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Abstract 
In eukaryotes, segregation of genetic material is a complex and highly regulated process. 

From the condensation of the chromosomes, through the kinetochore assembly, formation 

of microtubule attachments, congression and segregation, until the completion of 

cytokinesis, each step has to be precisely coordinated to allow for faithful distribution of 

the DNA to daughter cells. Although our understanding of those processes significantly 

improved over recent years, one important mechanism is yet to be properly described: 

maturation of kinetochore-microtubule attachments. Several kinetochore components 

have been identified as essential for formation and maintenance of end-on microtubule 

attachments. However, it is still unclear how kinetochore-microtubule attachments mature 

to allow for mitosis completion. The Ndc80 complex was identified as an essential 

microtubule binder that allows for graded stability of the attachments by a 

phosphorylation-dependent regulation mechanism. Ten years ago a novel complex, Ska, 

was discovered as a component of the mitotic spindle and implicated in the attachment 

maintenance and chromosomal segregation. While some studies indicate that Ska serves 

as the coupler for depolymerization driven movements, other suggest it is crucial for 

spindle checkpoint silencing. In this dissertation I investigate the dependencies between 

Ndc80, Ska and PP1 phosphatase, their roles in the maturation and recognition of the 

microtubule attachments. I present data indicating that Ska is recruited to the 

kinetochores through the N-terminal tail of the Ndc80 protein and that the resulting 

complex forms characteristic structures on the surface of the microtubules. Moreover, the 

Ska complex binds to and recruits PP1, one of the major mitotic phosphatases required 

for dephosphorylation of mitotic substrates and, as a result, mitotic exit. Overall, the data 

presented here strongly suggest that Ndc80-Ska-PP1 network allows kinetochores to 

mature end-on attachments and couple the binding of microtubules to spindle checkpoint 

silencing. 
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Chapter I.  

General introduction 

Mitosis 

  To ensure the propagation of the genetic material, each cell undergoes a process 

known as a cell division. In prokaryotes, it usually occurs by binary fission. This process 

requires replication of DNA and cytokinesis. The physical attachment of the replicated 

DNA to the opposite region of the cell membrane ensures separation during cell division. 

Eukaryotic genetic material is more difficult to manipulate, however. Eukaryotic DNA 

requires very precise separation to ensure that the replicated DNA is properly segregated 

to the daughter cells. In somatic cells of eukaryotes the most common form of cell 

division is known as mitosis. It consists of multiple stages: prophase, prometaphase, 

metaphase, anaphase and telophase. When entering mitosis, DNA condenses forming 

chromosomes, and the nucleolus is dissolved. In the next step, prometaphase, nuclear 

membrane breaks apart and chromosomes assemble multiprotein kinetochore structure 

that makes direct attachments with microtubules, creating a mitotic spindle. Metaphase is 

defined by the congression of chromosomes into the metaphase plate. Upon alignment of 

the last chromosome to the metaphase plate, anaphase is initiated. Cohesion between 

sister chromatids is lost allowing their physical separation in anaphase. As the rapidly 

depolymerizing microtubules remain attached to the kinetochore, sister chromatids are 

pulled apart to the opposite ends of the cell. After all chromatids are separated, the 

nuclear membrane is reassembled and DNA is decondensed during telophase. Physical 

separation of the genetic material is concluded by the cytokinetic furrow that contracts 

the cell membrane between the separated chromatids and creates two genetically identical 

daughter cells.  
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The mitotic spindle 

The mitotic spindle is a specialized, dynamic structure that consists of three main 

components: chromosomes, spindle microtubules and a pair of centrosomes. It ensures a 

proper and symmetrical separation of the genetic material to the daughter cells. Below I 

discuss the major structures and controlling mechanisms involved in formation, 

maintenance and functioning of the mitotic spindle.  

Centrosomes 

The main function of centrosomes is to serve as a microtubule organizing center 

(MTOC). They also play a role in adhesion and polarity during interphase. Centrosomes 

contain two sister centrioles surrounded by pericentriolar matter (PCM) [1]. The PCM 

contains proteins such as pericentrin, ninein and γ-tubulin that are responsible for 

microtubule nucleation and anchoring [2]. The two centrioles are situated perpendicular 

to one another and are comprised of proteins such as centrin, canexin and tektin [3]. 

Centrosomes duplicated in S-phase separate from each other at the beginning of mitosis 

and move to the opposite ends of the cell, nucleating, organizing and anchoring spindle 

microtubules. In a process called “search and capture” those microtubules probe the 

cytoplasm to find chromosomes they can attach to [3]. Although “search and capture” is 

predominant in most cell types, another mechanism called “self-organization” exists. It is 

observed in acentrosomal systems where microtubules are nucleated from chromatin and 

their further organization to form mitotic spindle is driven by motors and microtubule 

associated proteins (reviewed in [4]). 

Microtubules 

Spindle poles and chromosomes are connected to each other through long protein 

polymers called microtubules. The building block of the microtubule polymer is a protein 

heterodimer that consists of closely related 55 kDa polypeptides of α- and β-tubulin. 
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Multiple tubulin subunits line up end-to-end to form protofilaments that associate 

laterally to form a single cylindrical tube, the microtubule. Typically, in vivo 

microtubules are formed by thirteen protofilaments, making tubes of 25 nm diameter; in 

vitro however, the number of protofilaments within one microtubule can vary from eight 

to twenty [5–8].  

As the tubulin heterodimer is polarized, so are microtubules. The end with β-

tubulin subunit is called the plus (+) end, while the minus (-) end contains α-tubulin. The 

polarity of the microtubule is reflected in the polymerization rates. While polymerization 

happens on both ends, the (+) end elongates significantly faster than the (-) end. Because 

tubulin has GTPase activity, the GTP bound to β-tubulin (but not that bound to α-tubulin) 

is hydrolyzed after the addition of tubulin dimer. Usually hydrolysis occurs with a short 

delay, resulting in formation of a cap of GTP-bound β-tubulin at the growing microtubule 

(+) end. Energy of GTP hydrolysis is not immediately released by the microtubule, but is 

conserved within the microtubule lattice. It is largely owed to the GTP “cap” that 

stabilizes the straight conformation of the microtubule (+) end. GTP hydrolysis weakens 

interaction between adjacent tubulin subunits. The polymerization/depolymerization state 

of microtubule is directly related to the rate of tubulin dimer addition versus the rate of 

the GTP hydrolysis. As the rate of polymerization slows, the GTP cap at the plus end of 

the microtubule undergoes hydrolysis to GDP. Once the GTP cap is lost, a rapid 

depolymerization occurs and the energy stored laterally within the microtubule is 

released. During the depolymerization GDP-bound tubulin subunits peel off the 

microtubules creating curved filaments at the plus ends (e.g. [9]). This switch from 

growth to shrinkage is also known as a “catastrophe” event, while the switch from 

shrinkage to growth is called “rescue”. Microtubules are dynamically unstable and 

undergo cycles of growing and shrinking. This behavior is widely referred to as “dynamic 

instability” and can be observed both in vitro and in vivo [10,11]. Microtubule dynamics 
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in vitro are influenced by factors such as: tubulin concentration, temperature, abundance 

of free GTP and viscosity of the solution [10,12]. In vivo, that list additionally includes 

multitude of regulatory proteins that are believed to account for the differences in 

microtules behavior and dynamics [13,14].  

The Kinetochore 

The kinetochore is a multiprotein structure that assembles on the centromeric 

region of chromosomes during mitosis. Its basic function is linking the chromosomes to 

the mitotic spindle. This, however, is a very general description, as the kinetochore does 

not only serve as a linkage, but also a regulator of multiple processes, including 

microtubule dynamics, detection and correction of improper attachments, as well as 

assembling and maintaining the Spindle Assembly Checkpoint (SAC, also referred to as 

Spindle Checkpoint) until all chromosomes have formed proper attachments and aligned 

at the metaphase plate. For a long time only few proteins have been identified as 

kinetochore components, including CENP-A, CENP-B and CENP-C [15,16]. Multiple 

kinetochore components were identified since the 2000’s, and around 100 proteins have 

been discovered and characterized in vertebrate kinetochores up until now (reviewed in 

[17–20]). Below I focus on the kinetochore architecture and describe some of the 

kinetochore components and their roles in chromosome congression and segregation.  

Structure of the kinetochore 

 Studies that utilized electron microscopy (EM) on vertebrate cells following 

fixation and staining [21–24] or high-pressure freezing [25] shed light on the tri-laminar 

nature of the kinetochore structure. Assembled on top of the centromere, the vertebrate 

kinetochore contains a pair of electron dense layers (referred to as inner and outer 

kinetochore plates, each ~40 nm thick), separated by an electron-opaque middle layer 

(~27 nm thick) (Figure 1.1). EM studies also revealed a region, named fibrous corona, 
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emanating from the outer plate, clearly visible only in the absence of microtubules [26]. 

The chromatin located between two sister kinetochores is called the inner centromere 

(reviewed in [17,27]). So far three types of centromeres were characterized: point 

centromere, regional centromere [28] and holocentromere that is distributed along whole 

chromosome [29]. While point centromere observed in budding yeast attaches a single 

microtubule polymer, centromeres of all higher eukaryotes that were studied so far bind 

with multiple spindle microtubules. For example each human kinetochore is associated 

with 15-20 microtubules [30]. Recent studies on holocentromeres in C. elegans suggest 

that they are polycentromeres assembled by point centromeres containing cenH3 (CENP-

A) nucleosomes dispersed along the chromatid [31] . 

 The inner plate of the kinetochore consists of proteins assembled on the 

centromeric region of the chromatin and is predominantly composed of centromere 

associated proteins (CENPs) that remain centromere-associated throughout the cell cycle. 

One of the epigenetic markers of the centromere is the histone H3 variant CENP-A 

[16,32–35] that is required for assembly of all kinetochore components [36]. CENP-A 

interacts directly with centromeric chromatin as well as other kinetochore proteins such 

as CENP-C and CENP-N [37]. Purification of CENP-A nucleosomes from human cells 

revealed a network of proteins constitutively associated at centromeres. This network of 

sixteen proteins is called Constitutive Centromere Associated Network (CCAN). CCAN 

is divided into several subgroups: the CENP-C, CENP-T/W/S/X, CENP-H/I/K/M, 

CENP-L/N, and CENP-O/P/Q/R/U groups (reviewed in [38]). CENP-C and CENP-T/W 

were shown to be mediators between centromeric chromatin and outer kinetochore 

components [39–41].  

 The outer plate of the kinetochore is assembled on the inner kinetochore after the 

nuclear envelope breakdown and it persists throughout mitosis until late anaphase. The 
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main functions of the outer kinetochore include formation of stable microtubule 

attachments, chromosome congression and signaling the spindle checkpoint. The primary 

point for the end-on microtubule attachments is formed by the KMN network [42]. The 

KMN network consists of Knl1, Mis12 complex (Mis12, Nnf1, Dsn1 and Nsl1) and 

Ndc80 complex (Ndc80, Nuf2, Spc24 and Spc25). The Ndc80 complex will be described 

in detail later. Zwint, a protein that directly interacts with Knl1, could be considered as 

another member of the KMN network [43–45]. 

 Fibrous corona can be best observed on the EM images of unattached 

kinetochores in cells treated with drugs preventing microtubule polymerization. It is a 

region most distant from the centromere and the amount of protein material is dependent 

on the status of microtubule attachments. When the chromosome is aligned in the 

metaphase plate, multiple components are stripped from the fibrous corona via minus end 

directed movements mediated by dynein complex [46]. Two classes of proteins can be 

distinguished within the fibrous corona. In the first class are proteins that are involved in 

creating initial, lateral attachments with microtubules. Among those are CENP-E and 

dynein. As the lateral kinetochore-microtubule interactions are transient in nature and are 

not sufficient for coupling depolymerization-driven chromosomal movement [47,48], 

stable bipolar end-on attachments must be formed to allow for efficient chromosome 

segregation. The second class of the proteins residing within the fibrous corona are 

spindle checkpoint proteins. Among them are Mad1, Mad2, Mad3, Bub1, BubR1 (Bub3) 

and in vertebrates the RZZ complex (Rod, Zwilch and ZW10). Spindle checkpoint is 

discussed in detail later.  
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Figure 1.1 Schematic representation of kinetochore structure. 

A plate-like architecture of the kinetochore as observed in EM studies. Representative 

slice from an EM tomogram of the microtubule plus-ends embedded in the outer 

kinetochore (top image) and a thin cross-sectional view of a cold-stable kinetochore 

fibers (bottom image).  

Reproduced from [49] with permission (License: 3835241507803) 
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Figure 1.1 
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Assembly of the kinetochore 

 To allow for faithful chromosome segregation to daughter cells, assembly of 

segregation machinery must be carefully regulated, both spatially and temporally. The 

kinetochore is built on centromeric chromatin that is spatially restricted to a single region 

(monocentromere) in most eukaryotes. The size and the nature of the centromeric DNA 

varies across the species. In the budding yeast Saccharomyces cerevisiae the centromeric 

region is defined by a ~125 bp point centromere localized within a ~200 bp nuclease-

resistant region [50–52]. The majority of eukaryotes have much larger centromeres, 

however, ranging from 40-100 kb in fission yeast Schizosaccharomyces pombe, up to 0.3-

5 megabases in some animal and plant species [53]. Although some species need specific 

DNA sequences to define the centromere, most organisms do not have this requirement. 

The sequence-independent nature of centromeres suggests that it is defined and 

maintained epigenetically. One of the important proteins in the centromere is histone H3 

variant CENP-A (Cnp1 in Sc. pombe, Cse4 in S. cerevisiae, Cid in Drosophlia and HCP-

3 in C. elegans). Because CENP-A nucleosomes are localized specifically to centromeric 

chromatin [32,34] and are deposited only at sites with preexisting CENP-A, it is thought 

to act as a centromere epigenetic marker [54].  

The connection between DNA and microtubules is believed to be formed by two 

major “branches”. The first branch is built by CENP-C, which directly interacts with the 

CENP-A nucleosomes [37,55]. CENP-C was shown to be involved in the recruitment of 

kinetochore proteins, such as CENP-E, Mad2 and the KMN network through the Mis12 

complex (also known as the MIND complex) [39–41,56–58]. Specifically, the N-

terminus of CENP-C directly binds with the Nnf1 subunit of the Mis12 complex. Another 

Mis12 complex subunit, Nsl1, interacts with Knl1 and the C-terminal region of the 

Ndc80 complex, thereby recruiting the whole KMN network to the kinetochore. The 
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KMN network itself serves as a platform for recruitment of additional microtubule 

binding and spindle checkpoint proteins [59]. 

 The second branch involves the CENP-T/W/S/X complex that was shown to be 

structurally similar to nucleosomal histones [60]. The elongated N-terminal region of 

CENP-T directly interacts with the Ndc80 complex [39,60]. To generate proper 

microtubule attachments, both CENP-C and CENP-T branches are essential in vertebrate 

cells. Furthermore, N-terminal regions of CENP-C and CENP-T were shown to be 

sufficient to form a kinetochore-like structure in an ectopic location lacking CENP-A 

nucleosomes [39,61,62].  

Previous studies have demonstrated variations in the dependencies and physical 

interactions between kinetochore components throughout evolution [17,42,44]. Studies 

done in organisms such as budding yeast, fission yeast and chicken suggest that, despite a 

wide range of microtubules binding to each kinetochore, the overall number of 

kinetochore proteins present at the microtubule binding site is usually similar between 

species [63–65]. It suggests a model in which the kinetochores are formed by multiple 

microtubule binding “units”, which are basically repetitions of a single microtubule 

binding site similar to one employed by budding yeast. Dam1 protein seems to be an 

exception, as in budding yeast there are 16 Dam1 molecules per microtubule, while in 

fission yeast, where Dam1 is not essential, there is only one Dam1 per microtubule 

[64,66,67]. Based on recent EM, cell biology and modeling studies [68–72], a novel 

model was proposed, suggesting a different arrangement of microtubule binding 

components. Instead of a repetition of microtubule-binding sites the kinetochore could 

form a lawn of individual microtubule-binding proteins, where the possibility of the 

interaction with microtubule is determined only by the distance to the nearest microtubule 

(Figure 1.2) [69]. This model simplifies microtubule capture and could allow for 
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cooperativity between different kinetochore components. It has also been speculated that 

the lawn could be made of a flexible, velcro-like layer allowing for structural 

rearrangements upon microtubule binding. It would influence not only molecular states of 

the microtubule-bound proteins but also permit changes in the properties of molecules 

surrounding a microtubule attachment site [73].  
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Figure 1.2 Models for the microtubule binding 

Left – Repetitive site model of the kinetochore. Circles indicate individual microtubule 

binding sites able to attach a single microtubule. Red fibers indicate Ndc80 molecules 

responsible for microtubule attachments. The model assumes no cross-talk between 

individual microtubule binding sites. This model cannot explain the observed relationship 

between phosphorylation status of microtubule binding proteins and the number of 

kinetochore-microtubule attachments. 

Right – Molecular lawn model of the kinetochore. No individual microtubule binding 

regions are specified, attachment occurs at random positions and binding of another 

microtubule can modulate the binding efficiency in proximal regions. The exact positions 

of attached microtubules changes with time, but the total number of microtubules bound 

to the kinetochore remains in a steady state. Recent modeling studies favor the molecular 

lawn model as it properly simulates phospho-regulation of the kinetochore-microtubule 

attachments observed in vivo. 

Adapted from [69]. 
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Figure 1.2 
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Kinetochore-microtubule attachments 

The most important role of the kinetochore in mitosis is to form stable 

attachments with the mitotic spindle that allow the chromosomes to segregate in 

anaphase. Through the “search and capture” mechanism, microtubules initially bind 

laterally to the outer kinetochore (Figure 1.3). Those attachments allow the kinetochores 

to undergo movements, mediated by motor proteins such as dynein/dynactin and CENP-

E. The movement of chromosomes through motor proteins requires an energy stroke 

generated by ATP hydrolysis [74–77]. Studies suggested that the congression of 

chromosomes does not explicitly require stable end-on attachments and that either lateral 

or transient end-on attachments are sufficient [78,79]. Those, however, do not allow for 

stable maintenance of the chromosomes at the metaphase plate [47,48]. Although it is still 

unclear how the transition from lateral to end-on attachments occurs, it has been 

suggested that it is a gradual, multistep process [80]. Unlike the ATP-stroke utilized by 

motor proteins to move laterally attached chromosomes, the force required to move 

chromosomes with end-on attachments is generated by microtubule plus-end 

depolymerization [81]. Attachment of microtubule by the kinetochore is facilitated by 

microtubule-binding proteins within the outer kinetochore. Below I describe two protein 

complexes implicated in end-on attachment formation and maintenance.  
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 Figure 1.3 Kinetochore–microtubule interactions in prometaphase and metaphase.  

(a) Kinetochores are initially attached to the lateral surface of microtubules extending 

from a single spindle pole following nuclear envelope breakdown (in metazoan cells) or 

once assembly of the kinetochore is complete (in budding yeast) 

 (b) Kinetochores are transported along the microtubules toward the spindle pole. While 

transported, one or both of the sister kinetochores attaches to the lateral surface of the 

microtubule during the chromosome movements.   

(c) As kinetochores approach spindle poles, both sister kinetochores attach to 

microtubules extending from the same (upper panel) or opposite (lower panel) spindle 

poles.  

 (d) Bi-orientation of sister kinetochores. The number of microtubules forming end-on 

attachments with single kinetochore increases in metazoan cells, whereas only a single 

microtubule attaches to each kinetochore in budding yeast (shown here for simplicity). 

Reproduced from [82] with permission (license: 3842770136435) 
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Figure 1.3  
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The Ndc80 complex 

A number of kinetochore proteins have been shown to bind directly to 

microtubules, e.g. CENP-E, CENP-F, dynein, MCAK, Knl1, the Ndc80 complex and Ska 

complex. Of those, the nuclear division cycle 80 complex (Ndc80) appears to be essential 

for the formation of stable kinetochore-microtubule interactions in a number of organisms 

[83–87]. This complex is responsible for performing multiple functions that are critical 

for the outer kinetochore. Those include: robust end-on attachment to (+) ends of 

microtubules, linking kinetochores with the spindle poles; force generation by 

microtubule plus-end depolymerization; phosphorylation-dependent correction of 

kinetochore-microtubule attachment errors; regulation of spindle checkpoint 

[59,81,88,89].  

The Ndc80 complex is comprised of four proteins, Ndc80 (also known as Hec1), 

Nuf2, Spc24 and Spc25, in a 1:1:1:1 stoichiometry [42,86,90–93]. All four members 

interact with each other with high affinity, forming a tight complex both in vitro and in 

vivo [83,87]. Depletion of any of the complex subunits results in drastic abnormalities in 

chromosome alignment and mitosis progression. Extensive structural studies of the 

Ndc80 complex demonstrated that it forms a 57 nm long rod-shape structure with two 

globular heads at each end, linked through the extended coiled-coil (Figure 1.4.A) [90–

93]. One end the Spc24/Spc25 dimer forms a receptor that tethers the complex to the 

kinetochore through Mis12 and CENP-T interactions [39,40,44,94–96]. The other end, 

consisting of Ndc80 and Nuf2 dual calponin homology domains (CHDs), directly binds 

to microtubule polymers [93,97]. The long coiled-coil region between Ndc80/Nuf2 and 

Spc24/Spc25 is disrupted by a loop region that results in a kink (also called a “hinge”), 

positioned ~16 nm away from the globular microtubule binding end. It was previously 

suggested that the kink allows for a certain level of flexibility of the complex [92,98,99]. 

In fission yeast, the Ndc80 loop interacts with Dis1/TOG microtubule-associated protein 
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[100], while in budding yeast it binds with Dam1 complex [101]. In humans, the kink 

binds a DNA replication licensing factor Cdt1 that regulates the bending of the coiled-

coil [102]. One study suggested the role of the “hinge” region in recruitment of the Ska 

complex [103], however a different group did not observe a similar phenotype in the 

Ndc80 loop mutants [88].  

The sequence of the Ndc80 N-terminal tail is highly divergent among species. In 

vivo studies also show phenotype diversity: the Ndc80 tail is not essential in budding 

yeast or C. elegans, however it is crucial for viability in human cells [49,104–106]. The 

human Ndc80 complex associates with microtubules in a cooperative fashion through 

Ndc80 CHD and the 80 amino-acid long unstructured N-terminal tail of Ndc80 protein. 

Both of those regions are required for creating proper microtubule attachments and it was 

shown that each contributes to the binding affinity [42,92,93,105,107,108]. Additionally, 

removal of the negatively-charged C-terminal tail of tubulin (E-hook) or introduction of 

charge disrupting mutations in CHDs results in a dramatic reduction of binding affinity 

between microtubules and Ndc80. It suggests a model of binding based on ionic 

interactions between the positively charged residues of Ndc80 and the negatively charged 

residues on tubulin subunits [93,105]. Electron microscopy studies using recombinant C. 

elegans Ndc80/Nuf2HIM-10 and microtubules grown from centrosomes attached to EM 

grids indicated that the CeNdc80/Nuf2 CHD domains bind at ~60° angle between 

adjacent tubulin monomers, pointing towards centrosomes (i.e. (-) end). The C-terminal 

end of the complex, corresponding to Spc24/Spc25 subunits, extends away from the 

microtubule lattice, at an angle ~ 20-60°, pointing towards microtubule plus ends [99]. 

