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Abstract 
Dividing cells go through a series of events, named the cell cycle, to 

generate two new cells that are genetically equal. Faithful sister chromatid 

separation to the arising daughter cells is a crucial step in the cell cycle. To 

achieve that, kinetochores, multi-protein complexes that assemble on 

centromeric chromatin, act as a bridge between microtubules and 

chromatids. In human and yeast, kinetochores consist of two major parts:  

the constitutive centromere-associated network (CCAN, the inner 

kinetochore) and the Knl1 complex, Mis12 complex, Ndc80 complex 

(KMN) network. The CCAN contains 16 subunits and links the kinetochore 

to CENP-A. The KMN network contains 10 subunits and is responsible for 

the binding of microtubules and the recruitment of spindle assembly 

checkpoint (SAC) components. The popular model organisms Drosophila 

melanogaster and related organisms have a significantly simplified kinetochore: 

they lost all CCAN components with the exception of CENP-C and lost 

two outer kinetochore subunits (one Mis12 complex (Mis12C) subunit and 

one Knl1 complex subunit, Zwint). In addition, there are two homologues 

of the Mis12C subunit Nnf1 (Nnf1a and Nnf1b). The simplified Drosophila 

kinetochore thus forms an ideal model to study conserved structural and 

functional properties of kinetochores. During my doctoral work, I studied 

the Drosophila KMN network using an in vitro biochemical reconstitution 

approach. My reconstitution experiments indicate that there are two distinct 

three-subunit Mis12 complexes in Drosophila, DmMis12a and DmMis12b 

complexes. Despite the absent subunit, negative stain electron microscopy 

shows that the DmMis12C has an extended polarized structures, 

comparable to its human and yeast counterparts. Biochemical studies 

combined with cross-linking-mass spectrometry (XL-MS) proved that Mis12 

and Nnf1 form the backbone of Mis12C in both DmMis12a and 



	  

DmMis12b. Using deletion experiments, I proved that both the C-terminal 

of Knl1 and the N-terminal of CENP-C bind to DmMis12C. Furthermore, 

I identified the motifs responsible for the binding between CENP-C and 

Mis12C in Drosophila:  the conserved 3 phenylalanine residues at the N-

terminal of Mis12 (F12, F13 and F15) and the 27 amino acids at the N-

terminal end of CENP-C (residues 9 to 35). In cooperation with Dr. Arsen 

Petrovic and Dr. Jenny Keller, we solved the high-resolution structure of 

the tetrameric human Mis12C in complex with the N-terminal segment of 

CENP-C. We provided a model for how Aurora B controls Mis12C 

assembling to kinetochore. We demonstrated that the Dsn1 subunit is an 

important substrate of Aurora B in the human Mis12C. Together with a 

structure-based in silico analysis, this led us to hypothesize that the lost 

subunit in Drosophila Mis12 complex could be Nsl1, and not Dsn1 as 

previously suggested. In summary, my studies provided new insights on the 

structural and functional properties of outer kinetochores in humans and 

Drosophila. 

	  

	  

	  

	  

	  

	  

	  

	  

	  



ZUSAMMENFASSUNG	  
Eine genaue Chromosomensegregation während der Mitose und der Meiose ist 

entscheidend für die zelluläre und organisatorische Lebensfähigkeit. Kinetochore 

verbinden Chromosomen mit Spindel-Mikrotubuli und sind für die 

Chromosomensegregation essentiell. Diese großen Proteingerüste entstehen aus 

dem Zentromer, einer spezialisierten Region des Chromosoms, angereichert mit 

der Histon-H3-Variante CENP-A. In den meisten Eukaryoten besteht der 

Kinetochore-Kern aus dem Zentromer-proximalen konstitutiven Zentromer-

assoziierten Netzwerk (CCAN), das CENP-A bindet und 16 Untereinheiten 

enthält, und des Zentromer-distalen Knl1/Zwint, Mis12C, Ndc80-

Komplexnetzwerk (KMN). Das KMN-Komplexnetzwerk bindet Mikrotubuli uns 

setzt sich aus 10 Untereinheiten zusammen. In der Fruchtfliege Drosophila 

melanogaster erlebte die Kinetochore bemerkenswerte Vereinfachungen. Alle 

CCAN-Untereinheiten, mit Ausnahme von Zentromer-Protein C (CENP-C) und 

zwei KMN-Untereinheiten, Dsn1 und Zwint, können in diesem Organismus 

nicht identifiziert werden. Zusätzlich sind zwei paralogs der KMN-Untereinheit 

Nnf1 (Nnf1a und Nnf1b) vorhanden. Schließlich erlebte die Spc105R-

Untereinheit, homolog zu humanem Knl1/CASC5, im Vergleich zu anderen 

Organismen erhebliche Sequenzänderungen. Wir kombinierten die biochemische 

Rekonstitution mit biophysikalischen und strukturellen Methoden, um zu 

untersuchen, wie sich diese Veränderungen auf die Organisation des Drosophila 

KMN Netzwerks auswirken. Wir zeigen, dass die Nnf1a- und Nnf1b-Paralogs 

Untereinheiten unterschiedlicher Komplexe sind, die beide direkt mit Spc105 und 

mit CENP-C wechselwirken, wobei letztere eine Bindungsstelle an der Mis12-

Untereinheit identifizieren. Unsere Studien beleuchten die strukturelle und 

funktionelle Organisation eines stark divergierenden Kinetochore-Teilchens. 
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1 INTRODUCTION	  

1.1 	  The	  cell	  cycle	  and	  Mitosis	  

The cycle of cell division is the process whereby the cell duplicates itself and its 

genetic material. The cell cycle is composed of an orderly sequence of events that are 

highly regulated (see Figure 1). When the cycle completes, the cell will have duplicated 

itself to create two identical daughter cells (Alberts et al., 2014). In general, the cell cycle 

consists of two main stages: Interphase and Mitosis (M phase).  

Before the cell can go through M phase, there is a lot of very important 

preparatory work to be done. This work is done in interphase. Interphase can be divided 

into G1 (Gap1) phase, S (Synthesis) phase and G2 (Gap2) phase. G1 phase begins after M 

phase is complete (see Figure 1). During this phase, cells increase in size and the 

checkpoint control in G1 make sure that all the requirements for DNA synthesis are 

available to the cell, such as relative enzymes and signaling proteins (Albert et al., 2014; 

Lodish et al., 2007). In some cases, cells will stop cycling and go into a waiting stage, 

named G0 phase. Cells in G0 can reenter the cell cycle, but only under certain conditions. 

