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(Helgeson et al., 2018; Welburn et al., 2009). The Ska complex enhances the microtubule tip 

tracking ability of the human Ndc80 complex (Schmidt et al., 2012). These characteristics of the 

Ska complex resemble the kinetochore functions of the Dam1 complex. 

The Dam1 and Ska complexes also have differences. The heterodecameric Dam1 and 

heterotrimeric Ska complexes do not have sequence or structural homology (Abad et al., 2014; 

Jenni & Harrison, 2018; Jeyaprakash et al., 2012). In Ndc80 complex-based microtubule tip 

attachments, the Ska complex does not affect the attachment lifetime under constant force and 

selectively strengthens load-bearing capacity when weakened by low Ndc80 complex 

concentration (Helgeson et al., 2018). Under similar conditions, the Dam1 complex enhances 

attachment lifetime and strengthens load-bearing attachments even at high Ndc80 complex 

concentrations (Tien et al., 2010). Additionally, cross-linking and mass spectrometry analysis 

show only the Ska3 protein extensively cross-linking with the coiled-coil domain of all four 

human Ndc80 complex proteins (Helgeson et al., 2018). In budding yeast, we detected cross-

links between multiple Dam1 complex proteins and mainly the Ndc80p and Nuf2p coiled-coil 

domains. Despite the differences, these results suggest that the budding yeast and human 

Ndc80 complexes contain multiple sites on the coiled-coiled coil domain for binding the Dam1 

and Ska complexes, respectively. 

Rigid control of the Dam1 complex microtubule binding mechanisms 

 The Aurora B kinase phosphorylates the Dam1 complex at six different sites 

(Cheeseman et al., 2002). I show that these phosphorylation events disrupt the Dam1 

complex’s affinity and avidity for microtubules, and its interaction with the Ndc80 complex. In 

contrast, I also revealed that Cdk1 phosphorylates Ask1p to enhance the Dam1 complex’s 

avidity for microtubules. The presence of multiple mechanisms controlling the Dam1 complex 

oligomerization on microtubules highlight the importance of oligomerization for the Dam1 

complex’s function at the kinetochore. This is also consistent with previous work showing the 
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requirement of oligomerization for establishing sister kinetochore biorientation (Umbreit et al., 

2014). 

 Mechanisms of the Ska complex regulation at the outer kinetochore contain both 

similarities and differences compared to the Dam1 complex regulation. The Aurora B kinase 

also phosphorylates the Ska complex to inhibit its microtubule binding and kinetochore 

localization (Abad et al., 2014; Chan et al., 2012). Instead of enhancing microtubule binding, 

Cdk1 phosphorylation of the Ska complex promotes its kinetochore localization (Zhang et al., 

2017). In budding yeast, Mps1 kinase phosphorylation of the Dam1 complex promotes efficient 

microtubule plus-end coupling of kinetochores (Shimogawa et al., 2006); however, the Mps1 

kinase phosphorylation of the Ska complex inhibits kinetochore-microtubule attachments in 

human (Maciejowski et al., 2017). The effects of phosphorylation by different mitotic kinases do 

not exactly align between the budding yeast Dam1 complex and human Ska complex; however, 

these results suggest that stringent regulation of microtubule-binding kinetochore components is 

conserved throughout evolution. 

 Future work will focus on better understanding the architecture and regulation of the 

kinetochore-microtubule interface. In addition to my work on the organization of the Ndc80 and 

Dam1 complexes, we still do not clearly understand how the KMN network is organized. I 

showed that purifying the Spc105p-TAP from budding yeast co-purifies other KMN network 

proteins. The application of more advanced cross-linking and mass spectrometry methods may 

yield information about the architectural organization of the budding yeast outer kinetochore. 

Compared to the budding yeast, the interaction mechanisms between the human Ska and 

Ndc80 complexes still remain unclear. Further work will show how these two organisms are 

similar and different in their outer kinetochore organization.  



106 

 

References 

Abad, M. A., Medina, B., Santamaria, A., Zou, J., Plasberg-Hill, C., Madhumalar, A., … Jeyaprakash,  a 
A. (2014). Structural basis for microtubule recognition by the human kinetochore Ska complex. 
Nature Communications, 5, 2964. 

Akiyoshi, B., Nelson, C. R., & Biggins, S. (2013). The aurora B kinase promotes inner and outer 
kinetochore interactions in budding yeast. Genetics, 194(3), 785–789. 

Akiyoshi, B., Nelson, C. R., Ranish, J. A., & Biggins, S. (2009). Analysis of Ipl1-mediated phosphorylation 
of the Ndc80 kinetochore protein in Saccharomyces cerevisiae. Genetics, 183(4), 1591–1595. 

Akiyoshi, B., Sarangapani, K. K., Powers, A. F., Nelson, C. R., Reichow, S. L., Arellano-Santoyo, H., … 
Biggins, S. (2010). Tension directly stabilizes reconstituted kinetochore-microtubule attachments. 
Nature, 468(7323), 576–579.  

Alushin, G. M., Musinipally, V., Matson, D., Tooley, J., Stukenberg, P. T., & Nogales, E. (2012). 
Multimodal microtubule binding by the Ndc80 kinetochore complex. Nature Structural & Molecular 
Biology, 19(11), 1161–1167.  

Alushin, G. M., Ramey, V. H., Pasqualato, S., Ball, D. a, Grigorieff, N., Musacchio, A., & Nogales, E. 
(2010). The Ndc80 kinetochore complex forms oligomeric arrays along microtubules. Nature, 
467(7317), 805–810. 

Aravamudhan, P., Felzer-Kim, I., & Joglekar, A. P. (2013). The budding yeast point centromere 
associates with two Cse4 molecules during mitosis. Current Biology, 23(9), 770–774.  

Asbury, C. L., Gestaut, D. R., Powers, A. F., Franck, A. D., & Davis, T. N. (2006). The Dam1 kinetochore 
complex harnesses microtubule dynamics to produce force and movement. Proceedings of the 
National Academy of Sciences of the United States of America, 103(26), 9873–9878. 