Given the length of the complex (~57 nm) and the flexibility of the kink region, this 

binding geometry could allow the Ndc80 complex to bind to the kinetochore through the 

Spc24/Spc25 end and leave enough room for polymerization and depolymerization of the 

microtubule plus end. CeNdc80/Nuf2 molecules attached to microtubules were visualized 
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using helical reconstruction of cryo-EM micrographs, forming asymmetrical interactions, 

with alternating patterns of strong and weak densities positioned along the protofilaments 

(clusters). CeNdc80/Nuf2 appears to preferentially bind to β-tubulin [99,109].  

 In subsequent studies Alushin et al., 2010 [108] obtained an 8.6 Å resolution 

electron density map of an engineered human Ndc80Bonsai associated with a microtubule. 

This shortened, 17 nm long, chimeric construct contained both globular regions of the 

complex connected by a minimal coiled-coil sequence. In this construct, Ndc80 was 

fused to Spc25 and Nuf2 to Spc24. Ndc80Bonsai allowed for high quality purification of 

the recombinant variant of the Ndc80 complex necessary for structural studies [93]. 

Inspection of electron density data from helical reconstruction of cryo-EM samples 

allowed Alushin et al., 2010 [108] to identify the “toe” region within human Ndc80 

protein that recognized a site between two tubulin monomers. Interestingly, this 

interaction did not discriminate between α- and β-tubulin, as was previously observed in 

C. elegans Ndc80 complex [99]. Instead, human Ndc80Bonsai binds to microtubule 

protofilaments in regular intervals equivalent to a distance between single tubulin 

monomers (Figure 1.4.B, C). A recent study addressed this discrepancy with near-atomic 

resolution cryo-EM helical reconstructions of a different human Ndc80 construct, named 

Ndc80Broccoli (which contained Ndc80/Nuf2 CHD, N-terminal Ndc80 tail and most of the 

coiled-coil region but lacked Spc24 and Spc25 altogether [110]). This study confirmed 

the structural differences in binding and specificity towards tubulin monomers between 

human and C. elegans Ndc80 complexes [109]. Interestingly, the Ndc80 N-terminal tail is 

not essential in C. elegans, while it is crucial in human cells [49,104–106]. The 

unstructured nature of the Ndc80 N-terminal tail did not allow for clear visualization of 

its interaction with microtubules by cryo-electron microscopy [99,108,109]. It was 

suggested, however, that the N-terminal tail of the human Ndc80 complex contributed to 

cooperativity of the interaction and recognition of both straight and curved tubulin 
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protofilaments, while the “toe” of CHD contributed to binding exclusively to straight 

microtubules [108].  

In humans, the Ndc80 N-terminal tail is crucial for microtubule attachments. 

Moreover, post-translational modifications play an important role in regulation of the 

Ndc80 complex binding to microtubules. The tail region is heavily phosphorylated by 

Aurora B kinase: of the nine residues in Ndc80 protein that are phosphorylated in vitro, 

six sites were confirmed in vivo [93,111–114]. The tail phosphorylation is very prominent 

in early stages of mitosis, decreasing to zero or one phosphate group per Ndc80 in 

metaphase [69,115]. In vitro studies demonstrated that phosphorylation of the tail 

decreased the affinity of Ndc80-microtubule interaction [42,116], proportionally to the 

number of phosphorylated/phosphomimetic residues [69]. This allowed for a graded 

rheostat-like regulation of Ndc80 association with microtubules. Similar to in vitro 

studies, a graded response was observed in cells expressing phosphomimetic mutants of 

Ndc80 tail. In general, severity of the phenotype was proportional to the number of 

phosphomimetic residues mutated within the tail. The phenotypes included: defects in 

chromosome alignment, decrease of inter-kinetochore distances and K-fibers stability, 

and impairment of chromosome oscillations [69].  
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Figure 1.4 The Ndc80 complex 

(A) Top – Structure of engineered Ndc80Bonsai ∆N construct comprised of globular heads 

of Ndc80 and Nuf2 (MT binding end) fused by short helical structures with globular 

domains of Spc24 and Spc25 (Kinetochore binding end). PDB: 2VE7. Bottom – Model 

of a structure of the full-length Ndc80. Unstructured N-terminal tail of Ndc80 is not 

shown. Reproduced and modified from [93] with permission (License: 3843340989355)  

(B) Electron density map of Ndc80Bonsai bound to the microtubule lattice obtained by high 

resolution helical reconstructions of cryo-EM micrographs (EMDataBank: EMD-5489) 

[117]. Green – a single protofilament of tubulin subunits, blue – the Ndc80 subunit, 

yellow – Nuf2. Purple – unassigned densities that likely correspond to the fragments of 

the Ndc80 N-terminal tail. The “purple” densities between adjacent Ndc80 molecules 

proximal to the microtubule lattice (black arrow) may correspond to Zone 1 of the tail 

(see text below). Second “purple” density is seen on the opposite side of the structure (red 

arrow) and likely interacts with tubulin E-hook protruding from the adjacent microtubule 

protofilament. Red – last visible residue of the tubulin subunit, remaining ~10-15 amino 

acids of the tubulin C-terminal end are predominantly unstructured and not visible on the 

electron density map (E-hooks).  

(C) Crystal structures of two Ndc80Bonsai molecules (PDB: 2VE7) and tubulin (PDB: 

1JFF) docked into cryo-EM density map, colored as in (B). Reproduced from [117] with 

permission (License: 3843350991211)   
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Figure 1.4 
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Alushin et al., 2012 [117] proposed a model in which the Ndc80 tail can be 

divided into two phosphorylation zones that are functionally distinct from each other. 

Zone 1 is situated between amino acids 44-69, proximal to CHD of Ndc80, while zone 2 

is proximal to N-terminus of Ndc80, encompassing residues 4-15. The model suggests 

that the phosphorylation of Zone 1 is responsible for regulation of binding to 

microtubules, as phosphomimetic mutants within this zone were shown to significantly 

reduce microtubule binding affinity. Phosphorylation within Zone 2 reduces both the 

binding affinity and the cooperativity of Ndc80-microtubule interaction, as observed by 

decreased ability of Ndc80 molecules to form clusters alongside microtubule 

protofilaments. In agreement with that model, the cryo-EM helical reconstruction of 

Ndc80Bonsai bound to the microtubules allowed for identification of weak electron 

densities residing between adjacent Ndc80 molecules that could not be assigned to CH 

domains, but are possibly corresponding to structured regions of the N-terminal tail. 

Basically, two patches of those densities could be observed. The first patch, which could 

correspond to Zone 2, is extending to the opposite side of the molecule and has been 

suggested to interact with the E-hook originating from an adjacent microtubule 

protofilament. The second patch probably corresponds to Zone 1 and is located between 

two Ndc80 molecules adjacent to one another on a single protofilament [117] (Figure 

1.4B,C). Part of that region can be also observed in the near-atomic resolution structures 

published recently [109]. It is worth noting that Ndc80 is able to efficiently track 

depolymerizing ends of microtubules in vitro when it is oligomerized on beads or by 

antibodies [118], but it does not retain that ability if low, sub-nanomolar concentrations 

of soluble Ndc80 monomers are used [110,119]. This may suggest that at least some 

fraction of Ndc80 molecules have to form clusters on microtubules to allow for efficient 

chromosome congression and segregation. However, a recent study reported only small 

changes in the cooperativity factor between different phosphomimetic mutants of the 
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Ndc80 tail. Additionally, computer modeling based on detailed biophysical 

characterization of Ndc80-microtubule interactions suggested that only 8% of Ndc80 

molecules should bind to microtubules as dimers and 2% as larger clusters [120]. 

Moreover, sub-nanomolar concentrations of Ndc80 can track microtubule depolymerizing 

ends when Dam1 complex or Ska complex is present [119,121]. This suggests that 

additional factors may be involved in stabilizing Ndc80-microtubule attachments at the 

depolymerizing ends, thus allowing for efficient chromosomal movements. To 

summarize, despite extensive research, it is still unclear whether Ndc80 forms oligomeric 

arrays on microtubules in vivo, or if those clusters are physiologically relevant for cell 

functions.  

Initial attempts to quantify the number of molecules within the kinetochores using 

fluorescent tags indicate that the Ndc80 complex is present in eight copies per 

microtubule during metaphase in budding yeast [63–65]. Recent, updated measurements 

place that number closer to twenty Ndc80 molecules per kinetochore microtubule in both 

budding yeast (17.4 ± 2.1) and chicken DT40 cells (18.1 ± 3.2) [65,95,122]. In human 

cells that number is slightly lower, with 14.3 ± 1.9 molecules per kinetochore-bound 

microtubule [95]. The more direct, biochemical estimates using Xenopus laevis egg 

extracts (meiosis II) suggest ~30 Ndc80 molecules per kinetochore microtubule [43]. A 

number of 15-30 Ndc80 molecules per microtubule attachment, rather than the initial 

value of ~8, is mechanistically important for Ndc80 function in creating load-bearing 

microtubule attachments necessary for chromosome segregation.  
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The Ska complex 

 One of the most important factors in formation of proper kinetochore-microtubule 

attachments is the ability to maintain depolymerization-driven movements. The Ndc80 

complex has been a leading candidate for a direct coupling factor as it can form load-

bearing attachments in vitro when bound on beads or by antibodies [118]. Although 

Ndc80 can bind to the lattice of straight microtubules, it cannot bind to curved tubulin 

protofilaments and cannot track depolymerizing microtubule ends when in solution 

[110,119]. This suggests that other couplers might exist in cells that either play a direct 

role in coupling microtubule depolymerization with chromosomal movements, or 

facilitate Ndc80 in that role.  

 One such coupler is known in budding yeast. The 10-protein Dam1 complex (also 

known as DASH or DDD) is essential for stable attachment formation [123–128]. It 

directly interacts with microtubules and is able to track depolymerizing microtubule ends 

both in vivo and in vitro [82,128]. The Dam1 complex forms a ring around the 

microtubule that allows the complex to “slide” along the depolymerizing plus-end 

[128,129]. It has been shown, however, that the ring formation is not necessary for the 

complex to exert tracking activity [130]. Interestingly, the Dam1 complex confers this 

activity to the Ndc80 complex [119,131]. The properties described above suggest that in 

budding yeast the Dam1 complex is the major microtubule coupler. In fission yeast, 

however, Dam1 is not essential for viability [64,66,67], whereas in vertebrates no 

homologue of Dam1 was found so far. In vertebrates, one potential candidate has been 

suggested to function as microtubule coupler and it displays similar properties as the 

Dam1 complex: the Ska complex.  

 A proteomic screen of human mitotic spindle identified over 150 potentially novel 

components of mitotic spindle [132], including C18Orf24, later named Ska1 (Spindle and 
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Kinetochore Associated protein 1). Further study characterized Ska1 and has shown that 

it forms a complex with Ska2 (also known as FAM33A) and demonstrated that both are 

required for mitotic progression [133]. Ska1 and Ska2 have been shown to interact with 

one another and both localize to kinetochores and co-localized with spindle microtubules. 

Although kinetochore-associated microtubule fibers (K-fibers) were weakened in Ska1 or 

Ska2 siRNA-mediated depletion, chromosome congression was not impaired. Knock-

down of the Ska complex, however, resulted in prolonged metaphase-like arrest, with rare 

Mad2-positive kinetochore staining and persistent checkpoint activation. Despite severity 

of the phenotype, no other proteins appeared to be missing from the kinetochore, 

suggesting that Ska complex is not essential for kinetochore assembly but may play an 

important role in coupling of the microtubule attachments to the kinetochore. This 

discovery prompted increased interest aimed to further characterize this potentially 

important complex. Only in 2009, multiple crucial studies were published [121,134–137], 

demonstrating significant functions of that complex. Five of those studies independently 

identified a third member of Ska complex, Ska3 (initially named Rama1 [121,136] or 

C13orf3 [134,135,137]). Below I discuss the structure, known functions and the 

importance of the Ska complex for cell division.  

 The kinetochore localization of the Ska complex can be observed in 

prometaphase, however, it is most prominent during metaphase [121,133,134,136–139]. 

Its recruitment to the kinetochore is dependent on the KMN network [121,133,136,139], 

and it has been suggested that the Ndc80 “kink” region plays a role in this process [103]. 

Different groups reported somewhat inconsistent phenotypes of siRNA mediated 

depletions of the Ska complex components: either transient chromosome alignment 

defects followed by mitotic delay or arrest [134,137] or persistent chromosome alignment 

defect [121,135,136]. Recent study conducted using live cell imaging demonstrated that 

the majority of the cells properly aligned chromosomes on the metaphase plate, although 
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a few chromosomes exhibited alignment delays in some cells [138]. Moreover, the rare 

“escaper” phenotype could be observed in a small number of cells, as first described by 

Hanisch et al., 2006 [133]. The most prominent effect of Ska depletion was the prolonged 

metaphase arrest that eventually led to cohesion fatigue and asynchronous separation of 

sister chromatids [138,140]. It is worth noting that the Ska depletion phenotypes were 

best observed in cells treated with pooled, multiple siRNAs targeting the combination of 

Ska complex members.  

Aside from the role in formation of stable kinetochore-microtubule attachments 

and maintenance of sister chromatid cohesion, the Ska complex has been implicated in 

silencing the spindle checkpoint [133,137,138,141]. Proteomic studies in Ska3-/- knock-

out chicken DT40 cells indicated a reduction in levels of chromosome-associated APC/C 

(Anaphase Promoting Complex/Cyclosome) components as compared to wild-type cells 

[141]. Moreover, depletion of the Ska complex in human HeLa cells results in similar 

decrease of APC/C on chromosomes, while forced localization of the Ska complex onto 

kinetochores promotes APC/C localization to chromosomes, leading to enhanced 

anaphase onset [138]. Mitotic delay was still observed in Ska depleted cells treated with 

Mps1 inhibitor reversine. This suggests that Ska function in checkpoint signaling may be 

downstream of microtubule attachment formation, which displaces Mps1 from 

kinetochores and promotes mitotic progression [142,143].  

Biochemical analysis of the human Ska complex has shown that Ska1 and Ska2 

form a heterodimeric subcomplex that further dimerize in the presence of Ska3 [121], 

resulting in heterohexameric assembly. Ska3 has been shown to form a binary complex 

with Ska1 in the absence of Ska2, but not with Ska2 alone [135]. N-terminal regions of 

all three components are predicted to form coiled-coil structures and the high resolution 

X-ray crystallographic studies of the recombinant human Ska1∆C-Ska2-Ska3∆C  
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(a minimal oligomerization unit) demonstrated a W-shaped structure with two triple 

helical bundles (Figure 1.5.A, B). This construct forms a central core of the complex that 

is characterized by the presence of negatively charged patches on the solvent accessible 

surface. Mutations introduced within the dimerization interface (F7R/L11R in Ska3) 

increase the Stokes radius but do not block the dimerization of the complex. Interestingly, 

different structural arrangement of the Ska1-Ska2-Ska3F7R/L11R dimer does not influence 

the localization of the complex to the kinetochore but causes a loss of function as this 

mutant cannot rescue the mitotic delay caused by the depletion of the wild-type complex 

[144]. It may indicate that the topography of the complexes core is important, even 

though the major microtubule binding region resides outside the core.  

The Ska complex contains a microtubule binding domain (MTBD) within C-

terminal region of Ska1. Mutations that disrupt the positively charged patches on its 

surface significantly reduce its microtubule binding affinity. MTBD allows the complex 

to interact with both straight microtubules and curved tubulin protofilaments, albeit with 

rather weak affinities (~2.5 µM) [18,110,145]. This distinguishes Ska from the Ndc80 

complex, as the latter preferentially binds to straight microtubules, showing only a very 

weak affinity towards curved protofilaments [110]. Also the mechanism of microtubule 

interaction is significantly different between those complexes: Ndc80 has defined 

microtubule binding regions (“toe” and N-terminal tail) and orientation in which it 

assembles on the microtubule lattice [99,108,109], whereas Ska1 MTBD contains 

multiple binding surfaces that are able to bind to the microtubule lattice in various 

orientations (Figure 1.5.C) [145]. The Ska complex induces microtubule bundling at high 

concentration, as shown by light and electron microscopy [121,144] (and unpublished 

data). It is not uncommon for structures containing two microtubule binding domains to 

induce bundling by bridging microtubules, however, the Ska1-Ska2 sub-complex 

displays the bundling activity at a similar range of concentrations as a full Ska complex 
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[121]. This suggests a different mechanism for bundling microtubules, as Ska1-Ska2 sub-

complex contains only one MTBD.  

The ability to bind curved protofilaments [110,145] allows the Ska complex, 

either on beads or in solution, to track the depolymerizing microtubule ends. The 

similarities between the Ska complex and Dam1 complex are also visible in their ability 

to accumulate Ndc80 at the plus end of depolymerizing microtubules [110]. It is currently 

believed that the Ska complex behaves like a functional homologue of the Dam1 complex 

in vertebrates. Interestingly, presence of the Ska complex increases the affinity of the 

Ndc80 complex towards microtubules. Similarly, Ska binding to microtubules is 

increased by the Ndc80 complex, indicating that the complexes bind to the microtubules 

synergistically and possibly stabilize each others interactions with the depolymerizing 

ends [110]. It also suggests a possible direct interaction between Ska and Ndc80, 

however, it has not yet been demonstrated.  

Despite significant progress in structural and functional characterization of the 

Ska complex, there is little known about ~300 amino acid long C-terminal domain of 

Ska3. It contains low-complexity sequences and so far has been implicated in 

contributing to microtubule binding. It has been also suggested to play a role in the 

recruitment of the Ska complex to the kinetochores [144]. However, no detailed studies 

were carried out to further characterize this region. 
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Figure 1.5 The structure of the Ska complex  

(A) Structure of the Ska core complex (Ska1∆C-Ska2-Ska3∆C) [144]. N-terminal helical 

bundle intercalates with its dimeric counterpart to form a W-shaped dimer. PDB: 4AJ5 

Chains A, F, L, P, V, Z. Visualization by PyMOL (Schrödinger).  

(B) Surface representation of the Ska core complex electrostatic potential. Multiple 

negatively charged patches can be observed, in agreement with theoretical pI of 5.1. 

Indicated residues of Ska1 (green), Ska2 (blue) and Ska3 (orange) contribute to the 

highlighted charged patches (ovals). Reproduced and modified from [144] with 

permission (License: 3835711472313)  

(C) Cartoon representation of the human Ska1–MTBD where surface-exposed K/R 

residues are shown as sticks (left). Surface representation of the Ska1–MTBD in the same 

orientation with electrostatic surface potential revealing the presence of positively 

charged patches (right). Green, yellow and blue labels indicate patches of residues shown 

to contribute to the interaction with microtubules. PDB: 4C9Y. Reproduced and modified 

from [145] under Creative Commons Attribution 3.0 Unported License. 
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Figure 1.5 
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Maturation of kinetochore-microtubule attachments 

Maturation of the kinetochore-microtubule attachments can be defined as a 

process resulting in formation of stable end-on attachments capable of carrying 

chromosomal load. But what exactly makes the attachments “stable” and how to 

determine the stability of the attachment? The most popular technique used to assess the 

stability of the microtubule attachments is the “cold-stability” assay based on the 

phenomenon of cold-driven microtubule depolymerization. In mitotic cells, microtubules 

that have formed end-on attachments with kinetochores are protected from massive 

depolymerization and thus withstand the cold treatment [146,147]. Nevertheless, it is 

important to note that this assay does not give a simple, binary answer. For example, 

siRNA-mediated depletion of Ska3 results in ~20% drop in intensity of fluorescently 

stained kinetochore-associated microtubules, while ~60% reduction can be observed 

when the Ndc80 protein is depleted [135]. This graded stability of the attachments likely 

suggests that the maturation of the end-on attachments is a process that requires multiple 

steps facilitated by various components.  

Although the mechanism of kinetochore-microtubule attachment maturation is 

still unclear, multiple essential components have been extensively studied and 

characterized. The most prominent complex required for formation of end-on attachments 

is the Ndc80 complex, described above. Importantly, the stability of the attachments is 

regulated by Aurora B-dependent phosphorylation of the Ndc80 tail, creating a rheostat-

like graded response [42,69,116]. One of the current models of that regulation derives 

from the observation that the Aurora B activity diminishes with increasing distance from 

the inner-centromere [148]. An attachment that is capable of increasing the 

interkinetochore stretch would therefore further strengthen itself by reducing the Aurora 

B-driven phosphorylation of the Ndc80 tail. Although Ndc80 is essential to form end-on 
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attachments, other proteins were shown to contribute directly or indirectly, e.g. the Ska 

complex [110,121]. However, how Ska interacts with Ndc80 on the microtubule and 

facilitates depolymerization driven movements remains elusive. Interestingly, cells 

depleted of Ska can still align chromosomes properly, but fail to satisfy the spindle 

checkpoint [137,138]. This may indicate that Ska is dispensable for the formation of 

initial end-on attachments, but is crucial in subsequent maturation steps required for 

attachment stabilization and SAC silencing. 

Spindle Checkpoint 

Mitotic division requires a very stringent safeguard mechanism to prevent 

premature chromosome segregation. Cells that transit to anaphase before all 

chromosomes are bi-oriented and aligned on the metaphase plate, separate their genetic 

content unevenly between daughter cells leading to abnormalities in the chromosomal 

content, often observed in cancer cells. The mechanism that ensures faithful chromosome 

segregation, called Spindle Assembly Checkpoint (SAC or Spindle Checkpoint), blocks 

the transition from metaphase to anaphase until all chromosomes are properly positioned 

and have formed stable microtubule attachments. SAC creates a binary response, in 

which Cdc20, a cofactor of APC/C is inactivated until all SAC requirements are satisfied 

[149–152]. In absence of spindle checkpoint signal Cdc20 activates APC/C to target 

securin and cyclin B for ubiquitin-dependent proteolysis [153–156]. Degradation of 

securin reactivates separase that in turn cleaves the cohesin complex, effectively 

disrupting the connection between sister chromatids and allowing for their separation. 

Proteolysis of cyclin B leads to inactivation of the CDK1 kinase and results in 

dephosphorylation of CDK1 substrates, inducing mitotic exit.  
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Mechanism of Spindle Checkpoint signaling 

Spindle checkpoint is initiated on unattached kinetochores by production of a 

diffusible mitotic checkpoint complex (MCC), which is composed of Bub3, Mad2, 

BubR1 (Mad3 in yeast, worms and plants) and Cdc20 [157–159]. When Cdc20 becomes 

a part of MCC it can bind to, but is unable to activate the APC/C.  