In S phase, DNA replication begins. When this phase is completed, the genetic 

information carrier (DNA) will be doubled so that every chromosome will be present in 

two copies as sister chromatids. The stage between S phase and M phase is G2 phase. 

The cells will continue to grow in size during this phase. All the proteins that will be 

required for the M phase will be synthesized during G2 phase (Norbury and Nurse, 1992). 

When the cells pass through G2, they enter into M phase, shown in Figure 1. In M 

phase chromosomes are segregated into two identical daughter cells. M phase can be 
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divided into two states: mitosis (where the sister chromatids are equally segregated) and 

cytokinesis (where the cell divides in two daughter cells). 

Mitosis consists of five phases (see Figure 1) and prophase is the first stage of 

mitosis. The chromatin condenses and the sister chromatids, which by the end of mitosis 

will be pulled to different poles of the cell, become individualized. In the next phase of 

mitosis, prometaphase, microtubules nucleating from the poles of the cell start to find 

and capture the chromatid pairs. When microtubules from opposing poles each bind a 

sister chromatid, at a structure on the centromere known as the kinetochore, sister 

chromatids become aligned along the metaphase plate. When all of the sister chromatids 

have become aligned, the cell is in the next stage of mitosis, metaphase. Anaphase starts 

when the sister chromatids, now attached to the mitotic spindle, are pulled to opposing 

poles (Anaphase A). The spindle continues to elongate as the chromosomes approach 

the poles (Anaphase B) (Yanagida, 2014). The nuclear envelope re-forms in telophase 

and the cell starts to divide into two independent daughter cells (Yanagida, 2014).  

Cytokinesis is the final step of cell division (see Figure 1). The typical characteristic 

of cytokinesis is the reorganization of the mitotic spindle that signals the assembly of an 

actomyosin ring between the spindle poles (Gould, 2016; Srivastava et al., 2016). 

Contraction of this ring promotes the formation of a cleavage furrow, which is a thin 

intercellular bridge that separates the daughter cells after completion of furrowing 

(Gould, 2016). And finally the cells divide into two. 

The cell cycle is controlled by heterodimeric protein kinases, which contains a 

regulatory subunit (cyclins) and a catalytic subunit (cyclin-dependent kinases, or Cdks). 

The concentration and activity of these complexes oscillate during the cell cycle, leading 

to phosphorylation of diverse sets of substrates, ensuring directionality to the process, 

for instance by promoting DNA replication prior to sister chromatid separation (Alberts 

et al., 2014; Lodish et al., 2007).  
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The concentration of Cdk proteins is almost constant during the cell cycle, whereas 

cyclin proteins levels show cyclical changes that promote activation of cyclin-Cdk 

complexes at specific time points. There are four kinds of cyclins: 1. G1/S-cyclins, whose 

concentration raises in late G1 and decreases in S phase, activate Cdks in the late G1, 

resulting in cell cycle entry; 2. S-cyclins form S-Cdk complex and their concentration 

increases at the beginning S phase, leading to DNA replication. Since they also controls 

some early mitotic events, their levels only decrease in mitosis; 3. M-cyclins, whose levels 

increase during the G2 phase. They are functional at the end of G2 and promote the 

G2/M transition. Since cyclins are substrate of APC/C, an ubiquitin ligase that target 

them for degradation by the 26S proteasome (discussed in more details in section 1.3), 

their levels decrease at the end of mitosis; 4. G1-cyclin is not functionally independent 

and it controls the activities of the G1-S cyclins at late G1 (Holt et al., 2009; Lodish et al., 

2007; Pavletich, 1999; Wittenberg and Reed, 2005). 

There is an additional checkpoint activity in mitosis: the spindle assembly 

checkpoint (SAC), which is a feedback system that controls the transition from 

metaphase to anaphase (Walczak and Heald, 2008). It will be discussed further in section 

1.3. 
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1.2 	  Microtubules	  and	  Mitotic	  spindle	  

 

Microtubules are polarized protein polymers with the minus (−) end embedded in 

spindle poles and the plus (+) end growing outward from the poles (see Figure 2). The α 

and β tubulin are the major structural component of microtubules and, together with 

microtubule-associated proteins (MAPs) and microtubule motors, make up the spindle 

(Dutcher, 2001; Nogales and Wang, 2006; Wittmann et al., 2001). In all eukaryotic cells, 

the mitotic spindle aligns all chromosomes on the metaphase plate and promotes the 

faithful segregation of the sister chromatids during cell division (Walczak and Heald, 

2008). The mitotic spindle contains three kinds of microtubules: astral microtubules, 

kinetochore microtubules, and polar microtubules (see Figure 2). The plus end of the 

astral microtubules interacts with the cell cortex. This interaction performs crucial 

function of orienting the mitotic spindle with the axis of cell division (Karsenti and 

Vernos, 2001). Kinetochore microtubules, present in mitosis, attach the sister chromatids 

via kinetochores. After attaching to the kinetochore, the microtubules pull the sister 

chromatids towards opposing poles. Polar microtubules, whose plus ends interact with 

other microtubules from the opposite pole, are the third class of mitotic spindle. In 

general, they have the following three functions: During mitosis, polar microtubules 

maintain the structure of the spindle. In prophase, polar microtubules are responsible for 

pushing the centrosomes apart. Whereas, in anaphase B, polar microtubules push the 

spindle poles apart (summarized in (Lodish et al., 2007)). 

Microtubule dynamics increases dramatically in mitosis (Howard and Hyman, 

2003). The function of the mitotic spindle depends on rapid turnover of tubulin 

(Mitchison et al., 1986), which consist of the microtubules and the ability of kinetochores 

to keep attached to growing or disassembling microtubules (Rieder and Salmon, 1998). 



	   5	  

The half-life of microtubules in a mitotic spindle is about 15 seconds, as compared to an 

interphase cell, where the half-life is about 5 minutes (Lodish et al., 2007).  Microtubule 

dynamics can be affected by microtubule binding proteins. For example members of 

kinesin-13 family act as microtubule-depolymerizing factors (Desai et al., 1999) while the 

cytoplasmic linker protein (CLIP)-associated proteins (CLASPs), act as microtubule-

stabilizing factors (Mimori-Kiyosue et al., 2005). 