Bianconi, E., Piovesan, A., Facchin, F., Beraudi, A., Casadei, R., Frabetti, F., … Canaider, S. (2013). An 
estimation of the number of cells in the human body. Annals of Human Biology, 40(6), 463–471. 

Biggins, S. (2013). The composition, functions, and regulation of the budding yeast kinetochore. 
Genetics, 194(4), 817–846. 

Biggins, S., & Murray, A. W. (2001). The budding yeast protein kinase Ipl1 / Aurora allows the absence of 
tension to activate the spindle checkpoint. Genes & Development, 15(23), 3118–3129. 

Biggins, S., Severin, F. F., Bhalla, N., Sassoon, I., Hyman, A. a., & Murray, A. W. (1999). The conserved 
protein kinase Ipl1 regulates microtubule binding to kinetochores in budding yeast. Genes and 
Development, 13, 532–544. 

Bloom, K. S., & Carbon, J. (1982). Yeast centromere DNA is in a unique and highly ordered structure in 
chromosomes and small circular minichromosomes. Cell, 29(2), 305–317. 

Carmena, M., & Earnshaw, W. C. (2003). The cellular geography of Aurora kinases. Nature Reviews 
Molecular Cell Biology, 4(11), 842–854. 

Carroll, C. W., & Straight, A. F. (2006). Centromere formation: From epigenetics to self-assembly. Trends 
in Cell Biology, 16(2), 70–78. 

Chambers, M. C., Maclean, B., Burke, R., Amodei, D., Ruderman, D. L., Neumann, S., … Mallick, P. 
(2012). A cross-platform toolkit for mass spectrometry and proteomics. Nature Biotechnology, 
30(10), 918–920. 

Chan, C. S. M., & Botstein, D. (1993). Isolation and characterization of chromosome-gain and increase-
in-ploidy mutants in yeast. Genetics, 135(3), 677–691. 

Chan, Y. W., Jeyaprakash,  a. A., Nigg, E. a., & Santamaria, A. (2012). Aurora B controls kinetochore-
microtubule attachments by inhibiting Ska complex-KMN network interaction. Journal of Cell 
Biology, 196(5), 563–571. 



107 

 

Cheeseman, I. M., Anderson, S., Jwa, M., Green, E. M., Kang, J. S., Yates, J. R., … Barnes, G. (2002). 
Phospho-regulation of kinetochore-microtubule attachments by the Aurora kinase Ipl1p. Cell, 111(2), 
163–172. 

Cheeseman, I. M., Chappie, J. S., Wilson-Kubalek, E. M., & Desai, A. (2006). The Conserved KMN 
Network Constitutes the Core Microtubule-Binding Site of the Kinetochore. Cell, 127(5), 983–997. 

Cheeseman, I. M., & Desai, A. (2008). Molecular architecture of the kinetochore–microtubule interface. 
Nature Reviews Molecular Cell Biology, 9(1), 33–46.  

Cheeseman, I. M., Enquist-Newman, M., Müller-Reichert, T., Drubin, D. G., & Barnes, G. (2001). Mitotic 
spindle integrity and kinetochore function linked by the Duo1p/Dam1p complex. Journal of Cell 
Biology, 152(1), 197–212. 

Ciferri, C., Pasqualato, S., Screpanti, E., Varetti, G., Santaguida, S., Dos Reis, G., … Musacchio, A. 
(2008). Implications for Kinetochore-Microtubule Attachment from the Structure of an Engineered 
Ndc80 Complex. Cell, 133(3), 427–439.  

Coffman, V. C., Wu, P., Parthun, M. R., & Wu, J. Q. (2011). CENP-A exceeds microtubule attachment 
sites in centromere clusters of both budding and fission yeast. Journal of Cell Biology, 195(4), 563–
572. 

Davis, T. N. (1992). Mutational analysis of calmodulin in Saccharomyces cerevisiae. Cell Calcium, 13(6–
7), 435–444. 

De Wulf, P., McAinsh, A. D., & Sorger, P. K. (2003). Hierarchical assembly of the budding yeast 
kinetochore from multiple subcomplexes. Genes and Development, 17(23), 2902–2921. 

DeLuca, J. G., Gall, W. E., Ciferri, C., Cimini, D., Musacchio, A., & Salmon, E. D. (2006). Kinetochore 
Microtubule Dynamics and Attachment Stability Are Regulated by Hec1. Cell, 127(5), 969–982. 

Desai, A., & Mitchison, T. J. (1997). Microtubule Polymerization Dynamics. Annual Review of Cell and 
Developmental Biology, 13(1), 83–117. 3 

Dhatchinamoorthy, K., Shivaraju, M., Lange, J. J., Rubinstein, B., Unruh, J. R., Slaughter, B. D., & 
Gerton, J. L. (2017). Structural plasticity of the living kinetochore. Journal of Cell Biology, 216(11), 
3551–3570. 

Dimitrova, Y. N., Jenni, S., Valverde, R., Khin, Y., & Harrison, S. C. (2016). Structure of the MIND 
Complex Defines a Regulatory Focus for Yeast Kinetochore Assembly. Cell, 167(4), 1014–
1027.e12. 

Dou, Z., Liu, X., Wang, W., Zhu, T., Wang, X., Xu, L., … Yao, X. (2015). Dynamic localization of Mps1 
kinase to kinetochores is essential for accurate spindle microtubule attachment. Proceedings of the 
National Academy of Sciences, 112(33), E4546–E4555.  

Eng, J. K., Jahan, T. A., & Hoopmann, M. R. (2013). Comet: An open-source MS/MS sequence database 
search tool. Proteomics, 13(1), 22–24. 

Enserink, J. M., & Kolodner, R. D. (2010). An overview of Cdk1-controlled targets and processes. Cell 
Division, 5, 1–41. 