The kinetochore acts as a regulator and a platform for assembly of the SAC 

machinery. The Mps1 kinase directly binds to the CHD of Ndc80 on the unattached 

kinetochores in Aurora B-dependent manner [142,143,160–162]. Phosphorylation of 

multiple MELT (methionine-glutamate-leucine-threonine) motifs of Knl1 by the Mps1 

kinase in prometaphase facilitates recruitment of Bub1, BubR1 and Bub3 [162–170]. 

Bub1 is phosphorylated by Mps1, promoting kinetochore localization of the Mad1-Mad2 

complex [171] and contributing to Aurora B recruitment to the inner centromere [172]. In 

metazoans, Bub1 is also required for recruitment of the RZZ complex (Rod-ZW10-

Zwilch) that contributes to kinetochore recruitment of Mad1-Mad2 [173–177]. Mad2 

exists in two distinct topologies: the “open” conformer that, upon binding with either 

Mad1 or Cdc20, undergoes a conformational change to the “closed” state that sequesters 

Cdc20 and can form the MCC complex, effectively inhibiting APC/C [178–182]. 

Kinetochore-associated Mad2 catalyzes the conformation transition from open to closed 

state of unbound Mad2 molecules, which can subsequently bind to Cdc20, allowing for 

strong amplification of the spindle checkpoint signal [183,184]. It is an efficient way to 

prevent APC/C activation and it creates a very responsive mechanism capable of 

preventing mitotic exit even when only single kinetochore remains unattached.  
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Silencing of spindle checkpoint signal 

When all chromosomes are bi-oriented and aligned on the metaphase plate, 

spindle checkpoint signal is turned off and the cell can progress to anaphase. For efficient 

silencing of checkpoint signal kinetochore-associated SAC proteins have to be 

inactivated or removed. Predominant mechanism for the removal of spindle checkpoint 

proteins is known as “stripping” by the dynein motor. Cytoplasmic dynein is a minus-end 

directed motor that binds to kinetochore-bound microtubules and actively carries the SAC 

proteins away from the kinetochore [46]. Recruitment of dynein to the kinetochores is 

facilitated by Spindly, a protein associated with the RZZ complex [177,185]. Although 

depletion of Spindly prevents dynein recruitment to kinetochores, Mad1 and Mad2 are 

still removed, albeit at much lower rate. This suggests the existence of another, dynein-

independent mechanism for SAC removal that could be evolutionary conserved, as fungi 

and plants lack kinetochore-associated dynein [186]. This mechanism is likely to involve 

protein phosphatases that oppose Mps1 and prevent recruitment of new SAC proteins 

[187,188]. 

When unattached, kinetochores signal for mitotic arrest and MCC is constantly 

produced by SAC. To allow for anaphase transition, inhibition of APC/C has to be 

removed. This can be achieved by several mechanisms. One of them involves APC15, an 

APC/C subunit, that targets MCC for degradation by Cdc20 ubiquitylation [189–191]. 

Disassembled MCC is quickly replaced by another one while spindle checkpoint remains 

active as Cdc20 is constantly synthesised and new “closed” Mad2 is formed. This creates 

a system with high turnover rates, allowing for rapid transition to anaphase once SAC 

proteins are removed from the kinetochore and no new MCC is formed. 

Formation of properly oriented end-on kinetochore-microtubule attachments is 

necessary to silence the spindle checkpoint. It is still unclear, however, what defects are 
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sensed by the SAC. A classic study demonstrated that application of force to a 

monovalent polar chromosome was able to satisfy the checkpoint [192] giving rise to the 

notion that SAC recognizes the tension between sister chromatids. Subsequent 

experiments have shown that applied tension allows for stabilization of the microtubules 

attachments. It suggested that formation of mature kinetochore-microtubule attachments 

is necessary to silence the checkpoint [193]. Subsequent studies provided enormous 

insight into so called “tension checkpoint” and “attachment/occupancy checkpoint”, 

however, it remains unclear if those mechanisms work together or only one of them is 

essential. Two recent studies utilized a Ndc80 mutant that cannot be phospho-regulated 

by Aurora B (Ndc80-9A) and thus allows for efficient binding with microtubules. Human 

cells expressing this mutant were able to form stable microtubule attachments in 

monopolar spindles and exit mitosis despite the lack of both bi-oriented chromosomes 

and interkinetochore stretch [194,195], showing that the microtubule attachment is 

sufficient for cells to proceed to anaphase. Another study demonstrated that cells treated 

with taxol (microtubule stabilizing drug that reduces the stretch) can transition from 

metaphase to anaphase only if all kinetochores formed microtubule attachments [68], 

supporting the notion that tension is not essential for SAC silencing. It was suggested, 

however, that tension-induced changes in kinetochore architecture may influence the 

efficiency or speed of silencing. For example, the increase in a distance between Ndc80 

and Knl1 molecules upon microtubule attachment restricts Mps1 (bound to Ndc80) from 

its substrate (Knl1) and serves as an essential mechanical switch for SAC silencing in 

budding yeast [196]. It is possible that in human cells that mechanism could aid in 

countering low levels of Mps1 remaining on attached kinetochores [142,197]. The stretch 

was also suggested to physically separate inner-centromere localized Aurora B from its 

multiple substrates in the outer kinetochore, as Aurora B kinase activity decreases 
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proportionally to the distance from the inner-centromere [148]. Microtubule binding 

complexes Ndc80 and Ska, both required for formation of proper microtubule 

attachments, are down-regulated by Aurora B phoshorylation. Additionally, the binding 

of protein phosphatase 1 (PP1) to Knl1 is prevented by Aurora B phosphorylation 

[187,198]. Role of PP1 in SAC silencing is described later.  

Recognition of the mature kinetochore-microtubule attachments by  

the Spindle Checkpoint  

How are mature end-on kinetochore-microtubule attachments recognized by the 

spindle checkpoint machinery? Although the mechanism remains elusive, the prevailing 

model places the Mps1 kinase as the potential sensor for detecting microtubule 

attachments. First of all, the Mps1 kinase is one of the key upstream regulators of SAC 

signaling as Mps1-dependent phosphorylation of MELT motifs on Knl1 facilitate 

recruitment of SAC components to the kinetochore. Inhibition of Mps1 results in mitotic 

exit in arrested cells suggesting a major role in SAC signaling [199–201]. Additionally, 

Mps1 was also implicated in facilitating Aurora B recruitment to the inner centromere 

through Bub1 and Shugoshin (Sgo) positive feedback loop [172]. Moreover, Mps1 was 

shown to enhance Aurora B activity by phosphorylating its regulatory subunit 

Borealin/Dasra B [161]. Mps1 directly associates with Ndc80 and was shown to be 

displaced from the kinetochore upon microtubule attachment [142,143]. Those 

characteristics of Mps1 place it as not only a major component in initiating SAC 

signaling, but also as a possible sensor of the kinetochore-microtubule attachment status. 

However, for efficient SAC silencing, the removal of the kinase has to be followed by the 

reversal of the phosphorylation events. This is accomplished by protein phosphatases that 

were shown to oppose Mps1 and allow for mitotic exit [187,188].  
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Two major protein phosphatases found on kinetochore have been implicated in 

SAC silencing: PP1 and PP2A. In mitosis PP1 is recruited to the kinetochores by SILK 

and RVSF motifs of Knl1 and this interaction is inhibited by Aurora B phosphorylation 

on the RVSF motif [187,198]. Knl1 mutants that cannot bind PP1 are inefficient in 

spindle checkpoint silencing [187,188,198,202]. Multiple studies suggested that PP1 

activity counters Aurora B functions [203–207]. The second phosphatase, PP2A-B56, is 

recruited to outer kinetochores by interaction with BubR1 that is indirectly associated 

with Knl1 [208–211]. It has been suggested that PP2A-B56 dephosphorylates RVSF 

motif of Knl1, thus allowing for PP1 recruitment [188]. Both PP1 and PP2A have been 

implicated in reversal of the Mps1-dependent phosphorylation of MELT motifs of Knl1 

[188,212]. Interestingly, this creates a negative feedback loop: PP2A promotes PP1 

recruitment, which in turn reduces Mps1 phosphorylation of MELT motifs, effectively 

inhibiting further recruitment of PP2A. It is likely that this feedback loop allows for 

responsiveness of SAC: on unattached kinetochore PP2A is primed to efficiently 

facilitate PP1 recruitment/MELT dephosphorylation as soon as kinase activity is reduced 

(e.g. by stretching and/or Mps1 displacement by microtubules), which in turn removes 

PP2A to prepare the system for quick response if mitotic kinases are reactivated.  

The studies described above led to a model in which Mps1, together with 

PP1/PP2A associated with Knl1, could serve as a switch capable of triggering SAC 

silencing by sensing microtubule attachment status. Once microtubule is attached the 

displacement of Mps1 should shift the equilibrium between kinases and phosphatases 

towards the latter. PP1 localization to Knl1 would increase, initiating dephosphorylation 

of mitotic substrates and consequent SAC silencing. However, it is still unclear how the 

Mps1 would trigger the shift towards dephosphorylation, as inhibition of Mps1 does not 

result in the reduction of the Aurora B kinase activity [199–201]. The model also fails to 
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explain a modest, only 10 min long, delay in mitosis caused by the replacement of the 

wild-type Knl1 with a truncation mutant unable to bind PP1 [166]. It is possible that other 

kinetochore components contribute to association of the phosphatases at the kinetochores. 

A likely scenario could also involve an additional sensing mechanism to recognize 

mature attachments. One of the possible candidates is the Ska complex that was recently 

suggested to act downstream of Mps1 in SAC silencing [138]. Furthermore, Ska 

depletion causes a robust mitotic arrest that requires active SAC. In summary, the ability 

of the Ska complex to bind curved microtubule protofilaments, contributing to Ndc80-

microtubule binding and tracking depolymerizing ends suggest that Ska could be an 

important factor in recognizing mature attachments and triggering SAC silencing.  
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Chapter II 

The unstructured tail of Ndc80 recruits Ska to kinetochores  

to facilitate exit from mitosis 
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Pornillos, O. and Stukenberg, P.T. “The unstructured tail of Ndc80 recruits Ska to 

kinetochores to facilitate exit from mitosis” 
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Abstract 

Kinetochores bind microtubules of the spindle and couple this attachment to the 

silencing of the spindle checkpoint signal that blocks the metaphase to anaphase 

transition. This is in part accomplished by the same domain of the Ndc80 protein directly 

binding microtubules and recruiting the Mps1 kinase that generates the signal. To silence 

the Spindle Assembly Checkpoint (SAC) the Ska protein must also recruit the PP1 

phosphatase to kinetochores. It is not understood how Ska is recruited to kinetochores 

and how this is linked to microtubule attachments. We characterize a novel mutant of the 

Ndc80 unstructured tail that allows proper kinetochore microtubule attachments and the 

generation of full pulling forces, but prevents mitotic exit. Ska is not recruited to the 

kinetochore in cells expressing this mutant. The mutant can bind microtubules with 

similar affinity as the wild type protein in vitro, but poorly clusters along protofilaments 

of bound microtubules. In addition the mutant displays apparent negative cooperativity in 

equilibrium binding assays consistent with its inability to cluster on microtubules. Ska 

increases the rate of dephosphorylation of the Ndc80 tail by PP1 in vitro. By electron 

tomography we observe characteristic V-shaped structures that resemble the Ska complex 

in both shape and size, positioned along microtubule protofilament in presence of both 

wild-type Ndc80 and Ska. Directly underneath those structures we identified Ndc80 

clusters, suggesting that the clustering of Ndc80 subunits is required to recruit Ska. Our 

data identify a new function of the Ndc80 tail to regulate the recruitment of Ska protein to 

control the exit from mitosis. We suggest that these mechanisms act downstream of Mps1 

displacement to allow kinetochores to mature end-on attachments and couple the binding 

of microtubules to spindle checkpoint silencing.  
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Introduction 

The kinetochore regulates at least three crucial processes in chromosome 

segregation. It directly attaches to both chromatin and microtubules to link chromosomes 

to the spindle; regulates microtubule dynamics to generate the force that moves 

chromosomes; and unattached kinetochores generate the spindle assembly checkpoint 

(SAC), which blocks the progression to anaphase [11,213–216]. How kinetochores link 

microtubule binding to spindle checkpoint silencing is a critical unanswered question. 

While kinetochores contain over 100 proteins, a key finding was that the Ndc80 protein 

was required to both bind microtubules and generate the SAC signal suggesting that it 

links the two processes together [85,217,218]. Recently it was shown that the Calponin 

homology domain (CHD) of Ndc80 (also called hsNdc80 or Hec1 in humans) subunit 

either binds the Mps1 kinase that generates the SAC signal or the lateral side of a 

microtubule suggesting that microtubule binding, in part, silences the SAC by displacing 

the Mps1 kinase from the kinetochore. However, the subsequent steps downstream of 

Mps1 displacement to silence the signal are still poorly understood.  

The Ndc80 complex is a heterotetramer composed of the following proteins: 

Ndc80, Nuf2, Spc24 and Spc25 [83,86,87,219]. N-terminal Calponin homology domains 

of Ndc80 and Nuf2 directly bind the lateral sides of microtubules and these attachments 

are critical for chromosome movements. These CHD are connected to globular domains 

of Spc24 and Spc25, which bind central kinetochore proteins, through a ~50 nm coiled-

coil. The binding of the CHD to microtubules is regulated by an unstructured and 

positively charged 80 amino acid N-terminal tail of Ndc80. Aurora B phosphorylates the 

Ndc80 tail on 8-12 sites and the amount of phosphorylation correlates with weaker 

interaction to allow dynamic regulation of microtubule-kinetochore attachments in a 

rheostat like manner [69,108,117]. In prometaphase the Ndc80 tail is heavily 
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phosphorylated, while in metaphase it has zero or one phosphorylated residues, which is 

believed to allow microtubule attachments to mature as mitosis progresses [69]. 

Kinetochores that are aligned at the metaphase plate are physically pulled toward the 

poles separating the Ndc80 tail from the Aurora B kinase. However, how phosphatases 

are recruited to the tail to dephosphorylate the tail is not understood.  

Each kinetochore has at least 7 Ndc80 complexes per attached microtubule [63–

65,95]. Ndc80 complexes can bind along protofilaments in clusters in vitro, but current 

models suggest that the Ndc80 complex binds as single entities in vivo. Clustering in vitro 

is mediated by C-terminal region of the Ndc80 tail, which sits between CHDs of adjacent 

subunits [117]. This region also directly binds microtubules, is phosphorylated on 

multiple sites by Aurora B and dephosphorylation of this zone is required for proper 

alignment of chromosomes to the metaphase plate. Phosphorylation of the tail has 

minimal effect on the clustering of Ndc80 molecules along microtubules in vitro. The N-

terminal half of the tail is similarly phosphorylated by Aurora B and phosphomimetic 

mutants were also unable to properly align chromosomes in vivo. Because the 

phosphomimetics block microtubule binding of Ndc80 in vitro and chromosome 

congression in vivo, but have little effect on the cooperativity of binding [120] it is 

difficult to use these mutants to test the importance of clustering to Ndc80 function in 

vivo.  

The Ska complex (Ska) is enriched on kinetochores of aligned chromosomes and 

is involved in generating stable kinetochore-microtubule attachments. Its central function 

is to recruit PP1 to kinetochores [220]. Ska forms a W-shaped structure [144], composed 

of Ska1, Ska2 and Ska3 proteins [121,133–137,141]. Ska directly binds microtubules and 

has been shown to track microtubule depolymerizing plus-end [110,121]. Depletion of 

any of any protein of the Ska complex results in prolonged, SAC dependent, metaphase 
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arrest and eventually cell death [121,133–138]. Despite lack of sequence or structure 

similarity, it has been suggested that the Ska complex may be a functional equivalent of 

the yeast Dam/DASH complex [18,135,145]. The recruitment of Ska to the kinetochore is 

dependent on a KMN (Knl1-Mis12-Ndc80) network [121,133,136,139], and is regulated 

by Aurora B kinase [139]. Ndc80 and Ska have not been shown to interact in vitro, but 

Ndc80 can decrease the binding affinity of Ska to microtubules [110], suggesting that 

they may form a complex on microtubules. However, the proteins that recruit Ska to 

kinetochores or the events that allow recruitment are not known. Previously, an internal 

loop (also called “kink”) within the coiled-coil region of the Ndc80 complex has been 

shown to associate with yeast Dam/DASH complex [103]. Another study, however, did 

not observe a similar phenotype with Ska when human Ndc80 loop mutant was used [88].  

Here, we generated a number of mutants in the unstructured tail of Ndc80 to 

identify novel functions of this regulatory region. Cells expressing two different mutants 

in amino acids 40-60 of Ndc80 allow congression to the metaphase plate, generate full 

kinetochore pulling forces, but are unable to enter anaphase. We focused on a construct 

with a set of point mutants that change the charged residues in this region, which is 

referred to as Ndc80+4CT. Cells expressing Ndc80+4CT are unable to recruit the Ska 

complex to kinetochores, suggesting a novel function of the Ndc80 N-terminal tail. Cells 

expressing Ndc80+4CT neither recruit Ska to kinetochores of aligned chromosomes, nor to 

kinetochores in cells treated with nocodazole and Aurora B inhibitors suggesting that this 

region is required for all of the known kinetochore-recruitment pathways of Ska. The 

Ndc80+4CT complex has a similar Kd for microtubule binding in vitro but looses the 

cooperative binding by both equilibrium binding assays and direct visualization of Ndc80 

clusters on microtubules by EM. Moreover, we identified V-shaped structures along 

microtubule protofilaments in presence of wild-type Ndc80 and Ska. Moreover, we 
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observed Ndc80 clusters positioned underneath those structures that resemble the Ska 

complex by both shape and size. Altogether, our data suggest that Ska binding is linked to 

the attachment of kinetochores to microtubules through the Ndc80 tail. In addition it 

suggests that the clustering of Ndc80 along protofilaments is not required to align 

chromosomes to the metaphase plate or to generate kinetochore tension. However, 

clustering appears to be the key event to recruit Ska/PP1 to trigger the exit from mitosis.  
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Results 

Positive charge in the N-terminal region of the Ndc80 tail is critical for chromosome 

congression in vivo 

 The role of phosphorylation of the Ndc80 tail has been extensively studied and it 

has been established that it regulates the dissociation of Ndc80 from microtubules in a 

rheostat like manner [69,108,115–117,120], but has little effect on the clustering of 

Ndc80 molecules along protofilaments [120]. We were interested if the tail has roles other 

than regulating microtubule attachments, so we focused on mutations of residues that are 

unrelated to phosphorylations. We began by generating a deletion set of the Ndc80 tail 

shortening the tail by 10 amino acids from the N-terminus. We assayed for kinetochore 

function in vivo using a protocol that allows us to visualize the first mitosis expressing 

the rescued Ndc80 mutant after depletion of the endogenous protein by siRNA and rescue 

by transfection (Supplemental Figure 2.1.A).  

  There was a length dependent decrease in the ability of cells to align 

chromosomes to the metaphase plate. However, cells with only 20 amino acid long tails 

were able to align chromosomes to the metaphase plate (albeit with lower efficiency), 

generate cold stable kinetochore microtubule attachments, and generate interkinetochore 

tension. Cells expressing only 10 amino acid tails or no tails lost all of these kinetochore 

functions (Supplemental Figure 2.1.B-E), although the kinetochores remained intact 

(Supplemental Figure 2.2). This suggests that the essential functions in the tail to generate 

kinetochore microtubule attachment lie in the amino acids between 61-80. This region 

has only one aurora B phosphorylation site, does not bind microtubules (data not shown) 

and is significantly shortened, arguing that these are not the essential aspects of the tail to 

allow the Ndc80 complex to generate end-on attachments.  
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 To identify the unappreciated functions in the Ndc80 tail we first asked if the 

region spanning residues 61-80 is essential. We used two Ndc80 deletion mutants: 

Ndc80∆60-80 and Ndc80∆40-80. These mutants aligned chromosomes and generated 

kinetochore-microtubule attachments with similar efficiency as cells rescued with the full 

Ndc80 protein (Figure 2.1.B-D). Thus the region spanning residues 61-80 is not essential 

for microtubule attachments.  

 Under physiological conditions, the Ndc80 tail has 5 negatively and 15 positively 

charged residues. These are fairly equally distributed along the length of the tail. We 

asked if the charge is important for kinetochore function. We mutated 10 of the basic 

amino acids in the tail to alanines to generate a tail with net charge of zero. This neutral 

tail was unable to align chromosomes to the metaphase plate, generate cold-stable 

kinetochore attachments or generate inter-kinetochore pulling forces on chromosomes 

arguing that the charge of the tail is essential for microtubule binding (Supplemental 

Figure 2.1.A-E). This conclusion is consistent with the fact that Aurora phosphorylation 

would neutralize this charge to reduce microtubule binding. It is important to note that the 

elimination of the basic residues also affects Aurora B phosphorylation sites, which 

require a basic residue in -2 position relative to the phosphorylated serine or threonine, 

however the elimination of the phosphorylatable residues increases rather than decreases 

the kinetochore microtubule binding in vivo.  

The charge in the C-terminal region of the tail is required to silence the spindle 

checkpoint.  

 We next generated a series of internal deletion mutants of the Ndc80 tail (Figure 

1A). We defined metaphase as having the majority of chromosomes aligned in the center 

of the cell; mitotic cells with more than five unaligned chromosomes were scored as late 

prometaphase. Our system could rescue Ndc80 depletion with reasonable fidelity as more 



53 

 

than 16% of Ndc80WT cells had also achieved proper chromosome alignment, as 

compared to 19% of the mock-transfected mitotic cells (Figure 2.1.B and C). Either half 

of the tail was sufficient to allow microtubule binding. Similarly, all four Ndc80 tail 

truncation mutants tested were able to align a significant portion of their chromosomes at 

the time of the fixation, but not as efficiently as the wild type controls. While both the 

Ndc80∆40-80 (17.0 ± 3.5% of mitotic cells scored as aligned) and the Ndc80∆40-60 (17.7 ± 

2.1%) mutants aligned chromosomes at a similar frequency to the Ndc80WT control cells, 

both mutants had an increased number of metaphase cells containing 3-5 unaligned 

chromosomes. Cells rescued with the Ndc80∆60-80 mutant had a slightly reduced number 

of the metaphase aligned cells (13.4 ± 1.7% of mitotic cells), but this reduction might 

have been a result of a portion of the mitotic cell population proceeding on to anaphase 

(see below). Finally, cells rescued with the N-terminal Ndc80∆1-40 mutant were able to 

align 11.0 ± 1.7% of mitotic cells into a metaphase plate. These data suggest that both 

regions of the tail are required for optimal chromosome alignment, but the loss of the N-

terminal half of the tail has a more severe effect on the congression. 