Additionally, microtubule-dependent motor proteins also contribute to spindle 

function. Kinesin-related proteins, such as Eg5, move toward the plus end of 

microtubules (Sawin et al., 1992) , whereas proteins like dynein moves toward the minus 

end (Steuer et al., 1990). These proteins create forces that either push the poles of the 

mitotic spindle further apart or pull the sister chromatids towards the spindle poles 

(Steuer et al., 1990). Any defect in this process will lead to potentially lethal errors in 

chromosome segregation.  
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Figure 1 Eukaryotic cell cycle 

The cell cycle can be divided into four phases. M phase, G1 phase, S phase and G2 phase. The major events 

happen in M phase and S phase, whereas G1 and G2 are the gap periods between the two phases. The G0 is 

a resting state, in which some cells will resume proliferation and in which other cells will remain 

permanently. As we showed in the figure, mitosis includes five stages. From the metaphase to anaphase, 

there is a significant change in the biochemical state of the cell. The cytokinesis is the stage that the cells go 

back to interphase again. Adapt from (Alberts et al., 2014). 
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Figure 2 Schematic diagrams of Mitotic Spindly microtubules 

The mitotic spindle contains three classes of microtubules (MTs).  All the (−) ends of microtubules attach 

to the poles. Astral microtubules are linked to the cell cortex. Kinetochore microtubules attached to 

chromosomes through kinetochore. Polar microtubules overlap with each other with their distal (+) ends. 

Adapt from (Lodish et al., 2007). 
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1.3 	  The	  spindle	  assembly	  checkpoint	  

 

The spindle assembly checkpoint (SAC) is an evolutionary conserved safety 

mechanism, which delays the anaphase onset until each sister chromatid is attached 

properly to microtubules from opposite spindle poles (reviewed in (Foley and Kapoor, 

2013; Lara-Gonzalez et al., 2012b)). 

The SAC prevents the precocious sister chromatids segregation through the 

formation of the mitotic checkpoint complex (MCC) and subsequent inactivation of 

Cdc20, which is a cofactor of the E3 Ubiquitin ligase anaphase-promoting complex 

(APC/C) (see Figure 3). The APC/C is responsible for the progress of mitosis, according 

to the ubiquitylation and further proteasome-dependent degradation of securin and 

CyclinB1 (reviewed in (Lara-Gonzalez et al., 2012b)). When the Cdc20 becomes 

sequestered in the MCC complex, the APC/C cannot be functional, leading to a pause in 

mitosis. A single incorrectly attached or un-attached kinetochore will promote the 

generation of MCC, and can prevent the cell to be released to anaphase (see Figure 3). 

If all the kinetochores attached to the microtubule properly, a set of additional 

proteins will help the cell to turn off the inhibition signal. One important protein is 

dynein, which helps to disassemble checkpoint proteins, like Mad1 and Mad2, from 

kinetochore (Funabiki and Wynne, 2013; Gassmann et al., 2010). The RZZ complex, 

implicated in targeting dynein/dynactin to kinetochore, is also involved in this inhibition 

process. Consequentially, Cdc20 will be released from MCC to activate the APC/C 

complex. APC/C poly-ubiquitinates securin and cyclin B1 continuously, causing their 

degradation by the proteasome. This leads to activation of Separase, which cleaves sister 

chromatid cohesion, leading to their separation to different sides of the cell. At the same 
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time, the degradation of cyclinB1 inactivates Cdk1, and promotes the cell to mitotic exit 

(see Figure 3). 

Protein kinases and additional kinetochore-associated proteins are the core SAC 

components involved in this process, like Ser/Thr kinases Aurora B, budding 

uninhibited by benomyl 1 (Bub1), monopolar spindle protein 1 (MPS1), Mad1, Mad2, 

Bub3, Bub1-Related1 (BubR1). In higher eukaryotes, additional proteins are also 

involved in regulation the SAC activity, like p31comet, Cdk1-CyclinB1, polo-like kinase-1 

(plk1), Haspin, Nek2, CENP-E and dynein-associated proteins (summarized in 

(Musacchio and Salmon, 2007)).  

 

	  
	  

Figure 3 The process of spindle assembly checkpoint 

At prometaphase, the unattached kinetochore, here shown in red, promotes mitotic checkpoint complex 

(MCC) formation, leading to the inhibition of APC/C. Once all the kinetochores attach to the spindle and 

are aligned in the right way, the formation of MCC stops and APC/C becomes active. The APC/C 

ubiquitylates both Cyclin B1 and Securin and the degradation of Securin leads to activation of Separase, 

which cleaves the Scc1 at the cohesion ring. Sister chromatids will separate, and the inactivation of Cdk1 

will lead to mitotic exit. Adapted from (Lara-Gonzalez et al., 2012b). 
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1.4 	  The	  centromere	  and	  CENP-‐A	  

 

The simplest centromeres are found in fungi like Saccharomyces cerevisiae and are 

named point centromere (Pluta et al., 1995). They contain a ~150 base pair (bp) DNA 

sequence that is conserved among all chromosomes and that is also sufficient for 

kinetochore formation (Musacchio and Desai, 2017; Westermann et al., 2007). 

Kinetochores assembled on point centromeres, can only bind a single microtubule (Westermann 

et al., 2007).  

Regional centromeres assemble kinetochores, which can bind to multiple 

microtubules (Cleveland et al., 2003a). They encompass kilobases of DNA and include 

both unique and repeated DNA elements (Pluta et al., 1995). For example, human 

centromeres, which belong to regional centromeres, consist of a large number of tandem 

repeats (Aldrup-Macdonald and Sullivan, 2014). But these repeats are not strictly 

required for centromere specification (Marshall et al., 2008; Musacchio and Desai, 2017). 

This strongly supports the idea that an epigenetic mechanism is required in the 

establishment and maintenance of the centromeric region (Allshire and Karpen, 2008; 

Musacchio and Desai, 2017). 

In recent years, nucleosomes containing the histone H3 variant CENP-A have 

been defined as this crucial epigenetic factor (De Rop et al., 2012; Earnshaw, 2015; 

Stellfox et al., 2013), as the enrichment of CENP-A nucleosomes represents a marker of 

centromeres (Warburton et al., 1997). 