Evans, L., Mitchison, T., & Kirschner, M. (1985). Influence of Nucleated of the Centrosome Microtubules 
the Structure. The Journal of Cell Biology, 100(4), 1185–1191.  

Fisher, J. K., Ballenger, M., O’Brien, E. T., Haase, J., Superfine, R., & Bloom, K. (2009). DNA relaxation 
dynamics as a probe for the intracellular environment. Proceedings of the National Academy of 
Sciences, 106(23), 9250–9255.  

Foley, E. a, & Kapoor, T. M. (2013). Microtubule attachment and spindle assembly checkpoint signalling 
at the kinetochore. Nature Reviews. Molecular Cell Biology, 14(1), 25–37.  

Fong, K. K., Sarangapani, K. K., Yusko, E. C., Riffle, M., Llauró, A., Graczyk, B., … Asbury, C. L. (2017). 
Direct measurement of the strength of microtubule attachment to yeast centrosomes. Molecular 



108 

 

Biology of the Cell, 28(14), 1853–1861.  

Franck, A. D., Powers, A. F., Gestaut, D. R., Gonen, T., Davis, T. N., & Asbury, C. L. (2007). Tension 
applied through the Dam1 complex promotes microtubule elongation providing a direct mechanism 
for length control in mitosis. Nature Cell Biology, 9(7), 832–837.  

Gestaut, D. R., Cooper, J., Asbury, C. L., Davis, T. N., & Wordeman, L. (2010). Reconstitution and 
functional analysis of kinetochore subcomplexes. Methods in Cell Biology, 95, 641–656. 

Gestaut, D. R., Graczyk, B., Cooper, J., Widlund, P. O., Zelter, A., Wordeman, L., … Davis, T. N. (2008). 
Phosphoregulation and depolymerization-driven movement of the Dam1 complex do not require ring 
formation. Nature Cell Biology, 10(4), 407–414.  

Goh, P. Y., & Kilmartin, J. V. (1993). NDC10: a gene involved in chromosome segregation in 
Saccharomyces cerevisiae. The Journal of Cell Biology, 121(3), 503–512. 

Gordon, D. J., Resio, B., & Pellman, D. (2012). Causes and consequences of aneuploidy in cancer. 
Nature Reviews Genetics, 13(3), 189–203.  

Gregan, J., Polakova, S., Zhang, L., Tolić-Nørrelykke, I. M., & Cimini, D. (2011). Merotelic kinetochore 
attachment: Causes and effects. Trends in Cell Biology, 21(6), 374–381. 

Gresham, D., Ruderfer, D. M., Pratt, S. C., Schacherer, J., Dunham, M. J., Botstein, D., & Kruglyak, L. 
(2006). Genome-wide detection of polymorphisms at nucleotide resolution with a single DNA 
microarray. Science (New York, N.Y.), 311(5769), 1932–1936.  

Grishchuk, E. L., Spiridonov, I. S., Volkov, V. A., Efremov, A., Westermann, S., Drubin, D., … McIntosh, J. 
R. (2008). Different assemblies of the DAM1 complex follow shortening microtubules by distinct 
mechanisms. Proc Natl Acad Sci U S A, 105(19), 6918–6923.  

Haering, C. H., Farcas, A. M., Arumugam, P., Metson, J., & Nasmyth, K. (2008). The cohesin ring 
concatenates sister DNA molecules. Nature, 454(7202), 297–301. 

Hanisch, A., Silljé, H. H. W., & Nigg, E. a. (2006). Timely anaphase onset requires a novel spindle and 
kinetochore complex comprising Ska1 and Ska2. The EMBO Journal, 25(23), 5504–5515. 

Hauf, S., Cole, R. W., LaTerra, S., Zimmer, C., Schnapp, G., Walter, R., … Peters, J. M. (2003). The 
small molecule Hesperadin reveals a role for Aurora B in correcting kinetochore-microtubule 
attachment and in maintaining the spindle assembly checkpoint. Journal of Cell Biology, 161(2), 
281–294. 

He, X., Asthana, S., & Sorger, P. K. (2000). Transient Sister Chromatid Separation and Elastic 
Deformation of Chromosomes during Mitosis in Budding Yeast. Cell, 101(7), 763–775.  

Helgeson, L. A., Zelter, A., Riffle, M., MacCoss, M. J., Asbury, C. L., & Davis, T. N. (2018). Human Ska 
complex and Ndc80 complex interact to form a load-bearing assembly that strengthens 
kinetochore–microtubule attachments. Proceedings of the National Academy of Sciences, 115(11), 
201718553. 

Hiruma, Y., Sacristan, C., Pachis, S. T., Adamopoulos, A., Kuijt, T., Ubbink, M., … Kops, G. J. P. L. 
(2015). CELL DIVISION CYCLE. Competition between MPS1 and microtubules at kinetochores 
regulates spindle checkpoint signaling. Science (New York, N.Y.), 348(6240), 1264–1267. 

Hofmann, C., Cheeseman, I. M., Goode, B. L., McDonald, K. L., Barnes, G., & Drubin, D. G. (1998). 
Saccharomyces cerevisiae Duo1p and Dam1p, novel proteins involved in mitotic spindle function. 
The Journal of Cell Biology, 143(4), 1029–1040. 

Hoopmann, M. R., Zelter, A., Johnson, R. S., Riffle, M., Maccoss, M. J., Davis, T. N., & Moritz, R. L. 
(2015). Kojak: Efficient analysis of chemically cross-linked protein complexes. Journal of Proteome 
Research, 14(5), 2190–2198. 

Hornung, P., Troc, P., Malvezzi, F., Maier, M., Demianova, Z., Zimniak, T., … Westermann, S. (2014). A 
cooperative mechanism drives budding yeast kinetochore assembly downstream of CENP-A. The 
Journal of Cell Biology, 206(4), 509–524. 