 The designed truncations not only removed charged residues and Aurora B 

phosphorylation sites, they also reduced tail length. To exclude the potential effects of a 

shorter tail length, we generated a pair of Ndc80 mutants that maintained a full-length tail 

but had a reduced net charge of +4 compared to +10 of the wild type tail. One mutant, 

Ndc80+4NT, targeted the N-terminal region of the tail by mutating lysines 2, 26 and 35 and 

arginines 3, 13 and 20 to alanines thus destroying the consensus sequences for the Aurora 

sites S4, S5, and S15 in the process. The complementary mutant, Ndc80+4CT, targeted the 

C-terminal region of the tail. Here, lysines 42, 47, 53, and 59 and arginines 52 and 60 

were mutated to alanines, and the Aurora S44, T49, S55 and S62 sites were nullified 

(Figure 2.1.A). 
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 The Ndc80+4CT mutant was capable of aligning chromosomes (12.0 ± 1.7% of 

total mitotic cells). Strikingly, the Ndc80+4NT mutant was far less effective at aligning 

chromosomes than the Ndc80∆1-40 mutant. Only 1.7 ± 0.8% of mitotic Ndc80+4NT cells 

were able to align their chromosomes (Figure 2.1.B and C), making the Ndc80+4NT 

alignment phenotype more comparable to the phenotype achieved by the loss of the entire 

tail or the loss of all net positive charges from the tail. Therefore, reducing the net charge 

in either of the tail regions compromises chromosome alignment by kinetochores, 

although mutation in the N-terminal region is more detrimental. Furthermore, this result 

reinforces the concept that the Ndc80 tail is not a random stretch of positive charges, but 

is rather composed of two distinct regions. It should be noted that the Ndc80+4NT and the 

Ndc80+4CT mutants have more severe alignment defects than the corresponding N- and C-

terminal truncation mutants. The reason for these discrepancies remains unknown. 

  Next, we measured the ability of kinetochores containing mutated Ndc80 protein 

to exert pulling forces on bound microtubules. We measured the distance between the 

sister kinetochores (inter-kinetochore distance) that are stretched apart by the pulling 

forces exerted by microtubules and serve as readouts for the strength of kinetochore-

microtubule interactions. Cells in early prometaphase have formed very few productive 

kinetochore-microtubule interactions, and inter-kinetochore distance measurements for 

these cells were therefore comparable to Ndc80 knockdown cells or cells treated with 

high doses of nocodazole (Figure 2.1.D). As few cells expressing the Ndc80+4NT mutant 

had metaphase-aligned chromosomes, we measured late prometaphase Ndc80+4NT cells 

instead. The average measurement for these cells was 1.00 ± 0.02 µm, suggesting that 

kinetochores containing the Ndc80+4NT mutant generated reduced amount of force. In 

contrast, aligned chromosomes from Ndc80+4CT metaphase cells had an average inter-

kinetochore distance measurement of 1.18 ± 0.04 µm, which is similar to the average 
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measurement for Ndc80WT metaphase chromosomes (1.23 ± 0.02 µm). Metaphase 

Ndc80∆20-40 cells (average measurement of 1.15 ± 0.05 µm) and Ndc80∆40-60 cells (1.19 ± 

0.02 µm) also generated the wild type levels of stretch. 

Ndc80+4CT arrests cells in metaphase due to both SAC and Aurora B activation  

Though both Ndc80+4CT and Ndc80∆40-60 cells were capable of aligning 

chromosomes to a metaphase plate and generating full tension on aligned chromosomes, 

not a single cell expressing either of these two mutants progressed into anaphase at the 

time of fixation. In contrast, on average 4.4 ± 0.7% of Ndc80WT mitotic cells and 8.0 ± 

4.6% of Ndc80∆60-80 mitotic cells were in anaphase (Figure 2.2.A). This suggests that 

impairing the function of the C-terminal microtubule binding region, either by 

engineering point mutations or making wholesale deletions, halts cell cycle progression. 

 To determine if this delay was caused by an active spindle checkpoint signal, we 

performed a knockdown and rescue experiment whereby we knocked down the spindle 

checkpoint protein Mad2 in conjunction with replacement of the Ndc80 mutant. Despite 

being fixed at the same time point as Ndc80+4CT cells, 28% of Ndc80+4CT/Mad2 

knockdown cells in mitosis were scored as anaphase (Figure 2.2.A). The failure of cells 

expressing Ndc80+4CT could be due to a failure to remove Mad2 from kinetochores 

following microtubule attachment, which is a phenotype seen for point mutants of the 

kinetochore component Spindly [186]. However, when we examined the kinetochore 

localization of Mad2 in metaphase Ndc80+4CT cells, we found that Mad2 was lost from 

the kinetochore as effectively as in Ndc80WT controls (Figure 2.2.D). Similarly, we found 

that BubR1 was capable of localizing to Ndc80+4CT kinetochores, as is seen for metaphase 

Ndc80WT cells. Therefore, we conclude that the failure of our Ndc80+4CT mutant to 

progress into anaphase was due to active spindle checkpoint signaling from kinetochores 

with depleted levels of Mad2. 
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 We previously showed that there are two branches of the spindle checkpoint, one 

regulated by Aurora B and a second by CENP-I. To determine which branch was active in 

Ndc80+4CT expressing cells, we treated cells stably expressing Ndc80WT or Ndc80+4CT 

with the Aurora B inhibitor ZM447439. At the time of fixation, 18.6 ± 1.5% of DMSO-

treated Ndc80WT cells were in mitosis, compared to 38.7 ± 11.0% of DMSO-treated 

Ndc80+4CT cells – again confirming the cell cycle arrest observed with this mutant. 

Following the treatment with the inhibitor, the mitotic index of Ndc80WT cells (16.2 ± 

1.6% of total cells in mitosis) was largely unchanged (Figure 2.2.B). In contrast, the 

mitotic index of ZM447439 treated Ndc80+4CT cells fell markedly to 24.9 ± 1.8% of the 

total cell population. In contrast knock-down of CENP-I did not substantially change the 

mitotic index of either cell line (Figure 2.2.C). Therefore, cells expressing the Ndc80+4CT 

mutant arrest in an Aurora B dependent manner.  

C-terminal mutant of the Ndc80 tail retains high affinity to microtubules but lacks 

ability to cluster in vitro 

 To test how +4CT mutation in Ndc80 tail influences the binding of the complex to 

microtubules in vitro, we utilized a fluorescence anisotropy binding assay. We used an 

engineered version of the Ndc80 complex, known as Ndc80Bonsai [93], for in vitro 

analysis. Wild-type Ndc80Bonsai interacted with microtubules with measured Kd of 222 ± 

65.4 nM when fitted using the Hill equation, which is in agreement with previous reports 

[93]. The interaction between Ndc80Bonsai +4CT mutant and microtubules had slightly 

higher binding affinity as compared with Ndc80Bonsai WT, with a Kd of 131.8 ± 55.2 nM 

(Figure 2.3.A). This distinguishes +4CT mutant from phospho-mimetic mutants in that 

region that show reduced affinity instead. It also supports the notion that Ndc80+4CT cells 

are capable of forming proper kinetochore-microtubule attachments. Strikingly, the Hill 

coefficient was noticeably reduced between Ndc80Bonsai WT (h = 0.842 ± 0.229) and 
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Ndc80Bonsai +4CT (h = 0.415 ± 0.148). It suggests a negative cooperativity of the 

interaction between Ndc80Bonsai +4CT and the microtubules. 

 Structural studies suggested that the Ndc80 tail contributes to cooperativity of the 

interaction with microtubules. In addition Ndc80Bonsai molecules cluster along 

microtubule protofilaments [108,117]. To determine if Ndc80Bonsai+4CT is deficient in the 

clustering on the microtubules, we used a negative stain electron tomography. 

Considering similar Kd of interaction between Ndc80Bonsai WT and +4CT with 

microtubules but different values of Hill coefficient, we speculated that the main 

difference between the mutants should be in the distribution of the molecules along the 

microtubule filaments. As expected, we observed that the ability of Ndc80Bonsai +4CT 

mutant to form the clusters was impaired, as compared to Ndc80Bonsai WT (Figure 2.3.B, 

C).  

C-terminal region of Ndc80 tail is required for Ska3 recruitment to the kinetochore 

 To determine the cause of the tension defect sensed by the checkpoint, we turned 

our focus to a pair of kinetochore components that play a role in the still-mysterious 

process of microtubule attachment “maturation”, and whose loss delays the metaphase-to-

anaphase transition in cells. The first protein, Small Kinetochore Associated Protein 

(SKAP), is a microtubule-associated protein involved in recruitment of astrin to 

microtubule plus ends. Loss of either SKAP or astrin results in delays in the chromosome 

alignment [221]. The loss of the second component, the Ska complex, results in cells that 

can align chromosomes into a metaphase plate but fail to satisfy the signal checkpoint 

and do not enter anaphase [137]. We examined the kinetochore localization of SKAP and 

Ska3 in Ndc80WT and Ndc80+4CT cells. Both SKAP and Ska3 were present at the 

kinetochores of metaphase Ndc80WT cells. In Ndc80+4CT cells however, Ska3 was absent 
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from the kinetochores (Figure 2.4.A, B). These data suggest that the failure to recruit the 

Ska complex to kinetochores causes Ndc80+4CT cells to arrest in mitosis. 

Ska3 recruitment to the kinetochore is dependent on Aurora B phosphorylation of 

Ndc80 tail. 

 Ska complex localizes to kinetochores in prometaphase, and is dependent on 

microtubule occupancy at the kinetochores [133,135]. Ska levels at the kinetochores 

increase about twofold in metaphase, as compared to prometaphase, and is down-

regulated by Aurora B-mediated Ska1 and Ska3 phosphorylation. While Ska3 kinetochore 

levels are significantly reduced in the absence of microtubules in nocodazole treated 

cells, inhibition of Aurora B restores Ska complex localization to kinetochores. This 

phenotype is currently attributed to the inhibiting role of Aurora B mediated Ska 

phosphorylation [139]. Although it was shown that knock-down of various proteins such 

as Shugoshin, Ndc80, Mis12 and Knl1 blocks the Ska complex localization to the 

kinetochore, it is still unclear which component is directly responsible for Ska 

recruitment [137,139]. To obtain insight into the mechanism of the Ska complex 

localization to the kinetochore in the absence of the microtubules, we treated Ndc80+4CT 

cells with nocodazole and Aurora B inhibitor, ZM447439 [222]. Ska3 kinetochore levels 

were significantly lower in Ndc80+4CT cells, as compared to Ndc80WT (Figure 2.4.C and 

D). This strongly suggests that the Ndc80 tail is required not only to form proper 

attachments to the microtubules, but is also required for Ska recruitment to the 

kinetochore. 

 The inability of the Ndc80+4CT tail mutant to localize the Ska complex to the 

kinetochore may indicate a direct interaction between the two wild-type proteins instead. 

Although we failed to confirm such interaction, we observed an increase of the PP1 

activity on the Ndc80Bonsai phosphosubstrate in presence of Ska (Figure 2.4.E). We also 
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noticed an increase in the binding affinity of Ska to microtubules in vitro when Ndc80 

was present (data not shown). We note that our assay was performed with Ndc80Bonsai and 

Xenopus Ska complex demonstrating that the interaction does not require the coiled coil 

or loop region that were present in the previous work [110].  

 Because we were unable to observe a direct interaction between Ska and Ndc80 in 

vitro we utilized Proximity Ligation Assay (PLA, [223]), which measures the close 

proximity of two antigens in an immunofluorescence like experiment in vivo. PLA was 

used to measure proximity between the Ndc80 Calponin homology domain (monoclonal 

9G3) and a polyclonal antibody against the Ska3 protein. After the PLA reaction was 

performed, the cells were additionally stained with antibodies to tubulin and Borealin to 

identify the spindle and inner-centromeres respectively. The PLA signal was highly 

enriched at centromeres of mitotic cells and these signals were rarely found in control 

cells that lacked one of the two primary antibodies in the PLA reaction (Figure 2.5.A). 

There were also a few foci of PLA signal in the cytoplasm of mitotic cells that may 

represent interactions between soluble complexes. We quantified the number of Ndc80-

Ska3 PLA spots adjacent to centromeres and Ndc80 and Ska3 appear to be in close 

proximity in both prometaphase and metaphase centromeres (Figure 2.5.B). 67% of 

prometaphase centromeres were associated at least one PLA signal and this increased to 

80% of centromeres in metaphase. The number of centromeres associated with two PLA 

signals facing opposite poles increased in metaphase relative to prometaphase but the 

difference was not significant (Figure 2.5.C). These data suggest that Ndc80 and Ska 

reside in close proximity at end-on attached kinetochores, which is consistent with the 

Ndc80 CHD or tail binding Ska in vivo.  
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Ska complex forms V-shaped structures on microtubules in presence of Ndc80 

 The Ska complex was previously shown to stimulate the association of the Ndc80 

complex with microtubules. Additionally, presence of Ska allows Ndc80 to track 

depolymerizing microtubule plus-ends [110]. This feature is likely to contribute to 

stability of kinetochore-microtubule attachments in vivo. Although the mechanism is still 

unknown, it is likely that Ska facilitates tracking of Ndc80 molecules by forming a 

complex on the surface of the microtubule. To investigate this possibility we used 

negative stain electron tomography and analyzed the mixture of Ndc80Bonsai WT and Ska 

bound to taxol-stabilized microtubules. We identified unique V-shaped structures on the 

microtubule that requires both Ndc80 and Ska to form (Figure 2.6.A). The core of the Ska 

complex forms an assembly that is similar in both shape and size (180 Å x 80 Å [144], 

note the lack of Ska1 CTD and Ska3 C-terminal region in this structure) as those novel 

structures (227 ± 28 Å x 85 ± 7 Å, ten V-shapes measured). Additionally, we observed 

similar structures on microtubules incubated with Ndc80Bonsai WT and Xenopus Ska 

complex that were not observed in absence of Ska. Moreover, we found Ndc80 cluster in 

the same position on the microtubules in layers underneath some of the V-shapes (Figure 

2.6.B). We suspect that the V-shapes are formed only on Ndc80 oligomeric assemblies as 

we did not observe any in absence of Ndc80 or in presence of Ndc80Bonsai +4CT (data not 

shown). Therefore we hypothesize that the V-shapes observed in our tomographic 

reconstructions are Ska molecules interacting with the Ndc80 clusters.  
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Discussion 

Insight into “end-on” attachment by the kinetochore and depolymerization-coupled 

movement 

The Ndc80 complex makes “end-on” microtubule attachments to the kinetochore, 

required for kinetochores to utilize microtubule depolymerization to generate 

chromosomal movements to the metaphase plate and segregation of chromatids to the 

poles in anaphase. Current models suggest that the Ndc80 complex utilizes multiple weak 

attachment points to bind the lateral outer surface of a microtubule. These attachments 

are lost when the protofilaments begin to curve during depolymerization generating a 

tight attachment that is exquisitely sensitive to the conformation of the microtubule. The 

Ndc80 complex utilizes a four-part microtubule attachment point to interact with the 

microtubule polymer. First, the “toe” region of the CHD of the Ndc80 subunit directly 

binds the surface of microtubules between adjacent tubulin subunits. A second positively 

charged region of the CHD interacts with the E-hooks on the C-terminus of tubulin. 

Third, when the Ndc80 complex is not adjacent to another Ndc80 complex the 

unstructured tail has a direct microtubule attachment point. Fourth, after alignment along 

a protofilament the unstructured tails both mediate this alignment by binding between 

adjacent subunits and they form a domain that can also interact with a second E-hook on 

an adjacent protofilament. Mutation of either of the first two-microtubule attachment 

points completely eliminates cold stable microtubule attachments and the 

depolymerization-coupled movement that aligns chromosomes to the metaphase plate. 

Elimination of the entire tail also eliminates binding but whether microtubule attachment 

by the tail is the reason for this failure is not known. A second outstanding question is 

whether the Ndc80 ever align along protofilaments as recent studies argue that multiple 
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Ndc80 proteins act alone on a microtubule and do not need to align along protofilaments 

[120].  

Our structure-function analysis of the unstructured Ndc80 tail provides insight 

into both of these questions. We showed that the ability to form proper microtubule 

attachments and align chromosomes is retained even when the first 60 amino acids of the 

tail were removed, leaving only 20 amino acids and the net charge of +1. This important 

experiment argues for a reexamination of the tail since the major function is carried out 

with a net charge of +1, no Aurora B sites and no known microtubule binding affinity. 

The phosphorylation of the tail by the Aurora kinase regulates the binding to 

microtubules in a rheostat-like manner [120]. The Ndc80 tail contains a net charge of 

+10, suggesting the binding with negatively charged microtubule surface occurs through 

ionic interactions. In agreement with this model we find that elimination of the charge or 

just removal of the charge in the N-terminal 40 amino acids eliminates the binding of 

kinetochores to microtubules, however, our data also argue for greater complexity of the 

role of the tail region. By altering the net charge of the C-terminal region of the tail, we 

were able to create a mutant (Ndc80+4CT) capable of forming microtubule attachments 

and aligning the chromosomes to the metaphase plate, although it was still unable to 

progress to anaphase in a SAC-dependent manner. This mutant can still bind the 

microtubules with similar, even stronger, affinity as compared to the wild-type. However, 

it fails to form larger clusters on the microtubule lattice in vitro, which is consistent with 

reduced cooperativity, as measured by a negative Hill coefficient in equilibrium binding 

assays. Thus the +4CT mutant is interesting as it probably reduces the ability of Ndc80 to 

align along protofilaments. We find that cells expressing the +4CT mutant are able to 

bind microtubules, align chromosomes to the metaphase plate and generate full 

interkinetochore tension. Thus our mutant provides the first in vivo evidence that Ndc80 
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do not need to cluster along protofilaments to carry out most of its functions as 

previously postulated from in silico and in vitro characterization. 

Insight into the final stages of “end-on” attachments and silencing of the spindle 

checkpoint.  

Cells expressing the +4CT mutant arrest in metaphase, which suggests that 

clustering of Ndc80 molecules along protofilaments has an unrecognized role in silencing 

the SAC. Interestingly, this mutant cannot recruit the Ska complex to the kinetochore. In 

collaboration with Gary Gorbsky and Hongtao Yu, we have recently shown that Ska 

recruits PP1 to the kinetochore to enable the progression to anaphase (See Chapter III and 

[220]). Thus, our data demonstrate that the tail of Ndc80 has a role in recruiting the Ska 

complex. Ska and Ndc80 have been shown to directly bind on microtubules and Ndc80 

and Ska localize in close proximity to the kinetochore as measured by PLA. Thus this 

may be a direct interaction. Identification of novel structures by negative stain 

tomographic reconstruction of microtubules decorated by Ska and Ndc80 is a discovery 

that indicates that indeed Ska and Ndc80 directly interact on microtubules. Those V-

shaped structures, similar in shape and size to the structure of the Ska core complex, were 

observed exclusively in the presence of both Ndc80 and Ska, and only when wild-type 

Ndc80 was used. Additionally we show that Ndc80 clusters are positioned directly 

underneath the V-shapes. Consistent with other results discussed before, it suggests that 

the clustering of Ndc80 molecules is required for the interaction between the complexes 

on the microtubules. The simplest model is that Ska recognizes Ndc80 CHDs clustered 

along a protofilaments, e.g. through the electrostatic interaction between negatively 

charged patches on the Ska core complex [144] and positively charged patches on the 

surface of the Ndc80 CHD [93] or the N-terminal tail. However, it is also possible that 
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the binding to the microtubules causes structural rearrangement of the Ndc80 tail so it 

becomes recognizable by Ska.  

How Ska is recruited to the kinetochore has been an enigma. Ska localizes poorly 

to kinetochores in cells treated with nocodazole, has intermediate binding in 

prometaphase and its levels are highest at metaphase. Ska recognition of either clustered 

Ndc80 or of the region of the tail that is exposed when Ndc80 binds with microtubules 

can explain these properties. However, Ska can also localize to kinetochores in cells 

treated with nocodazole and Aurora inhibitors. Aurora can directly phosphorylate Ska and 

inhibit its recruitment, but it is also possible that Aurora phosphorylation of the Ndc80 

tail prevents clustering of adjacent Ndc80 proteins not bound to microtubules which 

could be recognized by Ska (Figure 2.8).  

In conclusion, the tail of Ndc80 has been largely thought of as regulator of Ndc80 

binding to microtubules, acting by decreasing the koff and this activity is countered by 

Aurora phosphorylation. Our studies suggest that the tail has additional functions in 

recruiting Ska and that the clustering of Ndc80 along protofilaments may be the key 

event to recruit Ska/PP1 and drive mitotic exit.  
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Material and Methods 

Cloning of Ndc80 constructs 

Ndc80+4NT and Ndc80+4CT mutants were generated by two-step PCR mutagenesis 

using the Ndc80+0 construct (Ndc80NEU) [107] as a template. Ndc80+4NT contains the 

following 6 Ndc80 tail residues mutated to alanine: K2, R3, R13, R20, K26, and K35. 

Ndc80+4CT contains the following 6 Ndc80 tail residues mutated to alanine: K42, K47, 

R52, K53, K59, and R60. The Ndc80 truncation mutants were generated by Splice 

Overlap Extension (SOE) PCR mutagenesis using the Ndc80WT construct (Tooley et. al., 

2011) as a template. Sequence corresponding to N-terminal region of Ndc80Bonsai WT and 

+4CT mutant was codon optimized, synthesized (GENEART) and inserted to the Ndc80 

Bonsai construct as described in [108]. All constructs generated were verified by 

sequencing (Genewiz). 

Protein purification and negative stain sample preparation 

6xHis-PP1α 7–330 was expressed and purified essentially as previously described 

[224] with following modifications. Prior to elution, Ni-NTA IMAC (Qiagen) was 

incubated with wash buffer supplemented with 5 mM ATP and 5 mM MgCl2 for 2 hr and 

subsequently washed with wash buffer. PP1 was further purified on Superdex 200 10/300 

GL size-exclusion column in 50 mM HEPES pH 7.5, 150 mM KCl, 1 mM DTT.  

7xHis-Ska2/Ska1 (a kind gift from Iain M Cheeseman) was expressed in BL21 

(DE3) cells for 4hrs at 20°C, purified on NiNTA resin following standard protocol, and 

subjected to size exclusion on Superdex 75 10/300 GL column. For fluorescence 

anisotropy experiments Ndc80Bonsai WT and +4CT mutant were purified similarly as 

described previously [93]. For electron tomography experiments following modifications 

were applied. After incubation of the cell lysate with the Glutathione Sepharose 4 Fast 
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Flow (Sigma-Aldrich) resin proteins were washed and eluted with buffer containing 

10mM reduced glutathione and subjected to gel filtration on Superdex 200 10/300 GL 

size-exclusion column, re-bound to glutathione resin and washed into BRB80 + 1 mM 

DTT + 0.05% NP-40. Untagged Ndc80Bonsai was eluted by GST-tag cleavage with HRV 

3C Protease.  