CENP-A, which forms a dimer in CENP-A nucleosome (see Figure 4B), is highly 

divergent from histone H3 from primary sequences (schematically depicted in Figure 4A). 

The N-terminal tails of CENP-A and H3 are very divergent from each other: In CENP-

A, the N terminus is enriched in arginine, whereas, the N-terminal of histone H3 is well 
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characterized with lysine. Therefore, the CENP-A tail cannot share the covalent 

epigenetic modifications of histone H3 (Panchenko et al., 2011). But The N-terminal of 

CENP-A has several post-translational modification (PTM) target sites, including the 

phosphorylation sites Ser7, Ser16, Ser18 (Panchenko et al., 2011; Zeitlin et al., 2001). All 

of this unique modification could be important for the centromere propagation and 

function (Cardinale et al., 2009; Nakano et al., 2008; Sullivan and Karpen, 2004). 

In humans, the CENP-A targeting domain (CATD) region in the loop1 and 

alapha-2 helix region contains unique residues for CENP-A deposition. Similar domains 

to the human CATD have been identified as required for centromeric localization of 

CENP-A in Drosophila (Vermaak et al., 2002).  It is not very clear how the CATD can 

determine centromeric localization of CENP-A. It is possible that the CATD influences 

stability, and/or specificity, of the interaction with DNA. This idea is supported by 

mutation experiments performed within loop I in CENP-A, which contacts with DNA 

extensively (Vermaak et al., 2002). Nearly all the mutation of conserved residues in Loop 

I lead to abolished targeting centromeres (Vermaak et al., 2002).  

CENP-A is not only an epigenetic mark, but also has an essential function in 

kinetochore assembly (Musacchio and Desai, 2017; Stellfox et al., 2013; Weir et al., 2016). 

The kinetochore protein, CENP-C, interact directly with CENP-A (Guse et al., 2011). 

CENP-C is recruited to centromeres via its binding to the C terminal of CENP-A (Guse 

et al., 2011; Kato et al., 2013). However, the C-terminal tail of CENP-A is poorly 

conserved and is more hydrophobic than that of H3 (Leu-Glu-Glu-Gly-Leu-Gly and 

Glu-Arg-Ala in human CENP-A to H3) (Kato et al., 2013). Whereas, the higher 

hydrophobicity (not the specific amino acid sequence) of the C-terminal of CENP-A 

could be the key factor helping CENP-C to recognize and bind to CENP-A (Kato et al., 

2013). 
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Figure 4 CENP-A nucleosome 

 (A) Primary sequence comparison of human CENP-A and H3.1. Most of the binding sites were labeled 

on the image. (B) Crystal structure of the CENP-A nucleosome (PDB ID: 3AN2). Two CENP-A 

molecules dimerize with each other in the nucleosome, which we shown in green and magenta. Adapted 

from (Stellfox et al., 2013). 
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1.5 	  Organization	   and	   function	   of	  

kinetochores	  

 

For microtubules binding to the centromeric region of chromosomes, protein 

molecular machines localize to the centromere to build the kinetochores, which are 

required to act as a bridge between microtubules and chromosome (see Figure 5A-B). 

Depending on the species, each kinetochore is able to attach to a different number 

of microtubules. Saccharomyces cerecisiae has the simplest system: one kinetochore binds to 

a single microtubule (Westermann et al., 2007). However, Drosophila and humans 

kinetochores bind to several microtubules (Musacchio and Desai, 2017; Sacristan and 

Kops, 2015). Even though the number of microtubules the kinetochore can bind differs 

between species, the overall structure and function of the kinetochore is conserved from 

yeast to Drosophila and humans (Cheeseman and Desai, 2008a; Kitagawa and Hieter, 2001; 

Musacchio and Desai, 2017; Santaguida and Musacchio, 2009). 
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Figure 5 Overview of kinetochore organization 

 (A) Overall organization of the centromere. A mitotic chromosome has been sectioned along the plane of 

the spindle axis. (Red) The inner kinetochore, a region of distinctive chromatin composition attached to 

the primary constriction. (Yellow) The outer kinetochore is comprised of a diverse group of microtubule 

motor proteins, regulatory kinases, microtubule binding proteins, and mitotic checkpoint proteins; (B) The 

kinetochore has a trilaminar structure:  1. The constitutive centromere associated network (CCAN) is 

responsible for chromosome binding. 2. KMN (Knl1 complex/Mis12 complex/Ndc80 complex) network 

is the microtubule binding machinery that makes up the outer kinetochore. 3. The translucent layer in the 

middle; (C) Kinetochore in Drosophila. Adapted from (Cleveland et al., 2003b).   

	  
The primary function of the kinetochore is to ensure correct attachment of 

microtubules from opposing poles to each sister chromatid. To this aim, kinetochores 

perform four essential tasks: (i) they contribute a strong interface with centromere; (ii) 

they provide microtubule attachment sites; (iii) they ensure a feedback control 

mechanism to supervise microtubule attachments, the spindle assembly checkpoint 

(SAC); and finally (iv), they contain machinery that distinguishes correct from incorrect 

attachments to microtubules. Kinetochores contain over 100 individual proteins 
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(Cheeseman and Desai, 2008a; Santaguida and Musacchio, 2009). With the help of 

fluorescence microscopy, the location of most kinetochore proteins along the 

kinetochore axis has been determined at nanometer resolution (Joglekar et al., 2009; 

Schittenhelm et al., 2007). It is only now that we have been able to start to answer the 

question of how do the kinetochore proteins organize and interact with each other. 

Electron microscopy has shown that the vertebrate kinetochore has a trilaminar structure 

(Brinkley and Stubblefield, 1966; Rieder, 1982). As shown in figure 5A, it consists of an 

electron dense inner and outer kinetochore layers separated by an electron lucent middle 

layer. Figure 5B shows, different proteins can be found in each of the layers depending 

on their function within the kinetochore. 