109 

 

Jallepalli, P. V, Waizenegger, I. C., Bunz, F., Langer, S., Speicher, M. R., Peters, J. M., … Lengauer, C. 
(2001). Securin is required for chromosomal stability in human cells. Cell, 105(4), 445–457.  

Janczyk, P., Skorupka, K. A., Tooley, J. G., Matson, D. R., Kestner, C. A., West, T., … Stukenberg, P. T. 
(2017). Mechanism of Ska Recruitment by Ndc80 Complexes to Kinetochores. Developmental Cell, 
41(4), 438–449.e4.  

Janke, C., Ortiz, J., Lechner, J., Shevchenko, A., Shevchenko, A., Magiera, M. M., … Schiebel, E. (2001). 
The budding yeast proteins Spc24p and Spc25p interact with Ndc80p and Nuf2p at the kinetochore 
and are important for kinetochore clustering and checkpoint control. EMBO Journal, 20(4), 777–791. 

Janke, C., Ortiz, J., Tanaka, T. U., Lechner, J., & Schiebel, E. (2002). Four new subunits of the Dam1-
Duo1 complex reveal novel functions in sister kinetochore biorientation. EMBO Journal, 21(1–2), 
181–193. 

Jenni, S., & Harrison, S. C. (2018). Structure of the DASH/Dam1 complex shows its role at the yeast 
kinetochore-microtubule interface. Science, 360(6388), 552–558.  

Jeyaprakash, A. a., Santamaria, A., Jayachandran, U., Chan, Y. W., Benda, C., Nigg, E. a., & Conti, E. 
(2012). Structural and Functional Organization of the Ska Complex, a Key Component of the 
Kinetochore-Microtubule Interface. Molecular Cell, 46(3), 274–286. 

Ji, Z., Gao, H., & Yu, H. (2015). Kinetochore attachment sensed by competitive Mps1 and microtubule 
binding to Ndc80C. Science, 348(6240), 1260–1264. 

Joglekar, A. P., Bloom, K., & Salmon, E. D. (2009). In Vivo Protein Architecture of the Eukaryotic 
Kinetochore with Nanometer Scale Accuracy. Current Biology, 19(8), 694–699.  

Joglekar, A. P., Bouck, D. C., Molk, J. N., Bloom, K. S., & Salmon, E. D. (2006). Molecular architecture of 
a kinetochore-microtubule attachment site. Nature Cell Biology, 8(6), 581–585. 

Jones, D. T., & Cozzetto, D. (2015). DISOPRED3: Precise disordered region predictions with annotated 
protein-binding activity. Bioinformatics, 31(6), 857–863. 

Jones, M., He, X., Giddings, T. H., & Winey, M. (2001). Yeast Dam1p has a role at the kinetochore in 
assembly of the mitotic spindle. PNAS, 98(24), 13675–13680. 

Kalantzaki, M., Kitamura, E., Zhang, T., Mino, A., Novák, B., & Tanaka, T. U. (2015). Kinetochore–
microtubule error correction is driven by differentially regulated interaction modes. Nature Cell 
Biology, 17(4), 421–433.  

Käll, L., Canterbury, J. D., Weston, J., Noble, W. S., & MacCoss, M. J. (2007). Semi-supervised learning 
for peptide identification from shotgun proteomics datasets. Nature Methods, 4(11), 923–925. 

Kapitein, L. C., Peterman, E. J. G., Kwok, B. H., Kim, J. H., Kapoor, T. M., & Schmidt, C. F. (2005). The 
bipolar mitotic kinesin Eg5 moves on both microtubules that it crosslinks. Nature, 435(7038), 114–
118. 

Kapoor, T. M., Lampson, M. A., Hergert, P., Cameron, L., Cimini, D., Salmon, E. D., … Khodjakov, A. 
(2006). Chromosomes can congress to the metaphase plate before biorientation. Science (New 
York, N.Y.), 311(5759), 388–391. 

Kashina, A. S., Baskin, R. J., Cole, D. G., Wedaman, K. P., Saxton, W. M., & Scholey, J. M. (1996). A 
bipolar kinesin. Nature. 

Kemmler, S., Stach, M., Knapp, M., Ortiz, J., Pfannstiel, J., Ruppert, T., & Lechner, J. (2009). Mimicking 
Ndc80 phosphorylation triggers spindle assembly checkpoint signalling. The EMBO Journal, 28(8), 
1099–1110. 

Kern, D. M., Kim, T., Rigney, M., Hattersley, N., Desai, A., & Cheeseman, I. M. (2015). The outer 
kinetochore protein KNL-1 contains a defined oligomerization domain in nematodes. Molecular 
Biology of the Cell, 26(2), 229–237. 

Kim, S., Sun, H., Tomchick, D. R., Yu, H., & Luo, X. (2012). Structure of human Mad1 C-terminal domain 



110 

 

reveals its involvement in kinetochore targeting. Proceedings of the National Academy of Sciences, 
109(17), 6549–6554. 

King, R. W., Jackson, P. K., & Kirschner, M. W. (1994). Mitosis in transition. Cell, 79(4), 563–571. 

Kiyomitsu, T., Obuse, C., & Yanagida, M. (2007). Human Blinkin/AF15q14 Is Required for Chromosome 
Alignment and the Mitotic Checkpoint through Direct Interaction with Bub1 and BubR1. 
Developmental Cell, 13(5), 663–676. 

Kudalkar, E. M., Scarborough, E. A., Umbreit, N. T., Zelter, A., Gestaut, D. R., Riffle, M., … Davis, T. N. 
(2015). Regulation of outer kinetochore Ndc80 complex-based microtubule attachments by the 
central kinetochore Mis12/MIND complex. Proceedings of the National Academy of Sciences of the 
United States of America, 112(41), E5583-9.  

Lampert, F., Hornung, P., & Westermann, S. (2010). The Dam1 complex confers microtubule plus end-
tracking activity to the Ndc80 kinetochore complex. Journal of Cell Biology, 189(4), 641–649. 