Preparation of negatively stained samples was done essentially as previously 

described [117]. For experiment depicted in Figure 2.6.A EM grids were sequentially 

incubated with 1 µM taxol-stabilized microtubules for 30 seconds, 1 µM Ndc80Bonsai WT 

for 3 min and 0.5 µM of the Ska complex for 2 min, followed by staining by 2% uranyl 

formate. Tilt series were manually collected from -60 to 60 degrees with Tecnai F20 

operating on 120 kV, at nominal magnification of 52,000x and 1.2 µm underfocus. IMOD 

software package was used for tomographic reconstructions [225].  

Knockdown and rescue of Ndc80 in transiently transfected HeLa cells 

HeLa cells (ATCC) were maintained in Dulbecco’s modified Eagle’s medium 

(Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen) in a humidified 

incubator at 37°C with 5% CO2. For synchronization, cells were seeded in media 

containing 2mM thymidine for 24 hr, released into fresh media for 12 hr, arrested again 

in 2mM thymidine for 12 hr, released for 8-12 hr, and fixed for immunofluorescence. 

Ndc80 siRNA sequence and rescue sequence modifications were used as previously 

described [105,107]. For knockdown and replacement experiments, cells were co-

transfected at the first thymidine release with siRNA oligos (75 µM for Ndc80, 20 µM 

for Mad2) and 100 ng rescue plasmid using Lipofectamine 2000 (Invitrogen). Cells were 

transfected a second time with siRNA oligos at the second thymidine block using 

RNAiMax (Invitrogen). For mock and siRNA only controls, an empty pEGFP vector was 
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used as the rescue plasmid. For transient transfection Ndc80 tail experiments, 75 µM 

GAPD siRNA oligos (Thermo Scientific) were included as mock controls. 

Creation of stable cell line 

To create a stable cell line expressing the Ndc80WT and Ndc80+4CT tail mutant, 

Ndc80+4CT-GFP was cloned into the pCDNA5/FRT plasmid (Invitrogen) using flanking 

Not1 restriction sites. The plasmid was co-transfected into T-Rex HeLa cells (Invitrogen) 

with the pOG44 plasmid (Invitrogen) and the cells were cultured in DMEM + 5% FBS 

(GIBCO) supplemented with hygromycin B (Invitrogen) for 14 days. At the end of the 

selection period, remaining cells were pooled and used for subsequent experiments. 

Aurora inhibition and CENP-I knockdown experiments 

For Aurora inhibition experiments, HeLa cell lines stably expressing Ndc80WT 

and Ndc80+4CT were treated with thymidine and siRNA oligos similar to transient 

transfection knockdown and rescue experiments, with the following exception: 

Lipofectamine RNAiMax (Invitrogen) was used in place of Lipofectamine 2000 

(Invitrogen) at the first siRNA transfection. One hour prior to fixation (~36 hours from 

start of experiment), cells were treated with 3.3 µM nocodazole (Sigma-Aldrich) and/or 2 

µM ZM447439 (Tocris) for one hour. For CENP-I knockdown experiments in HeLa cell 

lines stably expressing Ndc80WT and Ndc80+4CT, either 20 nM CENP-I ON-Target 

SmartPool siRNA (Dharmacon) or 20nM LacZ control siRNA (Dharmacon) were co-

transfected with 75 nM Ndc80 siRNA using the RNAiMax transfection reagent. 

Experiment timeline and other conditions used for transient knockdown and rescue 

experiments were maintained.  
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Immunofluorescence  

For most of the immunofluorescence experiments, coverslips were co-fixed and 

extracted in PHEM buffer containing 2% paraformaldehyde and 0.5% Triton X-100 for 

20 min at room temperature. Ska3 and SKAP coverslips were fixed in ice-cold methanol 

for 10 minutes. Antibodies used were anti-Ndc80 9G3 (1:500 [vol/vol]; GTX70268, 

GeneTex), anti-GFP (1:500 [vol/vol]), anti-ACA (1:100 [vol/vol], Antibodies 

Incorporated), anti-tubulin (1:500 [vol/vol], DM1α, NeoMarkers), anti-BubR1 (1:500 

[vol/vol]), anti-Mad2 (1:100 [vol/vol], a kind gift from Gary Gorbsky), anti-Ska3 (1.5 

µg/mL, a kind gift from Gary Gorbsky), anti-SKAP (1.5 µg/mL, a kind gift from Gary 

Gorbsky) and FITC conjugated anti-tubulin (1:500 [vol/vol] DM1α, Sigma). DAPI 

staining (1:5000 of a 5 mg/ml stock) was used to visualize. The Ska3 and SKAP images 

from Figure 4B were collected using a 100x lens on a Deltavision microscope (Applied 

Precision) and deconvoluted z-projections are shown. Remaining images were captured 

as described previously [105] with Volocity 5.5 imaging software (Perkin Elmer). 

Quantification of the fluorescence intensities was done similarly to previously described 

[226]. Inter-kinetochore distance measurements were quantified using softWoRX 

imaging software.  

Proximity Ligation Assay 

Assay was performed as described previously [226]. Quantification of PLA-

positive centromeres was done in Volocity 6.3 software (PerkinElmer) in 3D Opacity 

mode, by semi-semi-automatic detection of the centromeric volumes and manual scoring 

of the surrounding PLA signals.  
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Phosphatase Activity Assay 

GST-Ndc80Bonsai WT was phosphorylated by Aurora A similarly to previously 

described method [226] and bound to Glutathione Sepharose 4 Fast Flow resin. Kinase 

and unreacted [32P]ATP was subsequently removed by rigorous washes and untagged 

Ndc80 phosphosubstrate was removed from the resin by cleavage of GST-tag with HRV 

3C Protease. Phosphatase activity assays were performed on 200 nM Ndc80 

phosphosubstrate, in phosphatase buffer (PBS, 1mM MnCl2, 1mM DTT) with 50nM 

hPP1α 7-330 and increasing concentrations of 7xHis-Ska2/Ska1. Over the time-course of 

the experiment 1 µL samples were transferred to 1 mL of 30% activated charcoal in 50 

mM Na-phosphate buffer, pH 7.0 and centrifuged. 500 µL of the supernatant was mixed 

with 2 mL of scintillator and quantified in liquid scintillation counter. Initial rates of 32P 

release were determined from the measurements of the initial 2 min of the reaction.  

Fluorescence Anisotropy 

Ndc80Bonsai WT and Ndc80Bonsai +4CT were labeled with Oregon Green 488 

maleimide (ThermoFisher Scientific) according to manufacturer instructions and the un-

reacted dye was removed by size exclusion chromatography. Efficiency of labeling was 

estimated to be between 1.5 to 2 dye molecules per Ndc80Bonsai molecule. Increasing 

concentrations of taxol stabilized MT were incubated overnight with 50 nM fluorescently 

labeled Ndc80Bonsai, then 35 µL of mixture was loaded in triplicates into 384-well plate 

(Greiner Bio-One) and fluorescence anisotropy measurements were done in PHERAstar 

FS plate reader (BMG Labtech). The anisotropy data were fitted using Hill equation by 

OriginPro 7.5 software (Built-in non-linear fitting function Hill1, y = Start + (End – Start) 

* xn/ (kn + xn)).  
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Figures 

Figure 2.1 Characterization of Ndc80 tail mutants  

(A) Cartoon depicting the wild type Ndc80 tail and Ndc80 tail mutants used for 

knockdown and rescue experiments in HeLa cells.  

(B) Representative images of the predominant mitotic figures from siNdc80 knockdown 

and rescued cells that have been stained for Ndc80 (green), tubulin (cyan) and ACA 

(red). WT and Ndc80 tail mutant cells are identified by an expressed EGFP, and are co-

stained for tubulin and DNA. White bar = 5 µm. 

(C) Mitotic cells were scored for chromosome alignment into a metaphase plate, and the 

percentage of metaphase cells was plotted. Metaphase cells were further subdivided to 

indicate cells with all chromosomes aligned (black), cells with 1-2 unaligned 

chromosomes (gray) and cells with 3-5 unaligned chromosomes (white). >100 mitotic 

cells counted per experiment, N=3. Error bars = SD.  

(D) Ten sister kinetochores in at least five cells (N>50) were identified by ACA staining 

between Ndc80 signals, and the distance between those sister kinetochores was measured 

(N=3). The mean distance is plotted for early prometaphase (EPM) (gray), late 

prometaphase (LPM) (dark gray), and metaphase (black) cells, Noc = nocodazole-treated 

cells (white). Error bars = SD. 
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Figure 2.1 

 

 

 

John Tooley and Pawel Janczyk  
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Figure 2.2 Ndc80+4CT tail mutant metaphase arrest does not satisfy spindle assembly 

checkpoint and is Aurora dependent  

(A) The percentage of mitotic cells in anaphase was plotted for Ndc80WT, Ndc80 

knockdown and indicated Ndc80 tail mutant cells. For the Ndc80+4NT and Ndc80+4CT 

mutants, cells were also co-transfected with siRNA targeting Mad2. For Ndc80 tail 

mutants, one hundred mitotic cells counted per experiment (N=3). For Mad2 co-

transfection with Ndc80+4CT, twenty-five cells were counted. Error bars = SD.  

(B) Ndc80+4CT cells arrest in an Aurora dependent manner. Ndc80WT and Ndc80+4CT 

stable HeLa cell lines were treated with 2 µM ZM447439 for 1 hour prior to fixation at 

the conclusion of the knockdown and rescue protocol. The percentage of total cells in 

mitosis was counted and plotted. More than 200 total cells counted for each experiment, 

N=3. Green bars = DMSO control, orange bars = 2 µM ZM447439. Error bars = SD.  

(C) Depletion of CENP-I does not reduce the mitotic index of Ndc80+4CT cells. Ndc80WT 

and Ndc80+4CT stable HeLa cell lines were treated with two transfections of 20 nM LacZ 

or CENP-I siRNA prior to fixation at the conclusion of the knockdown and rescue 

protocol. The percentage of total cells in mitosis was counted and plotted. More than 200 

total cells counted for each experiment, N=3. Green bars = LacZ siRNA control, orange 

bars = CENP-I siRNA. Error bars = SD. 

(D) Immunofluorescence staining of Ndc80WT and Ndc80+4CT (green) stable lines after 

depletion of endogenous Ndc80. Ndc80+4CT cells arrest with at least one Mad2 positive 

kinetochore (red, upper row) with no loss of BubR1 localization (red, lower row). White 

bar = 5 µm 
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Figure 2.2 

 

 

 

 

 

 

 
 
 

 

(A): John Tooley and Pawel Janczyk; (B, C): Daniel Matson; (D): Daniel Matson and 
Pawel Janczyk   
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Figure 2.3 Ndc80 +4CT tail mutant is deficient in clustering on microtubules.  

(A) Fluorescence anisotropy measurements of Oregon Green 488 covalently linked with 

Ndc80Bonsai WT (left panel, orange) or Ndc80Bonsai +4CT (right panel, dark green) 

incubated with increasing concentrations of taxol-stabilized microtubules, plotted on 

log10 scale. Hill equation was used for fitment of the data. Small graphs represent the data 

in the linear scale.  

(B) Representative projections of 5 consecutive Z-sections of the tomographic 

reconstructions show Ndc80Bonsai +4CT form smaller clusters than Ndc80Bonsai WT. Black 

lines indicate the positions of the Ndc80 molecules.  

(C) Quantification of cluster sizes represented in (B). N, number of quantified 

microtubules, n, total number of Ndc80Bonsai molecules quantified.  
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Figure 2.3 

 

 
 
 
(A): Pawel Janczyk; (B,C): Katarzyna Skorupka and Pawel Janczyk  
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Figure 2.4 Ndc80+4CT mutant fails to recruit Ska3 to the kinetochore.  

(A) Schematic representation of the experiment in (A’) and (B).  

(A’)  Immunofluorescence staining shows reduced levels of Ska3 (left panel), but not 

SKAP (right panel), on the kinetochores of Ndc80+4CT stable cell lines. White bar = 5 µm 

(B) Box and whisker plots representing the quantification of Ska (left panel) and SKAP 

(right panel) staining intensities on kinetochores (>100 kinetochores from at least 4 cells, 

p value was calculated from on the averages of Ska or SKAP signal intensities 

normalized to Ndc80 from each cell). a.u. = arbitrary units. 

(C) Schematic representation of the experiment in (C’) and (D).  

(C’)  Immunofluorescence staining of Ndc80WT and Ndc80+4CT stable cell lines treated 

with 3.3 µM nocodazole and 2 µM ZM447439 shows reduced levels of Ska3 (red) on 

kinetochores. White bar = 5 µm 

(D) Box and whisker plot representing the quantification of the Ska staining intensities on 

kinetochores in cells treated with nocodazole and ZM447439 (>100 kinetochores from at 

least 4 cells, p value was calculated from the averages of Ska or SKAP signal intensities 

normalized to Ndc80 from each cell). a.u. = arbitrary units. 

(E) PP1 phosphatase activity on phospho-Ndc80Bonsai WT is increased in the presence of 

Ska1/Ska2, in a concentration dependent manner.  
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Figure 2.4 

 
 

(A-B): Daniel Matson and Pawel Janczyk; (C-D): Pawel Janczyk and Thomas West  
(E): Pawel Janczyk 
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Figure 2.5 Ndc80 interacts with Ska3 in both prometaphase and metaphase.  

(A) Representative images of Ska3-Ndc80 Proximity Ligation Assay (red), with 

additional immunostaining of Borealin (cyan) and tubulin (green).  

(B) Centromeres in prometaphase or metaphase cells, as identified by Borealin 

immunostaining, were scored based on the proximity to Ska3-Ndc80 PLA signal (>100 

centromeres from at least four cells). Cells without one of the PLA probes were used as a 

control  

(C) Centromeres in prometaphase or metaphase cells, as identified by Borealin 

immunostaining, scored based on the number of proximal Ska3-Ndc80 PLA signals 

(>100 centromeres from at least four cells). Bars = SD. N/S – p>0.05, * - p <0.05, *** - 

p<0.0001 
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Figure 2.5 

 

 
 
 
 
 
 
 
 
 

 

 
 
 

 

 
 

 Cortney Kestner and Pawel Janczyk  
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Figure 2.6 Ska forms V-shaped structures on microtubules in the presence of Ndc80 

(A) Taxol-stabilized microtubules immobilized on the EM grids were sequentialy 

incubated with the 1 µM Ndc80Bonsai WT and 0.5 µM human Ska, and subsequently stained 

with 2% uranyl formate. Beside previously described Ndc80 clusters a novel V-shaped 

structures can be observed on the microtubule lattice (yellow asterisk). Projection of 5 

consecutive Z-sections of two representative microtubules is shown.  

(B) Taxol-stabilized microtubules were incubated with the Ska complex (Xenopus laevis) 

and Ndc80Bonsai WT, loaded on EM grids and stained with 2% uranyl formate. Similar V-

shaped structures can be observed as shown in (A) (left, yellow asterisk) with Ndc80 

clusters underneath (right, black lines indicating positions of Ndc80 molecules).  

(C) Model for arrangement of Ndc80 (red) and Ska (green) molecules within the V-

shaped structures.  
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 Figure 2.6 

 

 
(A): Pawel Janczyk and Katarzyna Skorupka; (B) Gregory Alushin and Pawel Janczyk  
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Figure 2.7 Model of Ska recruitment to the kinetochores 

(A) Left – Ska binds to attached kinetochore-microtubules but the association with Ndc80 

is limited as the clustering is inhibited by high Aurora B-dependent phosphorylation 

(yellow stars). Right – Ndc80 forms clusters on microtubules upon dephosphorylation 

allowing for the recruitment of Ska. 

(B) Left – In presence of a microtubule depolymerizing drug, nocodazole, Ndc80 remains 

phosphorylated by Aurora B and does not form clusters and Ska cannot be recruited to 

kinetochores. Right – In presence of Aurora B inhibitor (ZM447439) Ndc80 remains 

unphosphorylated likely allowing for spontaneous clustering without microtubules, which 

in turn recruits Ska. 
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Figure 2.7  
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Supplemental Figure 2.1. Characterization of the Ndc80 tail truncation mutants 

(A) Cartoon depicting the wild type Ndc80 tail and Ndc80 tail mutants used for 

knockdown and rescue experiments in HeLa cells. Positively charged residues are 

indicated by blue rectangles; negatively charged residues are indicated by red rectangles; 

Aurora B phosphorylation sites are indicated by green rectangles. Tail deletions are 

denoted by a solid black line; individual charge mutations to alanine are denoted by loss 

of blue rectangle. Gray ovals to the right of the 80-amino acid tail depict the structured 

Calponin Homology Domain (CHD) and Coiled-Coil Domain (CCD) that comprise the 

remainder of the Ndc80 protein. Images not drawn to scale.   

(B) Cells were incubated in ice-cold media for 15 minutes prior to fixation and 

immunofluorescence for tubulin (green), Ndc80 (red), and ACA (blue). Representative 

images of control cells from each mitotic phase are shown to demonstrate the scoring 

method.  

(C) Ten kinetochores from five or more cells (n>50) were scored for associated 

microtubules in two independent assays, and the mean percentage in early prometaphase, 

late prometaphase and metaphase was plotted. Error bars indicate standard deviation. 

(D) Mitotic cells were scored for kinetochore alignment (n>100 for each condition). 

Metaphase cells were further subdivided to indicate cells with all chromosomes aligned 

(black), cells with few unaligned chromosomes (white) and cells with 3-5 unaligned 

chromosomes (white).   

(E) Ten sister kinetochores in at least five cells (n>50) were identified by ACA staining 

between Ndc80 signals and the distance between those sister kinetochores was measured 

in three independent experiments. The mean distance is plotted for early prometaphase 

and metaphase cells. Error bars indicate standard deviation. 
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Supplemental Figure 2.1 
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Supplemental Figure 2.2. Kinetochore assembly is not disrupted in the presence of 

Hec1 tail deletion mutants 

Cells were immunostained for the indicated proteins. Representative prometaphase cells 

for each condition are shown. Images of ACA, Hec1, and Mad2 are maximum 

projections of the entire cell. Images of ACA, Spc25 and CENP-E are maximum 

projections of five slices at the center of each cell. 
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Supplemental Figure 2.2 
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Chapter III 

The human Ska complex drives the metaphase-anaphase cell 

cycle transition by recruiting protein phosphatase 1 to 

kinetochores 

 
 

 

 

 

 

 

 

 

 

 

This chapter is based on unpublished work and the following publication. 

Sivakumar, S., Janczyk, P.Ł., Qu, Q., Brautigam, C.A., Stukenberg, P.T., Yu, H., 

Gorbsky, G.J., “The human SKA complex drives the metaphase-anaphase cell cycle 

transition by recruiting protein phosphatase 1 to kinetochores” 2016. eLife 5. 

doi:10.7554/eLife.12902 
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Abstract 

The spindle- and kinetochore-associated (Ska) complex is essential for normal anaphase 

onset in mitosis. The C-terminal domain (CTD) of Ska1 binds microtubules and was 

proposed to facilitate kinetochore movement on depolymerizing spindle microtubules. 

Here, we show that Ska complex recruits protein phosphatase 1 (PP1) to kinetochores. 

This recruitment is facilitated by the Ska3 and the Ska1 CTD, which binds PP1 in vitro 

and in human HeLa cells. Ska1 lacking its CTD fused to a PP1-binding peptide or fused 

directly to PP1 rescues mitotic defects caused by Ska1 depletion. Ska1 fusion to 

catalytically inactive PP1 mutant does not rescue the Ska1 depletion phenotypes and 

shows dominant negative effects. Thus, the Ska complex, specifically the Ska1 CTD, 

recruits PP1 to kinetochores to oppose spindle checkpoint signaling kinases and promote 

anaphase onset. Microtubule binding by Ska, rather than acting in force production for 

chromosome movement, may instead serve to promote PP1 recruitment to kinetochores 

fully attached to spindle microtubules at metaphase. 

Introduction 

 Anaphase onset and mitotic exit are driven by proteasome-mediated destruction 

of Securin and Cyclin B, which are targeted for ubiquitylation by the E3 ligase, the 

Anaphase-promoting complex/cyclosome (APC/C) [227]. Until metaphase, APC/C 

activity is restrained by the spindle checkpoint. Recent studies indicate that a key element 

in extinguishing checkpoint signaling when chromosomes align at metaphase is the 

displacement of the critical checkpoint signaling kinase, Mps1, from its substrate, Knl1, 

at kinetochores [142,143,196]. Then, to allow anaphase onset and mitotic exit, Mps1 

phosphorylation events must be reversed by phosphatases. Previously, it was showed that 

depletion of the Ska complex leads to a strong metaphase arrest or delay [137,138]. Even 
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when Mps1 was directly inhibited with a strong chemical inhibitor, cells depleted of the 

Ska complex exited mitosis more slowly [138]. These results suggested that the Ska 

complex played some role in opposition to, or downstream of, checkpoint signaling. 

Here, we provide evidence that the Ska complex recruits protein phosphatase 1 (PP1) to 

kinetochores, consistent with a role in opposing checkpoint signaling by kinetochore-

associated kinases. 

Centromere- and kinetochore-associated kinases play key roles in regulating 

chromosome attachment to the spindle and cell cycle progression in mitosis. As 

chromosomes align to the metaphase plate, PP1 becomes concentrated at kinetochores 

stabilizing kinetochore-microtubule interactions, and promoting anaphase onset by 

opposing spindle checkpoint kinase signaling [188,198]. Recruitment of PP1 to the 

kinetochore then leads to substrate dephosphorylation, stabilization of kinetochore-

microtubule attachments, and anaphase onset [166,187,188,198,202]. 

The heterotrimeric spindle- and kinetochore-associated (Ska) protein complex 

consisting of Ska1–3 is required for timely anaphase onset [121,135,137]. Some 

laboratories have reported that Ska depletion strongly compromises chromosome 

alignment [121,135,136]. However, detailed video analyses show that depletion of Ska 

components, individually or in combination, causes delays in chromosome alignment 

followed by a robust metaphase arrest [137,138] Metaphase arrest is often then followed 

by cohesion fatigue and asynchronous chromatid separation without progression to 

anaphase [140,228]. Cells that have undergone cohesion fatigue remain arrested in 

mitosis with a terminal phenotype in which mixtures of separated chromatids and intact 

chromosomes are scattered across the spindle. 
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The C-terminal domain (CTD) of Ska1 binds to microtubules and has thus been 

termed the microtubule-binding domain or MTBD [110,145]. The CTD of Ska3 was 

shown to contribute to the microtubule binding of the complex [144]. HeLa cells 

expressing Ska lacking CTD of either Ska1 or Ska3 showed phenotypes similar to Ska 

depletion [144]. Cells were delayed at metaphase, and cold stable kinetochore fibers were 

reportedly decreased [110,145]. Furthermore, the Ska complex was shown to track 

depolymerizing microtubule ends in vitro [110]. These results have led to a model in 

which Ska directly promotes microtubule stability and kinetochore movement on 

microtubules in conjunction with other kinetochore components, such as the Ndc80 

complex [110,145]. 