 

1.5.1 The	  Inner	  Kinetochore	  

	  
As showed in the last section, the inner layer of the kinetochore contains the 

constitutive centromere-associated network (CCAN). All the CCAN subunits begin with 

CENP, for centromeric protein, followed by an alphabetic letter. CENP-A, CENP-B, 

and CENP-C were the first identified CCAN subunits from human centromere with 

anti-centromere antibodies (Earnshaw, 2015; Earnshaw and Rothfield, 1985). In 

vertebrates, CCAN contains more than 16 proteins (Amano et al., 2009; Ando et al., 

2002; Earnshaw, 2015; Foltz et al., 2006; Hori et al., 2008; Izuta et al., 2006; Musacchio 

and Desai, 2017; Okada et al., 2006; Santaguida and Musacchio, 2009). 

The CCAN subunits can be separated in the following sub-complexes (see Figure 

4): the CENP-LN complex, CENP-HIKM complex, CENP-OPQRU complex, and the 

CENP-TWSX complex (Musacchio and Desai, 2017).  According to bioinformatics 
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analyses, CCAN orthologs are also found in other organisms, like yeast (Asbury et al., 

2011; Meraldi et al., 2006a).  

CENP-C was one of the first CCAN subunits to be identified through auto-

antibodies in serum of patients with immune dysfunctions (Earnshaw and Rothfield, 

1985). Later, by antibody microinjection, CENP-C was identified to be required for 

kinetochore assembly (Tomkiel et al., 1994). It has been shown that CENP-C is the only 

conserved subunit of CCAN in the eukaryotes (Heeger et al., 2005b; Holland et al., 2005; 

Oegema et al., 2001b). The depletion study of CENP-C had the same phenotype as 

CENP-A disruption, including chromosome alignment and kinetochore assembly defects 

(Fukagawa and Brown, 1997; Kwon et al., 2007). In humans CENP-C broadly affected 

the recruitment of other CCAN subunits (Milks et al., 2009; Tanaka et al., 2009), Mis12 

complex (Kwon et al., 2007; Liu et al., 2006; Milks et al., 2009), Ndc80 complex (Kwon 

et al., 2007; Liu et al., 2006), Mad1 (Liu et al., 2006), Mad2 (Kwon et al., 2007; Liu et al., 

2006; Milks et al., 2009), Bub1 (Liu et al., 2006), BubR1 (Kwon et al., 2007).   

CENP-C in humans has 943 amino acids (see Figure 6B). Most of the CENP-C 

sequence has been predicted as highly positively charged and unstructured (Screpanti et 

al., 2011a). CENP-C is the one of the two mechanisms that link inner and out 

kinetochore (Gascoigne and Cheeseman, 2011; Musacchio and Desai, 2017; Screpanti et 

al., 2011a). The N terminal region of CENP-C contains a Mis12C binding motif, and the 

first 20 amino acids can bind to Mis12C efficiently (See Figure 6B) (Screpanti et al., 

2011a). Close to the N terminus there is a PEST (proline, glutamic acid, serine and 

threonine) rich region, which is responsible for binding to the CENP-H/I/K/M and 

CENP-N/L complexes (Klare et al., 2015b; Nagpal et al., 2015a). In the middle and 

close to the C terminal part, there are two CENP-A binding domain, which are both 

responsible for interaction with CENP-A nucleosomes (Kato et al., 2013). The central 

binding domain can promote both CENP-A nucleosome binding and kinetochore 
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targeting (Carroll et al., 2010a; Kato et al., 2013; Tanaka et al., 2009). The Cupin domain 

at the C terminus is responsible for dimerization of the protein, which may be important 

for formation of the kinetochore (Cohen et al., 2008; Sugimoto et al., 1997a; Yang et al., 

1996). These essential roles of CENP-C are conserved in different organisms (Klare et al., 

2015b).  

 

 

 

 

 

Figure 6 Schematic comparison of CENP-C in Drosophi la  and humans 

 (A) The functional Domains in the Drosophila: R-rich, arginine-rich; DH, Drosophilid CENP-C homologs; 

AT1 and AT2, AT hooks; NLS, nuclear localization signal; CENP-A binding motif is the CENPC motif; 

Cupin, a conserved dimerization domain at the C-terminal region (Heeger et al., 2005b); (B) CENP-C in 

humans has an N-terminal Mis12 binding domain (Hornung et al., 2014a; Przewloka et al., 2011a; 

Screpanti et al., 2011b), a domain for binding to the CENP-HIKM and CENP-NL complexes (Klare et al., 

2015a; Nagpal et al., 2015b), and domains similar to these in Drosophila. 

 

 

1.5.2 	  The	  outer	  Kinetochore	  

	  
The outer kinetochore consists of Knl1 complex, Mis12 complex and Ndc80 

complex (KMN network) (see Figure 7). The major function of the outer kinetochore is 
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that it offers the main platform for end-on microtubule binding and transduces the force 

generated by depolymerizing microtubules to move chromosomes (Cheeseman and 

Desai, 2008a; Musacchio and Desai, 2017). It is also the module that recruits the spindle 

assembly checkpoint proteins (Cheeseman and Desai, 2008b; Lara-Gonzalez et al., 2012a; 

Musacchio and Desai, 2017). 

 

 

 

Figure 7 3D EM structure of Mis12-Ndc80Bonsai-Knl12106-2311 Complex 

The 3D reconstruction used particles from negatively stained samples. We know the crystal structure of 

Ndc80-CBonsai (PDB ID: 2VE7) and Knl1C (PDB ID: 4NFA). The high-resolution structures were fitted 

into the density. Adapted from (Petrovic et al., 2014a). 

 

The 4-subunit Ndc80 complex comprises the two sub-complexes Ndc80/Nuf2 

and Spc24/Spc25, it is rich in coiled coil and highly elongated (about 57 nm at the long 
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axis) (Cheeseman et al., 2006; Cheeseman et al., 2004; DeLuca et al., 2006). It adopts a 

dumbbell-like structure whereby the two sub-complexes occupy at both ends of the 

dumbbell, the middle of which is coiled-coil region (Ciferri et al., 2005; Wei et al., 2005). 

The N-terminal regions of the Ndc80 and Nuf2 subunits mediate microtubule binding, 

and the C-terminal regions of the Spc24 and Spc25 subunits are responsible for the 

kinetochore targeting (Ciferri et al., 2005; Wei et al., 2006; Wei et al., 2005).  