Lampert, F., Mieck, C., Alushin, G. M., Nogales, E., & Westermann, S. (2013). Molecular requirements for 
the formation of a kinetochore-microtubule interface by Dam1 and Ndc80 complexes. Journal of Cell 
Biology, 200(1), 21–30. 

Lampert, F., & Westermann, S. (2011). A blueprint for kinetochores - New insights into the molecular 
mechanics of cell division. Nature Reviews Molecular Cell Biology, 12(7), 407–412.  

Lawrimore, J., Bloom, K. S., & Salmon, E. D. (2011). Point centromeres contain more than a single 
centromere-specific Cse4 (CENP-A) nucleosome. Journal of Cell Biology, 195(4), 573–582. 

Ledbetter, M. C., & Porter, K. R. (1963). A “MICROTUBULE” IN PLANT CELL FINE STRUCTURE. The 
Journal of Cell Biology, 19(1), 239–250.  

Li, X., & Nicklas, R. B. (1995). Mitotic forces control a cell-cycle checkpoint. Nature. 

Li, Y., Bachant, J., Alcasabas, A. A., Wang, Y., Qin, J., & Elledge, S. J. (2002). The mitotic spindle is 
required for loading of the DASH complex onto the kinetochore. Genes and Development, 16(2), 
183–197. 

Li, Y., & Elledge, S. J. (2003). The DASH Complex Component Ask1 Is a Cell Cycle-Regulated Cdk 
Substrate in Saccharomyces cerevisiae. Cell Cycle, 2(2), 144–149.  

London, N., & Biggins, S. (2014a). Mad1 kinetochore recruitment by Mps1-mediated phosphorylation of 
Bub1 signals the spindle checkpoint. Genes and Development, 28(2), 140–152. 

London, N., & Biggins, S. (2014b). Signalling dynamics in the spindle checkpoint response. Nature 
Reviews Molecular Cell Biology, 15(11), 736–748.  

London, N., Ceto, S., Ranish, J. a., & Biggins, S. (2012). Phosphoregulation of Spc105 by Mps1 and PP1 
regulates Bub1 localization to kinetochores. Current Biology, 22(10), 900–906.  

Lupas, A. N., & Gruber, M. (2005). The structure of alpha-helical coiled coils. Advances in Protein 
Chemistry, 70, 37–78. 

Maciejowski, J., Drechsler, H., Grundner-Culemann, K., Ballister, E. R., Rodriguez-Rodriguez, J.-A., 
Rodriguez-Bravo, V., … Jallepalli, P. V. (2017). Mps1 Regulates Kinetochore-Microtubule 
Attachment Stability via the Ska Complex to Ensure Error-Free Chromosome Segregation. 
Developmental Cell, 41(2), 143–156.e6. 

Maure, J. F., Komoto, S., Oku, Y., Mino, A., Pasqualato, S., Natsume, K., … Tanaka, T. U. (2011). The 
Ndc80 loop region facilitates formation of kinetochore attachment to the dynamic microtubule plus 
end. Current Biology, 21(3), 207–213. 

McDonnell, A. V., Jiang, T., Keating, A. E., & Berger, B. (2006). Paircoil2: Improved prediction of coiled 
coils from sequence. Bioinformatics, 22(3), 356–358. 

McGuffin, L. J., Bryson, K., & Jones, D. T. (2000). The PSIPRED protein structure prediction server. 
Bioinformatics, 16(4), 404–405. 



111 

 

Meluh, P. B., & Koshland, D. (1997). Budding yeast centromere composition and assembly as revealed 
by in vivo cross-linking. Genes and Development, 11(24), 3401–3412. 

Miller, M. P., Asbury, C. L., & Biggins, S. (2016). A TOG Protein Confers Tension Sensitivity to 
Kinetochore-Microtubule Attachments. Cell, 165(6), 1–12.  

Miranda, J. J. L., De Wulf, P., Sorger, P. K., & Harrison, S. C. (2005). The yeast DASH complex forms 
closed rings on microtubules. Nature Structural & Molecular Biology, 12(2), 138–143. 

Mitchison, T., & Kirschner, M. (1984). Dynamic instability of microtubule growth. Nature, 312(5991), 237–
242. 

Muller, E. G. (1996). A glutathione reductase mutant of yeast accumulates high levels of oxidized 
glutathione and requires thioredoxin for growth. Molecular Biology of the Cell, 7(11), 1805–1813.  

Muller, E. G. D., Snydsman, B. E., Novik, I., Hailey, D. W., Gestaut, D. R., Niemann, C. A., … Davis, T. N. 
(2005). The organization of the core proteins of the yeast spindle pole body. Molecular Biology of 
the Cell, 16(7), 3341–3352.  

Murray, A. W., & Kirschner, M. W. (1989). Dominoes and Clocks - the Union of 2 Views of the Cell-Cycle. 
Science, 246(4930), 614–621.  

Musacchio, A. (2015). The Molecular Biology of Spindle Assembly Checkpoint Signaling Dynamics. 
Current Biology, 25(20), R1002–R1018. 

Nekrasov, V. S., Smith, M. A., Peak-Chew, S., & Kilmartin, J. V. (2003). Interactions between centromere 
complexes in Saccharomyces cerevisiae. Molecular Biology of the Cell, 14(12), 4931–4946.  

Nicklas, R. B. (1965). Chromosome Function Velocity During Mitosis As a of Chromosome Size and 
Position *. Journal of Cell Biology, 25(1), 119–135. 

Nicklas, R. B., & Ward, S. C. (1994). Elements of error correction in mitosis: microtubule capture, release, 
and tension. The Journal of Cell Biology, 126(5), 1241–1253. 

Nijenhuis, W., Von Castelmur, E., Littler, D., De Marco, V., Tromer, E., Vleugel, M., … Kops, G. J. P. L. 
(2013). A TPR domain-containing N-terminal module of MPS1 is required for its kinetochore 
localization by Aurora B. Journal of Cell Biology, 201(2), 217–231. 