In this study, we report that Ska recruits PP1 to kinetochores. Compromising this 

recruitment increases phosphorylation of Knl1 and increases recruitment of the 

checkpoint kinase Bub1. We find that Ska1 CTD is required for binding to PP1 in vivo 

and in vitro and Ska3 may contribute to that interaction, likely by multipartite contacts. 

The metaphase arrest or delay seen after Ska depletion is strongly rescued by expressing 

a chimeric Ska1 protein with its CTD replaced by PP1. Thus, a major function of the Ska 

complex is to recruit PP1 to the kinetochore. 
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Results 

The Ska complex is required for kinetochore accumulation of PP1 

Several mitotic kinases, including Mps1, Aurora B, Bub1 and Plk1 accrue to high 

levels at centromeres and kinetochores in early mitosis, during prophase and 

prometaphase [89]. An opposing phosphatase, PP1, also accumulates on kinetochores as 

microtubules attach, reaching maximal levels at metaphase [188,198,208,229]. We tested 

if the recruitment of PP1 to kinetochores was affected in Ska3-depleted cells. We found 

that the kinetochore levels of PP1 were diminished in Ska3-depleted cells at 

prometaphase and metaphase (Figure 3.1.A). In contrast, the pool of PP1 on the mitotic 

spindle appeared unaffected. Thus, the Ska complex is required to recruit PP1 to the 

kinetochore. 

Since Ska depletion reduced PP1 recruitment to the kinetochore, we asked if 

overexpression of Ska would increase it. We had previously shown that expressing a 

fusion of the KMN component, Mis12, to Ska1 (Mis12-Ska1) increased total Ska 

recruitment to the kinetochore [138]. Cells expressing Mis12-Ska1 had higher levels of 

PP1 at kinetochores than control cells expressing either Mis12 or Ska1. The cells in this 

experiment were arrested at metaphase with the proteasome inhibitor, MG132 (Figure 

3.1.B). Expression of Mis12-Ska1 also increased PP1 levels at kinetochores in cells 

treated with nocodazole (Figure 3.1.C), suggesting that targeting Ska complex to the 

kinetochore leads to accumulation of kinetochore PP1 in a microtubule-independent 

manner. Although expression of Mis12-Ska1 increased PP1 levels at the kinetochore, it 

was not sufficient to accelerate anaphase onset in normal cells or induce mitotic exit in 

nocodazole-treated cells [138]. 
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The Ska complex directly interacts with PP1 through Ska3 subunit.  

 PP1 was shown to form complexes with over 200 regulatory subunits [230,231]. 

While Knl1 is currently believed to play a main role in PP1 recruitment to the 

kinetochores, cells expressing Knl1 truncation mutant lacking region responsible for 

interaction with PP1 do not exhibit strong mitotic arrest [166,198]. This suggests that 

another kinetochore component might be required to recruit a pool of PP1 to facilitate 

mitotic exit. The Ska complex was shown to be important for silencing spindle 

checkpoint as depletion of any of the Ska proteins results in prolonged mitotic arrest. 

Current model suggests that Ska complex is predominantly responsible for stability of 

kinetochore-microtubule attachments; however, Ska is dispensable for chromosomal 

alignment [137,138]. To determine if the Ska complex interacts with PP1 in vitro, we 

purified recombinant Ska3, Ska1/Ska2 and full Ska complex from E. coli and performed 

binding assays with purified recombinant PP1α7-330. We observed a specific interaction 

between PP1 and Ska3 (Figure 3.2.A) with estimated apparent Kd of 1.14 µM (Figure 

3.2.B).  

 The N-terminal end of Ska3 contains a highly conserved FxxR/KxR/K motif  

(7FCGKLR12) that was previously implicated in binding with PP1 [232–235]. Although 

most of the PP1 binding partners interact through unstructured fragments/loops, this 

motif is often positioned within the helical structures (e.g. Bcl-xl, Bcl-w, AKAP5). 

Interestingly, in Ska3 this region is located at the N-termini of the triple helix bundle that 

forms in presence of Ska1 and Ska2. It is likely that Ska1 and Ska2 block the access to 

the FxxR/KxR/K motif as mutations within that sequence (F7R/L11R) were shown to be 

important for proper assembly of the Ska core complex [144]. We therefore analyzed the 

potential Ska-PP1 interaction by size exclusion chromatography (SEC) with PP1 and the 

Ska complex, alone or premixed. Interestingly, we observed that the majority of PP1 co-
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migrated together with the Ska complex (Figure 3.2.C). This suggested that either 

FxxR/KxR/K motif is not essential for PP1 binding or the binding is not affected by the 

presence of Ska1/Ska2. SEC of Ska3 3A mutant (7FCGKLR12 mutated to 7ACGALA12) 

resulted in similar shift in PP1 migration pattern indicating that this motif is not essential 

for Ska3-PP1 binding (data not shown).  

Interaction with PP1 is facilitated by multiple sites on Ska3. 

 One of the hallmarks of the majority of the PP1 binding regions is their 

intrinsically disordered nature [230,231]. Ska3 contains over 300 amino acids long C-

terminal region that was previously suggested to contribute to the microtubule binding 

and Ska recruitment to the kinetochores [121]. As this region is predicted to be 

predominantly unstructured, we investigated the possibility of its involvement in PP1 

binding. We generated a series of GST-tagged Ska3 fragments and analyzed their ability 

to bind PP1. In vitro binding assay revealed that both 300 amino-acid long unstructured 

C-terminal region and full length Ska3 binds to PP1 (Figure 3.3.A). We also found that 

short Ska3344-412 fragment at the C-terminal end was depleted from the solution by high 

concentrations of PP1. It suggested that this region might be important for PP1 binding. 

Surprisingly, when we analyzed migration pattern of PP1 on size exclusion 

chromatography in presence of Ska31-343 or Ska1/Ska2/Ska31-343, we observed similar 

shift as in presence of the full-length Ska3 (data not shown) or Ska1/Ska2/Ska3 (Figure 

3.3.B, compare with Figure 3.2.C). It suggested that PP1 associates with multiple 

interfaces on Ska3. To investigate this possibility, we utilized fluorescence polarization 

binding assay with fluorescently labeled PP1. We observed that GST-Ska31-103 can 

interact with PP1 with the apparent affinity (Figure 3.3.C; Kd = 0.883 ± 0.272 µM) 

slightly higher than the affinity of the full-length Ska3-PP1 interaction (Figure 3.2.A-B, 

Kd = 1.142 ± 0.423 µM). It is important to note that the affinity of the GST-Ska31-103 was 
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estimated in equilibrium, while full-length Ska3-PP1 affinity was measured by non-

equilibrium type of assay. Surprisingly, we did not observe any significant reduction in 

the amounts of GST-Ska31-103 in our pull-down based PP1-binding assay (Figure 3.2.A).  

Ska1 CTD contributes to Ska-PP1 interaction. 

PP1 can be regulated by influencing its specificity, activity or by targeting to 

specific subcellular localization (or the combination of those) [231]. We therefore tested 

if Ska modulates the activity of PP1. We performed phosphatase activity assay on 

Ndc80Bonsai phosphorylated by Aurora. Interestingly, we observed a similar increase in 

the rates of 32P release when either Ska1/Ska2 or Ska1/Ska2/Ska3 complex were present 

in the reaction mix (~30% increase in velocity) (Figure 3.4.A). This indicated that 

Ska1/Ska2 stimulates PP1 phosphatase activity and Ska3 is dispensable for that 

stimulation. Previously we have shown that Ska1/Ska2 increases PP1 phosphatase 

activity (Chapter 2, Figure 2.4E), however, we were unable to detect any shift in 

migration pattern of PP1 in presence of Ska1/Ska2 as analyzed by SEC (data not shown). 

However, we observed a binding between PP1 and CTD of Ska1 by in vitro translation 

binding assay (data not shown, see [220] Figure 3A). It was previously suggested that the 

major function of this region is microtubule binding [110,145]. Using microscale 

thermophoresis (MST) we found that purified recombinant Ska1 CTD and PP1 proteins 

interacted with an apparent Kd of 1.5 µM (Figure 3.4.B). Thus, Ska1 CTD and PP1 

directly interact with moderate affinity. Other parts of Ska or associated proteins may 

enhance the Ska1 CTD-PP1 interaction in vivo. We then assessed if that interaction is 

important for PP1 binding by the Ska complex. For the purpose of this experiment we 

used Ska complex that contained Ska31-343, as it was more stable than the complex 

containing full length protein. We observed a decrease in the amount of co-migrated PP1 
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when complex lacking C-terminal domain of Ska1 was used (Figure 3.3.C). This 

indicates that Ska1 CTD contributes to, but is not exclusive for Ska-PP1 binding 

The Ska1 CTD is required for PP1 kinetochore targeting and Knl1 

dephosphorylation 

Although we have shown that Ska3 contributes to Ska-PP1 interaction, depletion 

of Ska3 or its C-terminal unstructured tail results in mislocalization of the Ska complex 

from the kinetochores [121,144], making it difficult to study the importance of Ska3 in 

PP1 recruitment in vivo. Therefore, we focused on characterizing the role of Ska1 CTD in 

cells. Since Ska1 ∆CTD was deficient in PP1 binding, we expected the cell line 

expressing this mutant to show reduced kinetochore localization of PP1. To eliminate 

potential PP1 binding to microtubules or microtubule-associated proteins, we treated the 

cells with high concentration (3.3 mM) nocodazole PP1 localization to the kinetochore 

was decreased by 50% in cells expressing Ska1 ∆CTD, compared to cells expressing full-

length Ska1 (Figure 3.5.A), with or without depletion of Ska1. Thus, Ska1 ∆CTD could 

diminish PP1 kinetochore targeting in a dominant negative fashion, confirming a role for 

the Ska1 CTD in PP1 targeting to kinetochores. 

The spindle checkpoint kinase Mps1 phosphorylates Knl1 on multiple MELT 

motifs, and the phosphorylated MELT recruits other checkpoint components, such as 

Bub1, to kinetochores [164,168,236]. We found that phosphorylation of one such MELT 

motif, pMELT (residue pT875), was indeed elevated in cells expressing Ska1 ∆CTD, as 

compared to cells expressing full-length Ska1 (Figure 3.5.B) [143]. Consistent with this 

finding, cells expressing Ska1 ∆CTD showed increased levels of Bub1 protein at 

kinetochores, as compared to cells expressing full-length Ska1 (Figure 3.5.C). 

Differences in PP1, pMELT and Bub1 labeling were not simply due to differences in 

expression levels in the stable cell lines, since quantification showed that GFP signals in 



97 

 

GFP-Ska1 and GFP-Ska1∆CTD cells were similar (data not shown, see [220]). These 

results indicate that PP1 recruited by the Ska1 CTD opposes Knl1 phosphorylation by 

Mps1 directly or indirectly. 

Ska-mediated kinetochore recruitment of PP1 promotes anaphase onset  

PP1 is recruited to the kinetochore to dephosphorylate kinetochore proteins to 

oppose spindle checkpoint signaling and promote anaphase onset. PP1 depletion was 

found to cause delays at metaphase [166,188,198]. Our experiments show that cells 

expressing Ska1 ∆CTD are deficient in PP1 recruitment to the kinetochore. We sought to 

determine whether the kinetochore recruitment of PP1 by Ska affected mitotic 

progression. Depletion of Ska proteins by RNAi causes long metaphase delays or arrest 

[138]. As expected, expression of RNAi-resistant Ska1 rescued the arrest caused by Ska1 

depletion (Figure 3.6.A). Consistent with previous reports [110,145], expression of Ska1 

∆CTD did not rescue the metaphase arrest/delay caused by Ska1 depletion (Figure 

3.6.A,B). 

To test if direct PP1 recruitment by Ska1 could promote anaphase onset, we 

created a chimeric Ska1 protein with its CTD replaced with PP1. Expression of the Ska1-

PP1 chimeric protein produced higher PP1 accumulation (1.5-fold increase) at 

kinetochores (data not shown), and resulted in complete rescue of the mitotic arrest and 

alignment delay phenotypes and substantially reduced the metaphase delay phenotype 

induced by Ska1 depletion (Figure 3.6.A). As a control, expression of PP1 alone, not 

fused to Ska1, failed to rescue. Thus, expression of a Ska1-PP1 chimeric protein, lacking 

the CTD and its associated microtubule-binding activity, significantly alleviates the 

mitotic phenotypes caused by Ska1 depletion. As shown previously [110] and confirmed 

here, expression of Ska1 ∆CTD caused metaphase delays even in cells without Ska1 

depletion, indicating that it dominant negatively inhibits Ska function (Figure 3.6.B). 
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This dominant-negative phenotype was not seen with the Ska1-PP1 chimeric protein in 

which the CTD was replaced by PP1 (Figure 3.6A, B). These results are consistent with a 

role for Ska1-recruited PP1 in mitotic progression. 

To determine if the phosphatase activity of PP1 was essential for the rescue of 

Ska1-depleted cells expressing the Ska1-PP1 chimera, we generated an expression vector 

containing a fusion protein with a point mutation (H248K) in PP1 that abolished its 

catalytic activity [237]. Expression of PP1 H248K (phosphatase dead PP1/pdPP1) 

without fusion to Ska1 was toxic to cells and induced cell death in interphase (data not 

shown). Expression of Ska1 ∆CTD-PP1 H248K (Ska1∆CTDpdPP1) allowed cells to 

enter mitosis, but failed to rescue the mitotic delay of Ska1-depleted cells (Figure 3.6.C, 

D, E). The chromosome alignment delays observed upon Ska1 depletion were also 

rescued by expression of Ska1-PP1 fusion protein but not by expression of Ska1 

∆CTDpdPP1 (Figure 3.6.E). Indeed, mere expression of Ska1 ∆CTDpdPP1 without Ska1 

depletion resulted in phenotypes remarkably similar to those caused by Ska1 depletion, 

indicating that this mutant acted in a dominant negative manner. These data indicate that 

a major function of the Ska complex is to recruit active PP1 to kinetochores. 

Supplemental results 

B55 subunits of the PP2A complex interact with Ska3. 

 Another protein phosphatase crucial for regulation of mitotic processes is PP2A. 

B55 and B56 protein families are known regulatory subunits of PP2A, important for its 

mitotic functions. The B55 family was previously implicated in the regulation of mitotic 

entry and exit [238–241]. However, despite detailed characterization of the role of B55 in 

mitotic entry, the mechanism of its functions in the mitotic exit is still poorly understood. 

Recent proteomic studies identified a connection between Ska complex and B55β and 



99 

 

B55δ [134,242]. To test if B55 subunits interact with the Ska complex, we performed 

binding experiments with in vitro translated B55 subunits and recombinant Ska complex. 

GST-bound Ska complex was able to pull down B55γ. We also observed a weak 

interaction between Ska and B55β (Supplemental Figure 3.1.A). Surprisingly, we did not 

detect any interaction with in vitro translated PP1α. It is likely due to low levels of 

translated PP1, post-translational modifications, competition by other components present 

in the reticulocyte lysates or insufficient concentration of the Ska complex on the resin. 

Similar results were observed when GST-tagged Ska3 was used (data not shown). All 

human B55 isoforms contain a putative PP1 binding motif (RVxF). As the Ska complex 

directly interacts with PP1, we hypothesized that PP1 binding should increase the amount 

of B55 subunits pelleted by Ska-coupled resin. To test that hypothesis, we performed pull 

down experiments with recombinant GST-tagged Ska complex and B55 subunits in vitro 

translated together with PP1α. To increase the sensitivity of the assay we used low 

concentrations of the Ska complex on the resin (non-detectable by Coomassie staining of 

the elutions, compare with Supplemental Figure 3.1.A). Interestingly, we observed an 

increase in the amount of B55 subunits eluted from Ska resin when PP1 was present, in 

particular B55α and B55β but not B55γ (Supplemental Figure 3.1.B). This might be due 

to PP1 direct interactions with Ska and B55. However, we did not observe any increase in 

the amount of PP1 in Ska pull-downs, suggesting that the stimulation of Ska-B55 

interaction is caused by PP1 indirectly, e.g. by dephosphorylation of either Ska or B55 

subunits.   
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Discussion 

 Before the alignment of chromosomes at the metaphase plate, the spindle 

checkpoint inhibits anaphase onset through signals generated by protein interactions at 

unattached kinetochores. This signaling requires the KMN complex, composed of the 

Knl1 protein, the Mis12 protein complex, and the Ndc80 protein complex. The central 

checkpoint kinase, Mps1, phosphorylates several MELT motifs on Knl1. The Bub1–

Bub3 complex binds to phosphorylated MELT motifs and further recruits its binding 

partner, the BubR1–Bub3 complex [164,165,168,236]. Mps1 also phosphorylates Bub1 

to promote recruitment of the Mad1–Mad2 protein complex [164,236]. In the absence of 

microtubules, Mps1 associates with kinetochores via the Calponin homology domains 

(CHD) of the Ndc80 complex [106,142,143,162,243]. Photobleaching studies show that 

Mps1 binding to kinetochores is highly dynamic, with a turnover time of ~ 13 s [197]. 

The binding of microtubules to the Ndc80 complex displaces Mps1, and in budding 

yeast, this results in a rearrangement of kinetochore substructure such that Mps1 loses 

access to Knl1 [196]. In metazoans, microtubule binding to Ndc80 displaces Mps1 from 

kinetochores [142,143]. Thus, displacement of Mps1 from the Ndc80 complex by 

microtubule binding appears to be a central element of turning off kinase signaling. In 

metazoans, dynein “stripping” of checkpoint proteins, including Mad1, Mad2 and 

BubR1, plays an additional role in down regulating the checkpoint signal. 

The most prominent phenotype of Ska complex depletion is arrest or long delay at 

metaphase, and these phenotypes require intact spindle checkpoint signaling. Abrogating 

checkpoint signaling with a chemical inhibitor of Mps1 induces mitotic exit in cells 

arrested in mitosis with high concentrations of microtubule poisons, but this exit is slower 

in cells depleted of Ska [138]. 
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This result is consistent with the idea that Ska functions in opposition to and 

downstream of checkpoint signaling. Here, we show that the Ska complex is required for 

full kinetochore recruitment of PP1, a likely candidate for reversing checkpoint kinase 

phosphorylations. The fact that Ska depletion cannot completely block mitotic exit when 

Mps1 inhibitors are added likely reflects the fact that other pools of PP1 or other 

phosphatases, particularly PP2A, may also play a role in mitotic exit [19,188,240]. 

However, the strong metaphase arrest phenotype seen after Ska depletion attests to the 

importance of Ska-associated PP1 in regulating the metaphase-anaphase transition in 

normal mitosis. 

We found that the Ska complex is essential for binding PP1 and recruiting it to the 

kinetochore. Ska3 shows multipartite association with PP1 in vitro, however it is also 

required for kinetochore targeting of the Ska complex [121]. As we were unable to find a 

mutant that separates those functions, we focused on characterization of the interaction 

between PP1 and Ska1, specifically the Ska1 CTD, previously shown to bind 

microtubules. Since the C-terminal domain is involved in binding to both PP1 and 

microtubules, we propose to name this domain simply as the CTD, instead of the MTBD. 

Consistent with a role in opposing Mps1 checkpoint signaling, we find that in cells where 

PP1 binding to Ska1 is compromised, there is a 30% increase in phosphorylation of a 

MELT motif on Knl1 and a 20% increase in recruitment of Bub1 (Figure 3.5.B, C). A 

similar (30–40%) increase in MELT phosphorylation and Bub1 levels also occurs upon 

mutation of Knl1 to inhibits its binding to PP1 [188]. We suggest that the pools of PP1 at 

the kinetochore are distinct and may play cooperative and specific roles at different stages 

of mitosis. It remains possible that there are unidentified targets whose dephosphorylation 

is more reliant on PP1 bound to Ska. The increase in Bub1 levels that we observe is also 

consistent with previous finding that Bub1 levels on kinetochores were increased in cells 
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depleted of Ska3 [137]. Although Ska does localize at kinetochores not attached to 

microtubules, it accumulates to its highest levels on kinetochores of cells at metaphase, 

the moment in time when quickly reversing checkpoint-dependent phosphorylation would 

be most useful in initiating anaphase. 

The CTD of Ska1 has been well characterized structurally. It has the 

characteristics of a winged-helix domain, a fold previously implicated in DNA binding 

and in mediating protein-protein interactions [110,145]. It was shown that the Ska1 CTD 

binds microtubules through multiple sites and can bind both straight and curved 

microtubule protofilaments [110,145]. The same Ska1 CTD is also required for PP1 

binding. 

Because the Ska1 CTD binds to both microtubules and PP1, its functions in 

promoting chromosome alignment and anaphase onset might be a consequence of either 

or both activities. In previous work, it was shown that mutation of three conserved 

arginine residues in the Ska1 CTD (R155A/R236A/R245A) compromised binding to 

microtubules in vitro and produced only a partial rescue of the metaphase delay caused by 

Ska1 depletion [110,145]. We found that this mutant of Ska1 R3A was still able to co-

precipitate PP1 in extracts from cells where both were expressed as transgenes (data not 

shown). On the other hand, complete replacement of the CTD by a PP1-binding motif or 

by PP1 itself resulted in nearly complete rescue of all Ska1 depletion phenotypes, 

suggesting that microtubule binding by the Ska complex can be made dispensable. It was 

previously reported that Ska depletion does not impair chromatid separation in cells 

induced to enter anaphase by application of a chemical Cdk1 inhibitor [138]. Based on 

that work and the data presented here, we propose that the microtubule-binding properties 

of Ska1 do not play a strong mechanical coupling function for kinetochore movement on 

microtubules. We were unable to find a Ska1 point mutant that retained microtubule 
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binding but was deficient in PP1 binding to further test this idea. Given the clear 

molecular evidence for Ska binding to microtubules and to microtubule protofilaments, 

we favor the idea that microtubule binding to Ska serves a regulatory role. We propose 

that Ska1 CTD binds near the ends of kinetochore microtubules, where separated 

protofilaments are enriched. This binding in concert with Ska complex interactions with 

other kinetochore components, may control the local concentration, dynamics, or 

substrate specificity of the Ska-PP1 complex at kinetochores (Figure 3.7). 