At the N terminal region of Ndc80 and Nuf2, which is responsible for microtubule 

binding, there is a pair of calponin-homology (CH) domain (Ciferri et al., 2008; Valverde 

et al., 2016; Wei et al., 2007). Cryo-electron microscopy studies for Ndc80 binding to 

microtubules indicate that there are direct interactions of the CH domain to the 

microtubule lattice with a spacing of 4 nm along each protofilament, which indicates that 

the CH domain interacts with both tubulin monomers (Alushin et al., 2012; Alushin et al., 

2010).  

Not only the CH domain, but also an N terminal tail of Ndc80, about 80 residues, 

has been showed to be involved in mediation of the binding with microtubules (Ciferri et 

al., 2008; DeLuca et al., 2006; DeLuca et al., 2011; Guimaraes et al., 2008). Up to nine 

sites in the human Ndc80 N-terminal tail can be phosphorylated by Aurora B kinase 

(Alushin et al., 2012; Alushin et al., 2010; Ciferri et al., 2008; DeLuca et al., 2006; Wei et 

al., 2007). This phosphorylation decrease the affinity between Ndc80 complex and 

microtubules (Cheeseman et al., 2006; DeLuca et al., 2006). 

The other end of Ndc80 complex contains the Spc24 and Spc25, which target 

Ndc80 complex to the kinetochores (see Figure 7) (Ciferri et al., 2008; DeLuca et al., 

2006; Petrovic et al., 2014a). The Spc24 and Spc25 subunits are structurally related and 

consist of N terminal coiled coil motifs followed by C terminal RING finger, WD repeat, 

DEAD-like helicases (RWD) domains (Ciferri et al., 2008; Malvezzi et al., 2013; Wei et 

al., 2006). These domains mediate kinetochore recruitment through interactions with at 
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least two distinct sequence motifs on the Nsl1 and Dsn1 subunits of Mis12 complex 

(Malvezzi et al., 2013; Petrovic et al., 2010b). 

The Knl1 complex includes Knl1 and Zwint. The human Knl1 is 2316 amino acids. 

Except for the C-terminal 500 residues, most of Knl1 is disordered. The N terminal 

region of Knl1 contains a set of protein docking motifs, like a PP1 phosphatase binding 

site, which is very close to  a microtubule binding site and has been implicated in 

checkpoint silencing (Espeut et al., 2012; Liu et al., 2010). In addition to sites for PP1 

docking, there are also several Met-Glu-Leu-Thr (MELT) repeats, which are responsible 

for the recruitment of checkpoint components, including Bub1, BubR1, and Bub3 after 

phosphorylation by Mps1 kinase (Kiyomitsu et al., 2007; Krenn et al., 2012; Primorac et 

al., 2013; Yamagishi et al., 2012).  

The C terminal end of Knl1 contains a predicted coiled-coil region, which is 

responsible for Zwint binding (The other knl1 complex subunit)(Kiyomitsu et al., 2011; 

Nekrasov et al., 2003; Pagliuca et al., 2009). The latter is also important in SAC activation 

mediated by RZZ recruitment (Rod, Zwilch and Zw10)(Kops et al., 2005; Starr et al., 

2000; Wang et al., 2004). The C-terminal region of Knl1 proteins, containing tandem 

RWD folds, mediates binding to the Mis12 complex (Petrovic et al., 2014a; Petrovic et al., 

2010b). Depletion of Knl1 in humans results in defects in the formation of kinetochore 

microtubule attachments and displaces Bub1 and BubR1 from kinetochores (Cheeseman 

et al., 2008; Kiyomitsu et al., 2007).  

Mis12 Complex, which includes Mis12, Nnf1, Nsl1 and Dsn1, acts as an 

interaction hub that promotes KMN network assembly (Petrovic et al., 2014a; Petrovic 

et al., 2010b). Previous research in yeast and humans indicate that the Mis12 complex can 

be separated into two dimers, consisting of Dsn1-Nsl1 and Mis12-Nnf1 sub-complexes 

(Hornung et al., 2011a; Maskell et al., 2010a; Petrovic et al., 2010b). Depletion of Mis12 

complex affects the recruitment of multiple proteins to kinetochore (Cheeseman et al., 
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2004; Kline et al., 2006; Obuse et al., 2005). Negative stain EM revealed an elongated, 

approximately cylindrical structure, with one end bigger than the other, and with a long 

axis of around 22 nm (Hornung et al., 2011a; Maskell et al., 2010a; Petrovic et al., 2014a; 

Petrovic et al., 2010b). At one end, it binds both Ndc80 (Spc24 and Spc25 subunits) and 

the Knl1 complexes. Both Knl1 and Ndc80 complexes, mediate the interactions with 

Mis12 through RWD domains (See Figure 7). So Mis12 complex acts as an interaction 

hub for the RWD-containing proteins, and previous results in our lab indicate that the 

Nsl1 subunits is involved in binding with both Ndc80 complex and Knl1 complex 

(Petrovic et al., 2014a; Petrovic et al., 2010b) 

As already discussed above, Mis12C also interact with the very conserved N0-

terminal region of the CCAN subunit CENP-C, which acts as a linker between the inner 

and outer kinetochores (See Figure 5B) (Przewloka et al., 2011b; Schittenhelm et al., 2007; 

Screpanti et al., 2011a). Furthermore, Aurora B mediates this interaction by 

phosphorylating Ser100 and Ser109 on Dsn1 in Mis12C. This phosphorylation of Dsn1 

promotes the binding between Mis12C and CENP-C (Kim and Yu, 2015; Rago et al., 

2015a; Welburn et al., 2010). In S.cerevisiae, this positive regulation by Aurora B is 

conserved (Akiyoshi et al., 2013). 

CENP-T provides the second linker between the inner kinetochore and outer 

KMN network with its unstructured N terminal region binding to the RWD domain in 

Spc24 and Spc25 subunits (See Figure 5B) (Altunkaya et al., 2016; Hori et al., 2013; 

Malvezzi et al., 2013). In addition, recent studies indicate that not only Ndc80C, but also 

Mis12C contribute to this second linkage, interacting directly with CENP-T (Huis In 't 

Veld et al., 2016; Rago et al., 2015b). 
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1.5.3 Specifics	  of	  Drosophila	  Kinetochore	  	  

	  
Kinetochores from humans and budding yeast were often used as model, and large 

body of data has accumulated over the years pertaining to the structural and functional 

organization of kinetochores derived from these two organisms. These two kinetochores 

are quite similar, and only have limited differences, such as the absence of CENP-M in 

yeast (reviewed in (Musacchio and Desai, 2017)). During the evolution, the kinetochore 

had apparently changed many of its subunits. For example, in Drosophila and C. elegans, 

most CCAN subunits are missing; In Bombyx mori, most of the CCAN and also Nsl1 

from Mis12C are missing (reviewed in (Drinnenberg et al., 2016)). However, the function 

of kinetochores in chromosome segregation is always conserved in different species. The 

analysis of special, structurally simplified kinetochore, will definitely help us to 

understand the key function of kinetochore.  