Nishimura, K., Fukagawa, T., Takisawa, H., Kakimoto, T., & Kanemaki, M. (2009). An auxin-based degron 
system for the rapid depletion of proteins in nonplant cells. Nature Methods, 6(12), 917–922.  

Oliveira, R. A., Hamilton, R. S., Pauli, A., Davis, I., & Nasmyth, K. (2010). Cohesin cleavage and Cdk 
inhibition trigger formation of daughter nuclei. Nature Cell Biology, 12(2), 185–192. 

Oromendia,  a. B., & Amon,  a. (2014). Aneuploidy: implications for protein homeostasis and disease. 
Disease Models & Mechanisms, 7(1), 15–20.  

Pagliuca, C., Draviam, V. M., Marco, E., Sorger, P. K., & De Wulf, P. (2009). Roles for the conserved 
Spc105p/Kre28p complex in kinetochore-microtubule binding and the spindle assembly checkpoint. 
PLoS ONE, 4(10). 

Petrovic, A., Mosalaganti, S., Keller, J., Mattiuzzo, M., Overlack, K., Krenn, V., … Musacchio, A. (2014). 
Modular Assembly of RWD Domains on the Mis12 Complex Underlies Outer Kinetochore 
Organization. Molecular Cell, 53(4), 591–605. 

Petrovic, A., Pasqualato, S., Dube, P., Krenn, V., Santaguida, S., Cittaro, D., … Musacchio, A. (2010). 
The MIS12 complex is a protein interaction hub for outer kinetochore assembly. The Journal of Cell 
Biology, 190(5), 835–852.  

Pinsky, B. a, Kung, C., Shokat, K. M., & Biggins, S. (2006). The Ipl1-Aurora protein kinase activates the 
spindle checkpoint by creating unattached kinetochores. Nature Cell Biology, 8(1), 78–83. 

Powers, A. F., Franck, A. D., Gestaut, D. R., Cooper, J., Gracyzk, B., Wei, R. R., … Asbury, C. L. (2009). 
The Ndc80 Kinetochore Complex Forms Load-Bearing Attachments to Dynamic Microtubule Tips 
via Biased Diffusion. Cell, 136(5), 865–875.  



112 

 

Ramey, V. H., Wang, H.-W., Nakajima, Y., Wong, A., Liu, J., Drubin, D., … Nogales, E. (2011). The Dam1 
ring binds to the E-hook of tubulin and diffuses along the microtubule. Molecular Biology of the Cell, 
22(4), 457–466. 

Ramey, V. H., Wong,  a., Fang, J., Howes, S., Barnes, G., & Nogales, E. (2011). Subunit organization in 
the Dam1 kinetochore complex and its ring around microtubules. Molecular Biology of the Cell, 
22(22), 4335–4342. 

Rieder, C. L., & Alexander, S. P. (1990). Kinetochores are transported poleward along a single astral 
microtubule during chromosome attachment to the spindle in newt lung cells. Journal of Cell 
Biology, 110(1), 81–95. 

Rieder, C. L., Cole, R. W., Khodjakov, A., & Sluder, G. (1995). The checkpoint delaying anaphase in 
response to chromosome monoorientation is mediated by an inhibitory signal produced by 
unattached kinetochores. Journal of Cell Biology, 130(4), 941–948. 

Riffle, M., Jaschob, D., Zelter, A., & Davis, T. N. (2016). ProXL (protein cross-linking database): A 
platform for analysis, visualization, and sharing of protein cross-linking mass spectrometry data. 
Journal of Proteome Research, 15(8), 2863–2870. 

Sarangapani, K. K., & Asbury, C. L. (2014). Catch and release: How do kinetochores hook the right 
microtubules during mitosis? Trends in Genetics, 30(4), 150–159. 

Schmidt, J. C., Arthanari, H., Boeszoermenyi, A., Dashkevich, N. M., Wilson-Kubalek, E. M., Monnier, N., 
… Cheeseman, I. M. (2012). The Kinetochore-Bound Ska1 Complex Tracks Depolymerizing 
Microtubules and Binds to Curved Protofilaments. Developmental Cell, 23(5), 968–980.  

Sharma, V., Eng, J. K., MacCoss, M. J., & Riffle, M. (2012). A Mass Spectrometry Proteomics Data 
Management Platform. Molecular & Cellular Proteomics, 11(9), 824–831.  

Shepperd, L. A., Meadows, J. C., Sochaj, A. M., Lancaster, T. C., Zou, J., Buttrick, G. J., … Millar, J. B. A. 
(2012). Phosphodependent recruitment of Bub1 and Bub3 to Spc7/KNL1 by Mph1 kinase maintains 
the spindle checkpoint. Current Biology, 22(10), 891–899. 

Shimogawa, M. M., Graczyk, B., Gardner, M. K., Francis, S. E., White, E. a., Ess, M., … Davis, T. N. 
(2006). Mps1 Phosphorylation of Dam1 Couples Kinetochores to Microtubule Plus Ends at 
Metaphase. Current Biology, 16(15), 1489–1501. 

Skibbens, R. V., Skeen, V. P., & Salmon, E. D. (1993). Directional instability of kinetochore motility during 
chromosome congression and segregation in mitotic newt lung cells: A push-pull mechanism. 
Journal of Cell Biology, 122(4), 859–875. 

Skinner, J. J., Wood, S., Shorter, J., Englander, S. W., & Black, B. E. (2008). The Mad2 partial unfolding 
model: Regulating mitosis through Mad2 conformational switching. Journal of Cell Biology, 183(5), 
761–768. 

Surana, U., Amon, A., Dowzer, C., McGrew, J., Byers, B., & Nasmytht, K. A. (1993). Destruction of the 
CDC28/CLB mitotic kinase is not required for the metaphase to anaphase transition in budding 
yeast. The EMBO Journal, 12(5), 1969–1978. 