PP1 was first identified as an important regulator that counters spindle checkpoint 

signaling in budding yeast and fission yeast [204,205]. The N-terminus of all Knl1 

homologs from yeast to mammals contain conserved PP1-binding motifs [198]. In 

budding and fission yeast, expression of Knl1 mutants unable to bind PP1 impaired the 

ability of the cells to overcome checkpoint signaling and strongly compromised cell 

growth [187,202]. In C. elegans embryos, RNAi-mediated depletion of wild type Knl1 

and its replacement with a PP1-binding mutant led to slow chromosome congression, 

delays at metaphase, and partial embryonic lethality [244]. The role of Knl1 binding of 

PP1 was studied in mammalian cells treated with nocodazole to disrupt microtubules and 

induce a strong spindle checkpoint arrest. Under these conditions, cells in which Knl1 

was replaced with a PP1-binding mutant showed slower mitotic exit in comparison to 

controls when spindle checkpoint signaling was experimentally extinguished with a 

chemical inhibitor of Mps1 [162]. Together these studies have led to a model in which 

PP1 binding by Knl1 is a key factor in opposing checkpoint signaling for promoting the 

onset of anaphase and mitotic exit. However, one important result argues that this model 

does not fully explain the regulation of the metaphase-anaphase transition in normal 

mammalian cell mitosis. In mammalian cells with intact spindles, not treated with 

microtubule drugs, replacement of wild type Knl1 with a mutant Knl1 unable to bind PP1 
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results in only a modest, 10-min delay at metaphase [166]. In contrast, loss of PP1 

recruitment by the Ska complex during normal mitosis causes a lengthy delay or 

complete arrest at metaphase. Importantly, Ska homologs have not been identified in 

budding or fission yeast, consistent with the importance of PP1 recruitment by Knl1 in 

those organisms. In C. elegans, a two-protein Ska complex is present [110]. However, 

RNAi and mutant studies on Ska homologs in C. elegans embryos have not revealed an 

essential role in chromosome segregation (Arshad Desai, personal communication). 

Interestingly, an elegant approach for manipulating protein interactions within 

kinetochores in budding yeast at nanometer resolution indicated that recruitment of the 

yeast PP1 homolog to outer kinetochores was important for reversing Mps1 

phosphorylations of Knl1 [196]. In mammalian cells with intact mitotic spindles, our 

study suggests that Ska, an outer kinetochore protein complex, is a critical recruiter of 

PP1 in opposing spindle checkpoint kinase signaling at kinetochores. 

Our data indicate that binding of Ska and binding of Knl1 to PP1 are independent, 

suggesting that multiple pools of kinetochore-associated PP1 may cooperatively counter 

kinase activities at kinetochores. Their functions may be additive, recruiting PP1 to the 

threshold level required for anaphase onset. Interestingly, similar to the Ska1 CTD, the 

N-terminal region of Knl1 adjacent to its PP1-binding motif also binds microtubules in 

vitro [42]. It is conceivable that the microtubule-binding domains of Knl1 and Ska1 may 

each regulate their associated PP1 pools, allowing them to be sensitive to the attachment 

status of the kinetochore. In addition, several other PP1-interacting proteins, including 

CENP-E, SDS22 and Repo-man, have been identified as playing roles in mitosis [245–

247]. However, these proteins, when expressed at endogenous levels, do not normally 

accumulate at kinetochores of metaphase chromosomes [245,248,249]. 
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During other stages of mitosis, prometaphase and anaphase, they may function in 

regulating PP1 activities on kinetochores, chromosome arms, and in the cytoplasm [248–

251]. In the future, it will be important to determine which specific protein 

phosphorylations are targeted by Ska-PP1 or by other PP1-binding proteins during 

mitosis. Finally, it is clear that PP2A, and possibly other phosphatases also play vital 

roles in regulating phosphorylation to control chromosome movement and cell cycle 

progression in mitosis [188,210,212,229,240,252,253]. 

In summary, here we make the surprising discovery that a chimeric Ska1-PP1 

fusion lacking the microtubule-binding domain of Ska1 rescues nearly all the mitotic 

phenotypes observed upon Ska depletion, including delays in chromosome alignment and 

metaphase arrest. This rescue is fully dependent on the phosphatase activity of the 

chimera. Moreover, when expressed on its own, the phosphatase-dead Ska1-PP1 chimera 

has dominant phenotypes that closely mimic those of Ska depletion. Thus, rather than 

serving a mechanical coupling function between kinetochores and microtubules, the 

microtubule-binding properties of the Ska complex may primarily aid in coordinating 

PP1 recruitment to, or activity at, kinetochores. Our data suggest that PP1 recruitment is a 

critical function of the Ska complex for opposing mitotic kinases that destabilize 

kinetochore-microtubule attachment and that signal the spindle checkpoint. Thus, the Ska 

complex may integrate chromosome alignment at metaphase with full recruitment of PP1, 

thus opposing spindle checkpoint kinases signaling and promoting the metaphase-

anaphase transition. 
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Material and Methods 

Plasmids, protein purification and antibodies 

 7xHis-Ska 1/Ska2, untagged Ska1/Ska2 and GST-Ska3 constructs were a gracious 

gift from Iain Cheeseman. GST tagged Ska3 fragments were created by introduction of a 

single stop-codon at appropriate positions in GST-Ska3 containing plasmid. GST-tagged 

Ska fragments were purified as follows. BL21 (DE3) cell lysate with Ska fragments were 

lysed (Emulsiflex C3 high pressure homogenizer, Avestin) in Binding Buffer (PBS + 

0.05% Tween-20) and, after pre-clearing by 1 hour spin at 45,000 rpm (Beckman type 45 

Ti rotor), incubated with Glutathione 4 Fast Flow Sepharose (GE Healthcare Life 

Sciences) for 1 hour, followed by 300 mL wash with Binding Buffer. Proteins were 

eluted with PBS + 0.05% Tween-20 + 15 mM L-Glutathione Reduced and, after 

concentration on Vivaspin 4 3K spin-columns, subjected to size exclusion 

chromatography on Superdex 75 10/300 GL column equilibrated with GF Buffer (50mM 

Tris, pH 7.5, 150 mM KCl, 1 mM DTT). Purification of tag-less Ska3 and Ska Complex 

was done according to previously established protocol [145]. Plasmid containing hPP1α 

7-330 was a gracious gift from Wolfgang Peti. Purification of PP1α was done as 

described in Materials and Methods section of Chapter 2. For in-vitro translation B55 

subunits were obtained from human Orfeome 5.1 and cloned to pCSF107mT-

GATEWAY-3’-FLAG vector (Addgene #67619) by Gateway cloning (ThermoFisher 

Scientific).  

The Mis12-GFP, Ska1-GFP, Mis12Ska1-GFP plasmid construction has been 

described previously [138]. To construct fragments of Ska1, cDNA encoding indicated 

regions of Ska1 were PCR amplified from full length siRNA-resistant Ska1 and inserted 
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in pCS2-GFP or GFP-N1 plasmid. pCS2-Myc-PP1 was made by inserting PP1 g into 

pCS2-Myc vector.  

To construct fragments of Ska1, cDNA encoding indicated regions of Ska1 were 

PCR amplified from full length siRNA-resistant Ska1 and inserted in pCS2-GFP or GFP-

N1 plasmid. pCS2-Myc-PP1 was made by inserting PP1γ into pCS2-Myc vector. All 

plasmids were verified by DNA sequencing. 

In vitro binding and size exclusion co-migration assays. 

For protein pull-down experiments 1mL of 1 µM PP1α 7-330 covalently linked 

with 20 µL of CNBr-Activated Sepharose 4 Fast Flow according to manufacturer’s 

protocol. Concentration of the protein remaining in the supernatant after reaction was 

measured by Bio-Rad Protein Assay to estimate PP1 concentration on the beads. PP1 

bound beads were mixed with unbound resin in various ratios to obtain appropriate 

effective concentrations of PP1 for pull-down assays. After three 1 mL washes with GF 

Buffer resin was incubated for 1 hour at 4°C with 200 nM Ska3 or GST-Ska3 fragments. 

For experiment depicted in Figure 3.2.B supernatants were collected and analyzed by 

SDS-PAGE and Western Blotting. For experiment depicted in Figure 3.1.A resin was 

washed two times with GF Buffer and pulled-down proteins were eluted with GF Buffer 

supplemented with 15 mM L-Glutathione Reduced and subsequently analyzed by SDS-

PAGE and Western Blotting.  

All size exclusion co-migration experiments were performed in 50 mM HEPES, 

pH 7.5, 150 mM KCl, 1 mM DTT on Superose 12 PC 3.2/30 size exclusion column (GE 

Healthcare) connected to AKTAmicro system (GE Healthcare). For experiments depicted 

in Figure 3.2.C and Figure 3.3.B Ska proteins were pre-incubated for 1 hour at ice with 

PP1α 7-330, in 4:1 molar ratio. For experiment presented in Figure 3.4.C Ska proteins 
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and PP1 were mixed in 2:1 molar ratio. 50 µL fractions were collected and analyzed by 

SDS-PAGE and Western Blotting.  

Antibody raised against hSka3 was used for detection (1:5000; generous gift from 

Gary Gorbsky [137]). GST-Ska3 fragments were detected by anti-GST antibody (1:1000; 

Pierce) and PP1 by chicken IgY antibody raised against PP1γ (1:5000; gracious gift from 

David Brautigan).  

Microscale thermophoresis (MST) 

To perform MST analysis, the GST-Ska1 CTD and His-PP1 were purified from bacteria. 

GST-Ska1 CTD was purified as described above and His-PP1γ was purified as described 

previously [231]. Briefly pET28a-His-PP1γ and a chaperone pGro7 (expressing GroES-

GroEL) was transformed into BL21 cells and protein expression was induced overnight at 

10˚ C using L-Arabinose and IPTG. The bacterial pellets were lysed in lysis buffer (50 

mM Tris pH 8.0, 5 mM imidazole, 700 mM NaCl, 1 mM MnCl2, 0.1% Triton X-100) and 

sonicated. The lysate was cleared by centrifugation at ~25,000 g for 1 hr. The supernatant 

was incubated over Ni2+-NTA resin (Qiagen, Valencia, CA) to allow His-PP1γ binding. 

For MST analysis, the His tag was cleaved using Thrombin. The GST tag was cleaved 

from Ska1 CTD using 3C protease. The untagged proteins were eluted, further purified 

using Superdex size exclusion columns and concentrated using Amicon ultra centrifugal 

filters (GE Healthcare). Finally both Ska1-CTD and PP1 proteins were exchanged into 

MST buffer (25 mM HEPES, 50 mM NaCl, 1 mM TCEP). 

For MST, PP1 was covalently coupled to a fluorophore by incubating 200 µl of 

PP1 at a concentration of 40 µM with 1 µl of 40 mM Alexa-Fluor 488-N-

hydroxysuccinamide ester (Molecular Probes/Life Technologies, Grand Island, NY) 

dissolved in 100% dimethyl sulfoxide) for 30 min in the dark at room temperature. The 
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labeled protein was separated from free dye by applying the mixture to a G25 column that 

had been equilibrated with 9 ml of protein storage buffer. Serial dilutions (1:1) of Ska1 

CTD were made in 15 successive 10 µl reactions, resulting in 16 samples, with the 

highest concentration of Ska1 CTD being 40 µM. Each of the reactions was mixed with 

10 µl 800 nM labeled PP1. Thus, the final concentration of the labeled protein was 400 

nM in all samples, and the final highest concentration of Ska1 CTD was 20 µM; all 

reaction mixtures were supplemented with Tween-20 (NanoTemper, LLC, Munich, 

Germany) to a final concentration of 0.05% (v/v). After incubation at room temperature 

for approximately 30 min., all the reactions were loaded into standard treated capillary 

tubes, and the final measurements were taken in a Monolith NT.115 instrument 

(Nanotemper LLC, Munich, Germany). The instrument’s LED (illumination) power was 

set to 25% and the MST laser power was set to 40%. Measurements were performed at 

ambient temperature, ca. 23˚ C. The times of data acquisition were 5 s before the 

activation of the MST laser, 30 s with the laser on, and 5 s after extinguishing the laser. 

Data analysis was performed in PALMIST (biophysics.swmed.edu/MBR/software.html) 

using the T-Jump mode [254]. A negative control experiment in which Soybean Trypsin 

Inhibitor (Worthington Biochemical Corp., Lakewood, NJ) was titrated into labeled PP1 

under identical conditions showed only a weak trend in T-jump behavior (data not 

shown). 

Fluorescence polarization binding assay 

Purified PP1α 7-330 was chemically linked to fluorescent probe using Alexa 

Fluor 488-N-hydroxysuccinimide ester (ThermoFisher Scientific) according to 

manufacturer protocol. 1-2 fluorophores were incorporated per one PP1 molecule. 

Reactions were carried in 35µL total volume with increasing concentrations of substrates 

(7xHis-Ska2/Ska1 or GST-Ska3 1-103) incubated overnight with 50 nM fluorescently 
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labeled PP1. Fluorescence polarization was subsequently measured on PHERAstar FS 

(BMG Labtech) and analyzed using OriginPro 7.5 software.  

In-vitro coupled transcription-translation and pull -down 

 GST-tagged Ska3 or GST-Ska3/Ska1/Ska2 was incubated with PierceTM 

Glutathione Magnetic Beads (ThermoFisher Scientific) for 1 hour at 4°C. Resin was 

subsequently washed three times with GF Buffer. 35S-methionine labeled FLAG-B55 

subunits, obtained by 1 hour (30°C) in vitro transcription and translation in 10µL of 

rabbit reticulocyte lysates (Promega), were diluted ten times in GF Buffer and incubated 

for 1 hour at room temperature with 10 µL of magnetic beads coupled with GST-Ska 

constructs. After two 250 µL washes with GF Buffer proteins were eluted with GF Buffer 

supplemented with 15 mM Glutathione, subjected to SDS-PAGE, stained with 

Coomassie stain (Brilliant Blue R-250) and dried. After exposure of the phosphor screen, 

35S radiation was detected by Storm Scanner.  

Phosphatase activity assay 

 GST-Ndc80Bonsai WT was phosphorylated by Aurora A similarly to previously 

described method [226] and bound to Glutathione Sepharose 4 Fast Flow resin. Kinase 

and un-reacted [32P]ATP was subsequently removed by rigorous washes. Untagged 

Ndc80 phosphosubstrate was removed from the resin by 1 hour cleavage of GST-tag with 

HRV 3C Protease. Phosphatase activity assays were performed on 200 nM Ndc80 

phosphosubstrate in phosphatase buffer (PBS, 1mM MnCl2, 1mM DTT) with 50 nM 

hPP1α 7-330 and 1 µM 7xHis-Ska2/Ska1 or 1 µM Ska complex. Over the time-course of 

the experiment 1 µL samples were transferred to 1 mL of 30% activated charcoal in 50 

mM phosphate buffer, pH 7.0 and centrifuged. 500 µL of the supernatant was mixed with 

2 mL of scintillant and quantified in liquid scintillation counter. 
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Cell culture 

All cell experiments were conducted with HeLa cells. Parental HeLa cells were obtained 

from ATCC, Manassas, VA. HeLA Tet-On cells were obtained from Clontech, Mountain 

View, CA. HeLa cells stably expressing GFP-Histone H2B were provided by Geoff Wahl 

[255]. HeLa Ska1-GFP and HeLa Ska1 ∆MTBD (∆CTD) cell lines were obtained from 

Iain M Cheeseman [110]. All lines were routinely tested and found to be free of 

mycoplasma but were not further authenticated. All cell lines were grown in tissue 

culture dishes, culture flasks or chambered coverslips in 5% CO2 at 37° C using 

complete DMEM media supplemented with 10% FBS, penicillin and streptomycin. 

To synchronize HeLa cells, cultures were treated with 2 mM thymidine for 18–24 

hr and released into media containing 3.3 mM nocodazole. Transient transfection for 

expression of plasmids was achieved using the Fugene 6 (Roche, Indianapolis, IN or 

Promega, Madison, WI or Mirus, Madison, WI) or Lipofectamine 3000 (Invitrogen, 

Carlsbad, CA) transfection reagent according to manufacturer’s instructions. QuikChange 

Lightning site directed mutagenesis kit (Agilent technologies, Santa Clara, CA) was used 

to make point mutants of Ska1. Transfection of siRNA was done using Lipofectamine 

RNAi reagent (Invitrogen) according to manufacturer’s instructions. SiGenome siRNA 

against Ska1, On-target plus SmartPool siRNA against Ska2 and Ska3 was obtained from 

DharmaconGE (Lafayette, CO) and these were used at 25–50 nM final concentration. 

To generate the stable cell lines, HeLa Tet-On cells were transfected with pTRE2 

vectors expressing siRNA resistant GFP-Ska1 or GFP-Ska1∆CTD and selected with 300 

mg/ml hygromycin (Clontech). Further screening of the clones to obtain stable cells was 

done in the presence of 150 mg/ml hygromycin. 
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Live cell imaging 

HeLa H2B-GFP or HeLa Tet-On cells were grown in Nunc chambered coverslips 

(Thermo Sci. Inc., Waltham, MA). In some instances, to visualize DNA in HeLa cells, a 

cell permeable Hoechst dye (33342; Invitrogen) was used at 25–50 ng/ml. Time-lapse 

fluorescence images were collected every 5 min for 24–48 hr using a Leica inverted 

microscope equipped with an environment chamber that controls temperature and CO2, 

40X objective, an Evolve 512 Delta EMCCD camera, and Metamorph software (MDS 

Analytical Technologies, Sunnyvale, CA). Time-lapse videos displaying the elapsed time 

between consecutive frames were assembled using Metamorph or ImageJ software. The 

first time frame denoting onset of nuclear envelope breakdown (NEB), metaphase 

chromosome alignment and anaphase onset/mitotic exit was recorded in Microsoft Excel 

and the interval from NEB to metaphase (alignment time), metaphase to anaphase 

(metaphase duration) or NEB to anaphase onset/mitotic exit was calculated. For every 

cell, mitotic duration was calculated and the data were depicted as scatter plots with mean 

and SEM. Only cells expressing the indicated constructs (determined by mCherry 

expression) were counted to determine mitotic duration. The indicated proteins were 

tagged either in N terminus or C terminus and in both cases similar results were obtained 

by live cell imaging. Further, to be certain that the mCherry tag was not specifically 

influencing mitotic progression, the proteins were also tagged with GFP and again similar 

results were obtained. For clarity, only images and results obtained with mCherry-tagged 

proteins are presented. In scatter plots, each dot represents one cell; long horizontal line 

depicts mean and whiskers denote SEM. GraphPad Prism was used for statistical 

analysis. 
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Immunofluorescence 

HeLa cells were grown on glass coverslips or in Nunc chambered cover slides and 

treated as detailed in the figure legends. Cells were pre-extracted for 5 min using 1X 

PBS/PHEM solution containing 1% Triton X 100 supplemented with phosphatase 

inhibitors (Okadaic acid at 1 mM). Cells were then fixed in 2 or 4% 

paraformaldehyde/PHEM solution supplemented with phosphatase inhibitors for 15 min. 

Coverslips were washed in MBST, blocked in 20% Boiled Normal goat/donkey serum or 

2% Bovine serum albumin (BSA) for 1 hr, and incubated overnight at 4° C or 1 hr at 

room temperature with primary antibodies. Samples were then incubated with secondary 

antibodies for 1 hr, stained with DNA dye, DAPI, and mounted using Vectashield 

(Vector Laboratories, Burlingame, CA). The following primary antibodies were used: 

ACA/CREST (Anti-Centromere antibodies from Antibody Inc, Davis, CA) and rabbit 

anti-Ska3 [137], rabbit anti-pMELT [143] and rabbit anti-Bub1 [256]. Secondary 

antibodies used were goat anti–rabbit or donkey anti-goat or goat anti-human antibodies 

conjugated to Cy3 or FITC (Jackson ImmunoResearch, West Grove, PA). The images 

were acquired using a Zeiss Axioplan II microscope equipped with a 100X objective 

(N.A. 1.4) or using 100X objective on Deltavision microscope (GE Healthcare, 

Pittsburgh, PA). Images were assembled using image J and CorelDRAW (Corel Corp, 

Ottawa, Canada). Quantification of the immunofluorescence images was done as 

described previously [137]. The graphs depict mean fluorescence value with SEM 

obtained from at least 10 cells in each condition. GraphPad Prism (Graphpad, La Jolla, 

CA) was used to determine statistical significance among groups. 
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Figures 

Figure 3.1 Ska complex is required for PP1 recruitment to the kinetochore 

(A) HeLa cells were transfected with control or Ska3 siRNA at 50nM final concentration. 

Thirty hours after transfection immunofluorescence was done and PP1 at the kinetochore 

was quantified. Ska3 antibody staining shows efficiency of depletion. PP1 at kinetochores 

increases from prometaphase to metaphase. Ska3-depleted cells are inefficient in PP1 

recruitment to kinetochores in both prometaphase and metaphase.  

(B) HeLa cells were transfected with Mis12-GFP, Ska1-GFP or Mis12Ska1-GFP to 

increase Ska complex accumulation at kinetochores. Thirty-six hours after transfection, 

MG132 was added for 1 hr to accumulate cells at metaphase. Immunofluorescence of 

PP1 at kinetochores was quantified. PP1 accumulates at kinetochores in Mis12Ska1GFP-

expressing cells to a greater extent than in Mis12GFP- or Ska1GFP-expressing cells.  

(C) In cells treated with 3.3 mM nocodazole, PP1 accumulated to higher levels at 

kinetochores of cells expressing Mis12Ska1-GFP compared to cells expressing 

Mis12GFP or Ska1GFP. 
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Figure 3.1  

 

 

 

 

 

 

 

 

Sushama Sivakumar, Sivakumar et al., 2016 
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Figure 3.2 Ska complex directly interacts with PP1 through Ska3. 

(A) Recombinant Ska3 was incubated with PP1-coated beads mixed with uncoated beads 

in various ratios and in vitro pull-down assay was performed. PP1 concentration is 

represented as total amount of PP1 immobilized on the beads per total volume of the pull-

down reaction. Immunoblots show Ska3 co-pelleting with PP1 beads in concentration 

dependent manner, suggesting a direct interaction between the proteins.  

(B) Densitometry quantification of Ska3 signal from the experiment depicted in panel (A) 

Number of replicates: 2; Error bars = SD. 

(C) Immunoblots showing the elution profile of recombinant PP1, Ska1/Ska2/Ska3 

complex or PP1 preincubated with Ska1/Ska2/Ska3 complex run on a Superose 12 size-

exclusion column.  
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Figure 3.2 
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Figure 3.3 Ska3-PP1 interaction is multipartite.  

(A) PP1-bound CNBr-Activated Sepharose 4 Fast Flow resin was premixed with empty 

resin in various ratios prior to incubation with GST-Ska3 constructs. After one hour 

incubation at 4 ºC resin was centrifuged and supernatant was collected and analyzed by 

Western blotting. GST-Ska3 was detected by anti-GST antibody. Ska3FL, 103-412 and 

344-412 are depleted from supernatant with increasing concentrations of PP1.  

(B) Immunoblots showing the elution profile of PP1 or PP1 preincubated with Ska31-343 

or Ska1/Ska2/Ska31-343 complex run on a Superose 12 size-exclusion column. PP1* - 

image of PP1 elution profile from Figure 3.2.C  

(C) Graph representing fluorescence polarization of Alexa Fluor 488-PP1 incubated with 

increasing concentrations of GST-Ska31-103. GST-Ska31-103 concentration represented in 

log10 scale, insert: GST-Ska31-103 concentration represented in linear scale. Number of 

replicates: 3; Error bars = SD. 
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Figure 3.3 

 

Pawel Janczyk, unpublished data 
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Figure 3.4 Ska1 CTD directly binds to PP1. 