 

1.5.3.1 The	  inner	  specific	  kinetochore	  

	  
In certain organisms, including Drosophila and Caenorhabditis elegans, most of CCAN 

subunits have not been identified, suggesting that these kinetochores underwent 

significant structural simplifications in the course of evolution (Barth et al., 2014; 

Cheeseman and Desai, 2008a; Meraldi et al., 2006b; Przewloka et al., 2011a; Przewloka et 

al., 2007). The only residual CCAN subunit to be clearly recognizable in Drosophila is 

CENP-C (Heeger et al., 2005b; Moore and Roth, 2001; Oegema et al., 2001a; Saitoh et al., 

1992). As we described before, CENP-C has been shown to act as a linker between 

CENP-A (CID in Drosophila) in the centromeric chromatin and the Mis12C in the outer 
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kinetochore, a function that appears to be conserved in most or all eukaryotes (Klare et 

al., 2015b). 

Drosophila CENP-C contains 1411 amino acid, as we show in Figure 6A (Heeger et 

al., 2005a; Orr and Sunkel, 2011; Przewloka et al., 2011b). The Drosophilids CENP-C 

proteins show high similarity in some functional domains with human (see Figure 6A-B). 

The N terminal part of Drosophila CENP-C is sufficient to recruit core kinetochore 

component (Przewloka et al., 2011b). But the binding details were not clear when I 

started the project, and this would be a major point in this thesis. The most divergent 

sequence region is that in Drosophila, there is an arginine-rich region and another 

Drosophilids homology region (Heeger et al., 2005a). The equivalent position of 

Drosophilids homology region in humans is a second centromere localization domain 

(Song et al., 2002; Yang et al., 1996). The functions of these two regions of Drosophila 

CENP-C are not clear. There are also two extra AT hooks (AT1 and AT2), which 

mediate binding to the minor grove of DNA (Heeger et al., 2005a).  

Despite its divergence, CENP-C in Drosophila is an essential factor for CENP-ACID 

assembly at Drosophila centromeres and is required for centromere identity. MEI-S332 

(Drosophila homolog of Shugoshin) and chromosomal passenger proteins fail to localize 

in CENP-C depleted cells (Erhardt et al., 2008; Orr and Sunkel, 2011).  All of this 

indicates that in Drosophila, CENP-C plays an essential role in overall centromere and 

kinetochore organization, a role that might be shared with the CCAN protein complexes 

in other systems. 

 

1.5.3.2 The	  outer	  specific	  kinetochore	  

	  
Besides the loss of most CCAN subunits in the inner kinetochore, in Drosophila 

additional evolutionary changes affected the composition of the outer kinetochore, and 
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in particular of the Mis12C complex. These changes include the apparent loss of one 

homologue of the Mis12 complex, and the appearance of two paralogues of the Nnf1 

(Nnf1a and Nnf1b). Previous studies indicated that Drosophila Mis12 complex lost the 

Dsn1 subunit (Przewloka et al., 2007; Schittenhelm et al., 2007). However, there are no 

strong biochemical or cell biology evidences to support this conclusion. In general, the 

Mis12 complex in Drosophila also contains four subunits: Mis12, Nnf1a, Nnf1b, and 

Kmn1, but Nnf1a and Nnf1b are closely related paralogs, and it was unclear if they can 

be incorporated in the same or in different complexes (Przewloka et al., 2007; 

Schittenhelm et al., 2007). In human cells, depletion of Mis12 results in loss of some 

kinetochore proteins without affecting centromeric localization of CENP-A, 

whereasdepletion of CENP-A partially or completely affects centromeric localization of 

Mis12 (Liu et al., 2006). In Drosophila, Mis12 localization depends on CENP-ACID 

(Przewloka et al., 2007). The recruitments of Mis12 complex to centromeres in Drosophila 

is different than in humans. In cultured cells, Mis12 and Nnf1a subunits localize to 

centromeres in interphase and thus in advance of the mitotic localization of Kmn1 and 

Nnf1b (Venkei et al., 2011a). Even though different subunits of Mis12 complex in 

Drosophila localize at kinetochores at different time, the Mis12 complex still acts as a 

single functional unit during mitosis (Venkei et al., 2011a). Mutations of both mis12 and 

kmn1 genes showed similar developmental and mitotic defects in Drosophila (Venkei et al., 

2011a).  When I started this project, there was still no high-resolution structure of Mis12 

complex. How do the Mis12 complex subunits in Drosophila interact with each other? 

This is the question on which I became engaged during my doctoral work and on which 

my thesis focuses. 

Drosophila expresses homologs of the Ndc80 complex subunits (Przewloka et al., 

2007; Schittenhelm et al., 2007). In both yeast and vertebrate Ndc80 complexes, Spc24 is 

22-24 kDa (Cheeseman et al., 2006; Ciferri et al., 2005). The molecular weight of 
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Drosophila Spc24 is about 11 kDa, which might correspond to the C terminal globular 

part of Spc24 domain in vertebrates (Schittenhelm et al., 2007).  The globular domains of 

Spc24 and Spc25 in humans are essential for kinetochore targeting, as they interact 

directly with the Mis12 complex and also CENP-T (Hori et al., 2013; Huis In 't Veld et 

al., 2016; Nishino et al., 2013; Petrovic et al., 2014a). In Drosophila, both Mis12 and Knl1 

are required for Ndc80 localization at KT, unlike human where both Mis12 and CENP-

T are required (Schittenhelm et al., 2007; Venkei et al., 2012b). The C terminus of 