Tanaka, K., Kitamura, E., Kitamura, Y., & Tanaka, T. U. (2007). Molecular mechanisms of microtubule-
dependent kinetochore transport toward spindle poles. Journal of Cell Biology, 178(2), 269–281. 

Tanaka, K., Mukae, N., Dewar, H., van Breugel, M., James, E. K., Prescott, A. R., … Tanaka, T. U. 
(2005). Molecular mechanisms of kinetochore capture by spindle microtubules. Nature, 434(7036), 
987–994. 

Tanaka, T., Fuchs, J., Loidl, J., & Nasmyth, K. (2000). Cohesin ensures bipolar attachment of 
microtubules to sister centromeres and resists their precocious separation. Nature Cell Biology, 
2(8), 492–499. 

Tanaka, T. U. (2010). Kinetochore-microtubule interactions: steps towards bi-orientation. The EMBO 
Journal, 29(24), 4070–4082.  



113 

 

Tanaka, T. U., Rachidi, N., Janke, C., Pereira, G., Galova, M., Schiebel, E., … Nasmyth, K. (2002). 
Evidence that the Ipl1-Sli15 (Aurora Kinase-INCENP) complex promotes chromosome bi-orientation 
by altering kinetochore-spindle pole connections. Cell, 108(3), 317–329. 

Tien, J. F., Fong, K. K., Umbreit, N. T., Payen, C., Zelter, A., Asbury, C. L., … Davis, T. N. (2013). 
Coupling unbiased mutagenesis to high-throughput DNA sequencing uncovers functional domains 
in the Ndc80 kinetochore protein of Saccharomyces cerevisiae. Genetics, 195(1), 159–170. 

Tien, J. F., Umbreit, N. T., Gestaut, D. R., Franck, A. D., Cooper, J., Wordeman, L., … Davis, T. N. 
(2010). Cooperation of the Dam1 and Ndc80 kinetochore complexes enhances microtubule coupling 
and is regulated by aurora B. Journal of Cell Biology, 189(4), 713–723. 

Tien, J. F., Umbreit, N. T., Zelter, A., Riffle, M., Hoopmann, M. R., Johnson, R. S., … Davis, T. N. (2014). 
Kinetochore Biorientation in Saccharomyces cerevisiae Requires a Tightly Folded Conformation of 
the Ndc80 Complex. Genetics, 198(December), 1483–1493.  

Tilney, L. G., Bryan, J., Bush, D. J., Fujiwara, K., Mooseker, M. S., Murphy, D. B., & Snyder, D. H. (1973). 
Microtubules: Evidence for 13 protofilaments. Journal of Cell Biology, 59(2), 267–275. 

Torras-Llort, M., Moreno-Moreno, O., & Azorín, F. (2009). Focus on the centre: The role of chromatin on 
the regulation of centromere identity and function. EMBO Journal, 28(16), 2337–2348. 

Umbreit, N. T., Gestaut, D. R., Tien, J. F., Vollmar, B. S., Gonen, T., Asbury, C. L., & Davis, T. N. (2012). 
The Ndc80 kinetochore complex directly modulates microtubule dynamics. Proceedings of the 
National Academy of Sciences, 109(40), 16113–16118.  

Umbreit, N. T., Miller, M. P., Tien, J. F., Ortolá, J. C., Gui, L., Lee, K. K., … Davis, T. N. (2014). 
Kinetochores require oligomerization of Dam1 complex to maintain microtubule attachments against 
tension and promote biorientation. Nature Communications, 5, 4951.  

Valverde, R., Ingram, J., & Harrison, S. C. (2016). Conserved Tetramer Junction in the Kinetochore 
Ndc80 Complex. Cell Reports, 17(8), 1915–1922.  

Van Hooff, J. J. E., Snel, B., & Kops, G. J. P. L. (2017). Unique phylogenetic distributions of the Ska and 
Dam1 complexes support functional analogy and suggest multiple parallel displacements of Ska by 
Dam1. Genome Biology and Evolution, 9(5), 1295–1303. 

Volkov, V. a, Zaytsev, A. V, Gudimchuk, N., Grissom, P. M., & Gintsburg, A. L. (2013). Long tethers 
provide high-force coupling of the Dam1 ring to shortening microtubules. Proceedings of the 
National Academy of Sciences of the United States of America, 110(19), 7708–7713. 

Wach, A., Brachat, A., Alberti-Segui, C., Rebischung, C., & Philippsen, P. (1997). Heterologous HIS3 
marker and GFP reporter modules for PCR-targeting in Saccharomyces cerevisiae. Yeast, 13(11), 
1065–1075. 

Walker, R. A., O’Brien, E. T., Pryer, N. K., Soboeiro, M. F., Voter, W. A., Erickson, H. P., & Salmon, E. D. 
(1988). Dynamic instability of individual microtubules analyzed by video light microscopy: rate 
constants and transition frequencies. The Journal of Cell Biology, 107(4), 1437–1448. 

Wang, H.-W., Ramey, V. H., Westermann, S., Leschziner, A. E., Welburn, J. P. I., Nakajima, Y., … 
Nogales, E. (2007). Architecture of the Dam1 kinetochore ring complex and implications for 
microtubule-driven assembly and force-coupling mechanisms. Nature Structural & Molecular 
Biology, 14(8), 721–726. 

Wargacki, M. M., Tay, J. C., Muller, E. G., Asbury, C. L., & Davis, T. N. (2010). Kip3, the yeast kinesin-8, 
is required for clustering of kinetochores at metaphase. Cell Cycle, 9(13), 2581–2588. 

Wei, R. R., Al-Bassam, J., & Harrison, S. C. (2007). The Ndc80/HEC1 complex is a contact point for 
kinetochore-microtubule attachment. Nature Structural & Molecular Biology, 14(1), 54–59. 