 (A) Release of 32P phosphate groups by PP1 from Aurora-phosphorylated Ndc80Bonsai 

was measured by liquid scintillation counter over the course of the reaction. Addition of 

both Ska1/Ska2 (red) and Ska1/Ska2/Ska3 (green) was able to similarly increase 32P 

release rates. This indicates that Ska1/Ska2 is sufficient to stimulate PP1 phosphatase 

activity.  

(B) Microscale thermophoresis (MST) was done to analyze the direct binding interaction 

between PP1 and the Ska1 CTD proteins purified from bacteria. The top panel shows 

thermophoretic time traces of 16 samples in three independent experiments. The middle 

panel shows the T-Jump data (circles) and the fit to the data (line). The residuals between 

the data and the fit line are indicated in the bottom panel. The Kd of PP1 binding to the 

Ska1 CTD was calculated to be 1.5 mM. Fn represents ratio (expressed in per-mille units) 

of the fluorescence readings in the time traces as measured just after (pink region, top 

panel) and before (blue region, top panel) activation of the MST laser; ∆Fn is calculated 

by subtracting the refined Fn of the free PP1 from all Fn values and thus represents the 

change in T-Jump response as a function of ligand concentration. This part was rendered 

using the program GUSSI [257]. 

(C) Immunoblots showing the elution profile of PP1, PP1 incubated with 

Ska1FL/Ska2/Ska31-343 (blue) or PP1 incubated with Ska1∆CTD/Ska2/Ska31-343 (orange) 

run on a Superose 12 size-exclusion column. Ska complexes run in the same fraction in 

the absence of PP1 (not shown). Densitometry quantifications of PP1 signal in fractions 

eluted from size-exclusion column shows a reduction in binding to Ska complex lacking 

the Ska1 CTD. 
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Figure 3.4 

 

 

 

 

 

 

 

 

Pawel Janczyk (A,C) and Sushama Sivakumar (B), 
(A) - unpublished data, (B, C) – Sivakumar et al., 2016  
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Figure 3.5 Cells expressing Ska1∆CTD recruit less PP1 and accumulate more Knl1 

phosphoepitope and Bub1 protein at kinetochores. 

 HeLa GFP-Ska1 and HeLa GFP-Ska1∆CTD cells were grown on chambered cover 

slides. Doxycyclin was added to induce transgene expression. Cells were transfected with 

Ska1 siRNA, and thymidine was added for 18–24 hr to synchronize cells. Cells were 

released from thymidine and arrested in mitosis using 3.3 mM nocodazole. 

Immunofluorescence was done to detect PP1, pMELT, Bub1 at the kinetochore.  

(A) Image panel showing PP1 localization at the kinetochore in GFP-Ska1 and GFP-

Ska1∆CTD cells. The graph depicts the decrease in PP1 localization in GFP-Ska1∆CTD 

cells compared to GFP-Ska1 cells both with and without depletion of endogenous Ska1. 

(B) Images show localization of antibody (pMELT) to a phosphoepitope on Knl1 

(pT875) at kinetochores in GFP-Ska1 and GFP-Ska1∆CTD cells. The graph shows that 

cells expressing GFP-Ska1∆CTD have increased pMELT signals at kinetochores 

compared to GFP-Ska1-expressing cells.  

(C) Images show the levels of Bub1 protein at kinetochores in GFP-Ska1 and GFP-

Ska1∆CTD cells. Quantification shows that GFP-Ska1∆CTD accumulates more Bub1 at 

kinetochores compared to GFP-Ska1 cells. 
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Figure 3.5 
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Figure 3.6 Expression of Ska1∆CTD fused directly to PP1 but not phosphatase-dead 

PP1 (pdPP1) rescues phenotypes caused by Ska1 depletion. 

(A) HeLa cells were transfected with plasmids to express mCherry-Ska1, mCherry-PP1, 

mCherry-Ska1∆CTD, and mCherry-Ska1∆CTD fused to PP1 (mCherry-Ska1∆CTDPP1). 

Endogenous Ska1 was depleted using Ska1 siRNA. 25 ng/ml Hoechst 33342 was added 

to visualize DNA. Cells were then imaged by time-lapse microscopy, and % of mitotic 

cells arrested in metaphase was plotted. Expression of siRNA-resistant mCherry-Ska1 

rescued metaphase arrest caused by Ska1 depletion while expression of mCherry-PP1 or 

mCherry-Ska1∆CTD did not. Expression of Ska1∆CTDPP1 fusion in Ska1 depleted cells 

completely rescued metaphase arrest.  

(B) The interval from NEB to anaphase onset is plotted for cells that progressed to 

anaphase while expressing Ska1 constructs without or with depletion of endogenous 

Ska1. As expected, Ska1∆CTD-expression showed a dominant negative effect delaying 

mitotic progression in control cells not depleted of endogenous Ska1. Expression of the 

fusion, Ska1∆CTDPP1, caused no delay. When endogenous Ska1 was depleted, 38% of 

cells arrested at metaphase and did not progress to anaphase (Figure 3.5.A). The rest 

showed delayed progression from NEB to anaphase with an average of 110 min 

compared to control cells (35 min). As expected, the delay was rescued by expression of 

mCherry-Ska1 but was not rescued by expression of mCherry-PP1 or mCherry-

Ska1∆CTD. Expression of Ska1∆CTDPP1 showed significant rescue of the delay cause 

by Ska1 depletion with an average time from NEB to anaphase of 62 min.  

(C) HeLa cells were transfected with the indicated plasmids and then treated with mock 

or Ska1 siRNA. Expression of Ska1∆CTD fused to a phosphatase dead PP1 

(Ska1∆CTDpdPP1) failed to rescue Ska1 depletion. Indeed, expression of phosphatase 
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dead fusion, on its own, induced a potent metaphase arrest phenotype in cells not 

depleted of endogenous Ska1. Moreover, it exacerbated the metaphase arrest in cells 

depleted of Ska1.  

(D) Ska1∆CTDpdPP1 causes a longer delay to anaphase onset than Ska1∆CTD even 

without depletion of endogenous Ska1.  

(E) Chromosome alignment is delayed in Ska1 depleted cells and this is recapitulated by 

expression of Ska1∆CTDpdPP1 without endogenous Ska1 depletion. Delays in 

chromosome alignment are not observed upon expression of Ska1∆CTDPP1 fusion. 
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Figure 3.6    
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Figure 3.7 Hypothetical model for dynamic balance of Mps1 kinase and PP1 

phosphatase activities during mitotic progression.  

Photobleaching studies have shown that Mps1, Ska, and PP1 all exhibit high turnover at 

kinetochores with a residence times of a few seconds [136,197,247]. Before microtubule 

attachment, Mps1 concentration at kinetochores remains high due to interaction with the 

CH domains of the Ndc80 complex. Correspondingly, Ska-PP1 concentrations are low 

because of the paucity of microtubules. The high Mps1 and low PP1 concentrations 

maintain high phosphorylation Mps1 substrates, Knl1 and Bub1. Microtubules compete 

with Mps1 for binding to the CH domains of the Ndc80 complex, resulting in depletion 

of Mps1. The binding of Ska to microtubule protofilaments increases PP1 concentration. 

High Ska-PP1 and low Mps1 result in dephosphorylation of substrates, promoting release 

of Bub1–Bub3 and Mad1–Mad2 complexes. Diminished checkpoint signaling due to 

release of Bub1–Bub3 and Mad1–Mad2 from kinetochores promotes anaphase onset and 

mitotic exit. As the role and nature of the Ska-B55 interaction is unclear, it is not 

represented in this model. 

Reproduced from [220] 
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Figure 3.7  



129 

 

 

Supplemental Figure 3.1  

(A) GST-Ska complex was purified from bacteria and immobilized on glutathione beads. 

In vitro translated PP1α and B55 isoforms were added to the resin and binding assays 

were performed. B55β and B55γ bound strongly with GST-Ska complex, while PP1α and 

B55α did not show a strong binding. (Top: Coomassie stained polyacrylamide gel, 

Bottom: 35S autoradiography) 

(B) In vitro binding reactions were performed similarly as in (A) utilizing low 

concentrations of immobilized GST-Ska complex and in vitro translated B55 isoforms 

alone or premixed with in vitro translated PP1α. Interaction with the Ska complex with 

B55α (top panel), B55β (middle panel) was enhanced by PP1α. Ska-B55γ (bottom panel) 

binding was not increased by presence of PP1α 
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Supplemental Figure 3.1 
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Chapter IV 

General discussion and future perspectives 
 

Our understanding of kinetochore functions in coupling microtubule 

depolymerization has come a long way over the last decade. Formation of stable end-on 

attachments is a crucial step in mitosis, required for chromosome movements driven by 

microtubule depolymerization. The discovery of the Ndc80 complex and characterization 

of its microtubule binding properties shed a light on how kinetochores attach 

microtubules. Aurora B-dependent phosphorylation of the Ndc80 tail has been shown to 

regulate the Ndc80 binding to microtubules. This is an astonishing ability that explains 

how the attachment stability is regulated by the kinetochore and additionally, provides a 

mechanism for correction of the erroneous ones. However, it has not been understood 

how the kinetochore would recognize mature attachments to allow for checkpoint 

silencing and chromosomal segregation. Recent studies have shown that the checkpoint 

kinase, Mps1, is displaced from Ndc80 when microtubules are attached. This discovery 

provided an insight into the steps required for the attachment status recognition. 

However, the Ska complex was shown to act downstream of Mps1 and its depletion 

results in the checkpoint-dependent arrest with all chromosomes aligned and under 

tension. Interestingly, Ska itself has been shown to bind to microtubules and it likely 

contributes to the attachment stabilization. It was previously suggested that Ska is a direct 

coupler for depolymerization driven movements as it is able to track depolymerizing 

microtubule ends and it confers that ability to Ndc80. This property, together with Ska 

functions in checkpoint silencing, suggested that the Ska complex might be a key 

component in recognizing microtubule attachments and driving the mitotic exit. 

However, it was unclear how Ska would recognize mature attachments. It was also 
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unknown how Ska would trigger SAC silencing. Results presented in this dissertation 

provide answers to those questions as described in detail in Chapter II and Chapter III, 

and summarized below.  

Summary 

In chapter II we investigated the functions of the N-terminal tail of Ndc80. Our 

results suggest that main function of the Ndc80 tail, besides microtubule binding, is to 

facilitate clustering of the Ndc80 molecules along microtubule protofilaments. We show 

that cells expressing the Ndc80 mutant that could bind microtubules with similar affinity 

as wild-type protein, but was deficient in cluster formation (Ndc80+4CT) could align 

chromosomes to the metaphase plate. However, those cells remained arrested in 

metaphase, suggesting that although the clustering of Ndc80 molecules on microtubules 

is dispensable for chromosome congression, it is required for SAC silencing and mitotic 

exit. We discover that this mutant was unable to efficiently recruit the Ska complex to the 

kinetochores, arguing that the ability to cluster on microtubules might be correlated with 

novel mitotic functions of the Ndc80 tail. By means of negative stain electron 

tomography we discovered novel structures on microtubules that can be observed in 

presence of Ska and Ndc80, but were not visible in absence of Ndc80 or when Ndc80+4CT 

mutant was used. It strongly suggests that Ska and Ndc80 form a supercomplex on 

microtubules that appears to be dependent on Ndc80 clustering. However, we cannot 

exclude the possibility that Ska recognizes charged residues on the Ndc80 tail and the 

clusters are not essential for binding. Altogether, these results provide an insight to novel 

function of the Ndc80 N-terminal tail in the kinetochore recruitment of the Ska complex. 

It additionally provides a mechanism for the recognition of mature attachments by the 

Ska complex, as the Ndc80 cluster can preferably be formed on aligned kinetochores with 

reduced Aurora B activity. 
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In Chapter III of this dissertation we investigated the functions of the Ska 

complex in the process of spindle checkpoint silencing. We discovered that the Ska 

complex directly binds and recruits PP1 to the kinetochore. The Ska complex showed 

multipartite association with PP1 through Ska3 and the C-terminal domain of Ska1. Ska3 

is an essential component of the Ska complex, with its N-termini required for complex 

oligomerization and C-termini implicated in kinetochore localization. Unfortunately, we 

were unable to generate a mutant that would separate those functions from the PP1 

binding. On the other hand, investigation of Ska1 CTD demonstrated its crucial role in 

PP1 recruitment to the kinetochore. Deletion of this domain was shown to result in a 

phenotype virtually identical to one when Ska was completely depleted for the cells, 

which was previously attributed to the microtubule binding properties of the Ska1 CTD 

(also named MTBD). Interestingly, we show that the expression of the Ska1 with CTD 

replaced by PP1 rescues nearly all the mitotic phenotypes observed upon Ska depletion 

and this rescue is dependent on the phosphatase activity of the chimera. This result 

strongly suggested that, rather than serving as a mechanical coupler between kinetochores 

and microtubules, the Ska complex plays a critical role in the recruitment of PP1 to 

oppose mitotic kinases that are responsible for destabilization of kinetochore-microtubule 

attachments and signaling the spindle checkpoint.    

Altogether, these results provide an insight into the processes of the attachment 

maturation and simultaneously, recognition of the mature attachments. Based on them, 

we would like to propose a model in which upon alignment, Aurora B activity on the 

outer kinetochore is diminished by physical separation due to increased interkinetochore 

distances. This would result in the decreased phosphorylation of the Ndc80 tail allowing 

for clustering of Ndc80 molecules along microtubule protofilaments, and thus, 

recruitment of Ska to Ndc80 clusters. Kinetochore-associated Ska would in turn localize 
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PP1 phosphatase to the kinetochore allowing for dephosphorylation of mitotic 

phosphosubstrates, likely including Ndc80 (Figure 4.1). This could result in a positive 

feedback loop that stabilizes the attachments, thus recruiting more PP1 and priming the 

cell for rapid transition to anaphase upon establishment of the last mature kinetochore-

microtubule attachment.  
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Figure 4.1 
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Future perspectives 

Identification of the components of the V-shaped structures 

Using a negative stain electron tomography, we identified novel V-shaped 

structures that are formed on microtubules. They are formed only when Ska and the 

Ndc80 complexes are both incubated with the microtubules. No such structures were 

observed when the individual components were incubated with the protofilament. 

Unfortunately, our current data does not provide sufficient evidence that both complexes 

are present in the V-shaped structures. We speculate that the Ska complex is actually 

present in this system as both shape and size of the Ska crystallographic structure [144] 

are reflected in the V-shaped design. However, up to date we only have a single evidence 

of tomographic reconstitution that the Ndc80 clusters co-localize within the V-shapes. 

The main drawback so far is the insufficient quality/resolution of the reconstructions that 

did not allow for the separation of structural components of the V-shapes. Additionally, 

Ndc80Bonsai used for the experiments is 17 nm long, but in our reconstructions only 8-10 

nm is visibly protruding away from the microtubules. In order to improve the quality of 

the tomographic reconstructions and confirm the presence of both complexes building 

this novel framework, one could implement multiple approaches. In order to improve the 

quality of the tomograms, Ndc80 molecules should be more noticeable. So far, 

purification of the human full length Ndc80 complex is challenging and obtained amount 

are insufficient for our studies. However, Ndc80Broccoli [110] that contains the majority of 

the Ndc80’s and Nuf2’s elongated coiled coil may be used instead of Ndc80Bonsai. This 

way, one would extend the length of the protruding molecules which may make them 

more visible in the reconstructions.  Alternatively, C-terminally GFP-tagged Nuf2, a part 

of Ndc80Broccoli construct, could be used. The GFP-tag will increase the electron density 

on the far end of the molecule and it will not interfere with the C-terminal end of Ndc80 
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N-terminus that is responsible for clustering the molecules and recruitment of Ska. In our 

preliminary experiments we observed that the Ndc80Broccoli molecules were protruding 

further away from the microtubule lattice. Additional density was even more noticeable 

when we used a GFP-tagged construct, as the globular domain of the GFP tag at the end 

of the coiled-coil was clearly visible in our micrographs. Additionally, the use of Ni-NTA 

gold nanoparticles could help in the identification of the protein of interest within the 

supercomplex as the nanoparticles may be conjugated with His-tagged protein and mark 

its position within the V-shaped cluster. By this approach we might not only confirm the 

presence of both complexes, but also differentiate between complexes’ subunits.  

Characterization of the requirements for the assembly of the Ndc80-Ska 

supercomplex and subsequent recruitment of PP1. 

Additional structural studies can be performed to analyze the requirements for the 

formation of the Ska-Ndc80 complex on the microtubules. In this dissertation, I analyze 

the role of Ndc80. It would be interesting to investigate how different components of the 

Ska complex influence formation of supercomplex. There are multiple functional 

components of the Ska that I mentioned in this work that may be crucial to broaden our 

knowledge about kinetochore-microtubule attachment maturation. For example, the 

unstructured C-terminus of the Ska3 has been shown to be important for both microtubule 

binding and kinetochore localization [144]. Additionally, the C-terminal domain of Ska1 

contains a MTBD, although depletion of that domain does not mislocalize Ska from 

kinetochores [144]. Finally, the dimerization of the Ska complex was previously 

implicated in the mitotic functions [144] and the Ska3F7R/L11R mutant was previously 

shown to form a complex with different structural architecture than the wild-type. It 

would be interesting to analyze how disruptions within mentioned domains influence 
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binding between subunits of the supercomplex and to analyze the changes in the 

structural arrangements of the V-shapes. 

 Based on the results presented in this dissertation, I hypothesize that the V-shapes 

formed by Ndc80 and Ska should facilitate the recruitment of the PP1 to the kinetochore. 

However, additional studies should be performed to confirm the existence of the complex 

composed of Ndc80, Ska and PP1 (NSP), e.g. by electron tomography characterization 

similar to ones described above.  

Ndc80-dependent Ska recruitment in the absence of microtubules 

It is currently believed that the main function of the Ndc80 tail is to contribute to 

the microtubule binding of the Ndc80 complex. In this dissertation, I described a novel 

function of the tail which is the recruitment of the Ska complex to the kinetochores. I 

have also shown that this recruitment is dependent on the positively charged residues 

within the C-terminal region of the tail. We hypothesize that clustering of Ndc80 

molecules is required for Ska recruitment. Interestingly, the Ska recruitment by the 

Ndc80 tail is not dependent on the microtubules, as inhibition of the Aurora B kinase 

activity allows for the Ska kinetochore-localization in the presence of nocodazole. Based 

on this result, we speculate that Ska may be involved in clustering of Ndc80 or clustering 

is very convincing in vitro artifact. We speculate that Ska clusters Ndc80 molecules on 

the kinetochores in the absence of microtubules, a function that is abrogated by the 

Aurora B activity. One could test this hypothesis in vivo by utilizing the non-

phosphorylatable mutant of Ndc80 (Ndc809A). The cells expressing this mutant should 

allow for Ska recruitment in the presence of nocodazole. As Ska is also phosphorylated 

by Aurora B, it is likely that non-phosphorylatable mutant of Ska would have to be used 

in addition. On the other hand, cells expressing a phospho-mimetic mutant of Ndc80 
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(Ndc809D) should be deficient in the recruitment of the Ska complex to the kinetochores, 

even when treated with Aurora B inhibitor.  

In vitro investigation of the Ska-induced clustering of Ndc80 molecules might 

prove to be difficult. So far, the direct interaction between Ska and Ndc80 in the absence 

of microtubules has not been shown. It is likely that it requires a lawn-type 

immobilization of the Ndc80 in order to position CH domains in close proximity to 

stimulate the binding.  

Another experiment that could be used to confirm the hypothesis involves the 

ectopic targeting to the LacO arrays in U2OS cells. LacO arrays were previously shown 

to allow for formation of synthetic kinetochore in budding yeast [256]. The arrays could 

serve as a matrix to bring LacI-tagged Ndc80 molecules close enough to facilitate the 

clustering that may be used in future studies. There are disadvantages of this assay, as it 

is unknown if LacO array would mimic the kinetochore in terms of Ndc80 arrangement. 

Additionally, it is not known if other kinetochore components is essential for Ndc80 

clustering in the absence of the microtubules as, for example the Mis12 complex was 

shown to stimulate the Ndc80 binding to microtubules and to modify its structural 

arrangement [98].  

NSP as a microtubule coupler required for chromosomal movements 

Current model for the chromosomal movements places Ska and Ndc80 complexes 

in the central spot as the couplers between the kinetochores and the microtubules. Ska 

helps Ndc80 track depolymerizing plus-ends of microtubules. We show that the domain 

responsible for this function (Ska1 CTD) [110] also facilitates the recruitment of PP1 to 

the kinetochores. Phenotypes observed in cells expressing Ska1 ∆CTD can be rescued by 

Ska1CTD-PP1 chimera suggesting that microtubule binding is dispensable for Ska 
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functions. It is tempting to hypothesize that the clusters of Ndc80 molecules are 

recognized by (or induced by) the Ska complex on the depolymerizing microtubule, 

independent of Ska microtubule binding functions, and the resulting structure is the direct 

coupler for depolymerization driven movements. However, it is also likely that the main 

function of the Ndc80 clusters is to recruit PP1 to silence spindle checkpoint.  

The Ska complex has also been shown to be required for oscillations of the 

chromosomes aligned at the metaphase plate [110]. This process involves microtubule 

polymerization on one kinetochore, the simultaneous depolymerization on its sister 

kinetochore and coordinated switches between those states. EB1, protein specifically 

associating with the polymerizing microtubule ends, was recently implicated in the 

recruitment of the Aurora B kinase to the inner-centromere. Interestingly, Aurora B 

activity is correlated with EB1 localization on the oscillating chromosomes [224], 

decreasing the stability of the microtubule attachments (as shown by increased 

phosphorylation of Ndc80). However, little is known about the processes that happen on 

the sister kinetochore attached to the depolymerizing microtubule. Interesting model 

could be proposed: as Aurora B kinase activity is increased on the kinetochore attached to 

the polymerizing microtubule, the activity and/or localization of phosphatases should be 

increased on the opposite kinetochore. The ability of the Ska complex to track 

depolymerizing ends of microtubules suggests that it may play a role as a counterpart of 

EB1 during chromosomal oscillations. It is likely that Ska accumulates PP1 on the 

depolymerizing microtubule end, gradually overcoming Aurora B kinase activity and 

allowing for the dephosphorylation of the Ndc80 tail, thus strengthening the microtubule 

attachments. Interestingly, PP1 is enriched on the opposite sister kinetochore to the one 

with increased Aurora B activity (Gary Gorbsky, personal communication). This model, 

however, does not explain how the kinetochores change the directionality of their 
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movements. It is possible that a random catastrophe event of the polymerizing 

microtubule drives the switch. Also the enrichment of Aurora B and PP1 on the opposing 

sisters could be an incidental result of the oscillations, not a part of their regulatory 

mechanism.  
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