Wei, R. R., Schnell, J. R., Larsen, N. A., Sorger, P. K., Chou, J. J., & Harrison, S. C. (2006). Structure of a 
Central Component of the Yeast Kinetochore: The Spc24p/Spc25p Globular Domain. Structure, 
14(6), 1003–1009. 



114 

 

Wei, R. R., Sorger, P. K., & Harrison, S. C. (2005). Molecular organization of the Ndc80 complex, an 
essential kinetochore component. Proc Natl Acad Sci U S A, 102(15), 5363–5367.  

Welburn, J. P. I., Grishchuk, E. L., Backer, C. B., Wilson-Kubalek, E. M., Yates, J. R., & Cheeseman, I. M. 
(2009). The Human Kinetochore Ska1 Complex Facilitates Microtubule Depolymerization-Coupled 
Motility. Developmental Cell, 16(3), 374–385.  

Welburn, J. P. I., Vleugel, M., Liu, D., Yates, J. R., Lampson, M. a., Fukagawa, T., & Cheeseman, I. M. 
(2010). Aurora B Phosphorylates Spatially Distinct Targets to Differentially Regulate the 
Kinetochore-Microtubule Interface. Molecular Cell, 38(3), 383–392.  

Westermann, S., Avila-Sakar, A., Wang, H.-W., Niederstrasser, H., Wong, J., Drubin, D. G., … Barnes, G. 
(2005). Formation of a dynamic kinetochore-microtubule interface through assembly of the Dam1 
ring complex. Molecular Cell, 17(2), 277–290.  

Westermann, S., Cheeseman, I. M., Anderson, S., Yates, J. R., Drubin, D. G., & Barnes, G. (2003). 
Architecture of the budding yeast kinetochore reveals a conserved molecular core. Journal of Cell 
Biology, 163(2), 215–222. 

Westermann, S., Wang, H.-W., Avila-Sakar, A., Drubin, D. G., Nogales, E., & Barnes, G. (2006). The 
Dam1 kinetochore ring complex moves processively on depolymerizing microtubule ends. Nature, 
440(7083), 565–569.  

Widlund, P. O., & Davis, T. N. (2005). A high-efficiency method to replace essential genes with mutant 
alleles in yeast. Yeast, 22(10), 769–774.  

Wigge, P. a, Jensen, O. N., Holmes, S., Souès, S., Mann, M., & Kilmartin, J. V. (1998). Analysis of the 
Saccharomyces spindle pole by matrix-assisted laser desorption/ionization (MALDI) mass 
spectrometry. The Journal of Cell Biology, 141(4), 967–977.  

Winey, M., Mamay, C. L., O’Toole, E. T., Mastronarde, D. N., Giddings, T. H., McDonald, K. L., & 
McIntosh, J. R. (1995). Three-dimensional ultrastructural analysis of the Saccharomyces cerevisiae 
mitotic spindle. The Journal of Cell Biology, 129(6), 1601–1615.  

Wise, D., Cassimeris, L., Rieder, C. L., Wadsworth, P., & Salmon, E. D. (1991). Chromosome fiber 
dynamics and congression oscillations in metaphase PtK2 cells at 23 degrees C. Cell Motility and 
the Cytoskeleton, 18(2), 131–142. 

Wordeman, L. (2010). How kinesin motor proteins drive mitotic spindle function: Lessons from molecular 
assays. Seminars in Cell and Developmental Biology, 21(3), 260–268.  

Yamagishi, Y., Yang, C. H., Tanno, Y., & Watanabe, Y. (2012). MPS1/Mph1 phosphorylates the 
kinetochore protein KNL1/Spc7 to recruit SAC components. Nature Cell Biology, 14(7), 746–752.  

Yang, Z., Tulu, U. S., Wadsworth, P., & Rieder, C. L. (2007). Kinetochore Dynein Is Required for 
Chromosome Motion and Congression Independent of the Spindle Checkpoint. Current Biology, 
17(11), 973–980. 

Zelter, A., Bonomi, M., Kim, J. ook, Umbreit, N. T., Hoopmann, M. R., Johnson, R., … Davis, T. N. (2015). 
The molecular architecture of the Dam1 kinetochore complex is defined by cross-linking based 
structural modelling. Nature Communications, 6, 8673.  

Zhang, Q., Sivakumar, S., Chen, Y., Gao, H., Yang, L., Yuan, Z., … Liu, H. (2017). Ska3 Phosphorylated 
by Cdk1 Binds Ndc80 and Recruits Ska to Kinetochores to Promote Mitotic Progression. Current 
Biology, 1–8. 

 



115 

 

Appendix A 

 

The Ndc80 complex bridges two Dam1 complex rings 
 

Kim J., Zelter A., Umbreit N.T., Bollozos A., Riffle M., Johnson R., MacCoss M.J., Asbury C.L., 
Davis T.N. 

 
eLife (2017);6:e21069



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 

 

 
  



141 

 

 
  



142 

 

 
  



143 

 

 
  



144 

 

 
  



145 

 

 
  



146 

 

 
  



147 

 

 
  



148 

 

 
  



149 

 

 
  



150 

 

 
  



151 

 

 
  



152 

 

 
  



153 

 

  



154 

 

 

Appendix B 

 

The molecular architecture of the Dam1 kinetochore complex is define by cross-linking 
based structural modelling 

 
Zelter A., Bonomi M., Kim J., Umbreit N.T., Hoopmann M.R., Johnson R., Riffle M., Jaschob D., 

MacCoss M.J., Moritz R.L., Davis T.N. 
 

Nature Communications (2015);6:8673 
  



155 

 

 
  



156 

 

 
  



157 

 

 
  



158 

 

 
  



159 

 

 
  



160 

 

 
  



161 

 

 
  



162 

 

 
  



163 

 

 
  



164 

 

 
  



165 

 

 
  



166 

 

 
  



167 

 

 
  



168 

 

 
  



169 

 

 
  



170 

 

 
  



171 

 

 
  



172 

 

 
  



173 

 

 
  



174 

 

 