DmSpc105R (Spc105-related, homologous to human Knl1) lies at the junction of the 

DmMis12 and DmNdc80 complexes on stretched kinetochores (Venkei et al., 2012b),  

The Zwint subunit in the Knl1/Spc105R complex is also apparently absent in 

Drosophila (Przewloka et al., 2009; Przewloka et al., 2007; Schittenhelm et al., 2009b; 

Schittenhelm et al., 2007; Venkei et al., 2011b; Venkei et al., 2012a). Knl1/Spc105R in 

Drosophila contains 1959 amino acids and results of Y2H (yeast 2-hybrid) assays 

demonstrated that the N terminus of Knl1/Spc105R also binds to Bub1 (Schittenhelm et 

al., 2009a), similarly to Knl1/Spc105R in humans (Kiyomitsu et al., 2007). The middle 

part of Knl1/Spc105R contains the repeat region, which amounts to 44% of the full-

length Drosophila sequences. However, in vivo experiments with the equivalent region of 

human Knl1 had not shown any essential function of this part . The C-terminal region of 

Knl1/Spc105R interacts with Mis12 complex in vivo , similar with C terminal of 

Knl1/Spc105R in humans (Petrovic et al., 2014a; Schittenhelm et al., 2007).  
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1.6 	  The	  Objectives	  

Our work on the outer kinetochore of Drosophila was motivated by its considerable 

simplification in comparison with its counterparts in other organisms, like in humans and 

yeast. In this thesis, I have used biochemical reconstitution and biophysical 

characterization as an entry point to characterize the outer kinetochore of Drosophila and 

its interaction with the sole remaining CCAN component CENP-C. This work will shed 

light on the structure and function of the simplified outer kinetochore in Drosophila. It 

helps us to understand the functions of the core out kinetochore subunits, which should 

be conserved during the evolution. 

 

 

 

 

 

 

 

 

 

 



	   27	  

2 MATERIALS	  and	  METHODS	  

2.1 	  The	  cloning	  of	  the	  DNA	  constructs	  

All constructs were sub-cloned into bacterial expression vectors. The affinity tags 

were placed at the N or C terminal end to aid purification. All the genes were amplified 

by polymerase chain reaction (PCR) using Pfu polymerase. All the DNA restriction 

endonucleases were purchased from NEB and used as the manuals. All the clones 

produced in this study were amplified in DH5 α or Top10 chemically competent cells 

and stored in -80°C.  The Mini Qiagen kits were used to perform mini preparations of 

plasmids. All the procedures were followed the manufactory protocols. All DNA 

constructs were conformed by sequencing and the service was from Beckman. All the 

chemicals that we used were from Sigma Aldrich, Hamburg, Germany. 

The cDNA for DmSpc1051707-1960 was amplified by the polymerase chain reaction 

(PCR) from the pOT2 vector containing the full-length DmSpc105 sequence (isoform A; 

a generous gift of Christian Lehner’s Lab in University of Zurich) and subcloned into the 

fourth cassette of pST44 (see Figure 8) (Tan et al., 2005). DNA sequences optimized for 

expression in E.coli of DmMis12, DmNnf1a, DmNnf1b, DmKmn1 and full length 

DmCenp-C were obtained from GeneArt. DmCenp-C fragments were amplified by PCR 

and subcloned into the pETDuet-MBP8His vector, a modified version of the pETDuet 

vector (from Novagen) generated in house by Dr. Dongqing Pan. Sequences encoding 

variant versions of the DmMis12 complexes were generated in the pST44 system using 

standard restriction digest based cloning as per the manufacturers instructions. The 

QuikChange Mutagenesis kit (Agilent Technologies) was used to generate all genetic 

mutations in the plasmid DNA used in this study as the manufacturers instructions. 
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In order to express the protein complexes in vitro, most of the constructs 

(especially the complex) were sub-cloned to pST44 polycistronic system (Tan et al., 2005). 

The pST44 polycistronic system utilizes the concept of multiple individual translation 

cassettes. Each cassette contains a coding region defined by START and STOP codons. 

It also includes the translational initiation signals, such as the Shine-Dalgarno sequence 

and translational enhancers (see Figure 8). Combination of these features makes the 

vector sufficient for the E. coli translational machinery to start and sustain translation of 

the mRNA into the desired protein.  

In the pST44 system, transfer or donor plasmid DNA for each translation cassettes 

is separate and independent. The coding region of each gene is first sub-cloned into the 

transfer plasmid. There are 72 transfer plasmids to choose from in the pST44 system 

suite. Each transfer plasmids contain modular affinity tags that contain cleavable or non-

cleavable sites. Traditionally, four subunits can be co-expressed in the pST44 

polycistronic expression system. It is also possible to reconstitute complexes containing 

8,12, or even more proteins using the pST44 system (Tan et al., 2005). During the 

expression process, different individual subunits or sub-complexes may co-exist. We can 

use conventional chromatography methods to purify each subunit. Or it is also possible 

to use different affinity tag in different subunit, and then try to separate with affinity 

purification steps. In this thesis, I used both strategies.  
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Figure 8 Schematic of the polycistronic expression systems 

The pST50Trc1-4 plasmids were used to provide the translation cassettes. Unique restriction enzymes were 

used to subclone the translation cassettes into pST44. Translational enhancer (ɛ) and the Shine-Dalgarno 

sequence (SD) were included into every translation cassettes. Translation cassettes 1, 2, 3, 4, which include 

unique restriction sites and coding regions, are shown in blue, green, yellow, and red respectively. Adapt 

form (Selleck and Tan, 2008). 
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2.2 	  Protein	  expression	  and	  Purification	  

BL21 (DE3) Rosetta cells were used to express all recombinant proteins. Cells 

were grown in Terrific broth at 37°C to an OD600 of approximately 0.8. Protein 

expression was induced by addition of 0.1 mM IPTG at 20°C, and cells were incubated 

overnight. Cell pellets were re-suspended in binding buffer (20 mM Tris/HCl pH 8.0, 

300 mM NaCl, 5% (v/v) glycerol, 1 mM EDTA, 1 mM TCEP) lysed by sonication and 

cleared by centrifugation at 10000xg for 30 min.  

In order to carry out the all the biochemistry and biophysical experiments in this 

thesis, I needed to optimize all the purification procedures in order to obtain highly pure 

proteins in high concentrations. An efficient purification protocol contains the fewest 

number of steps and must minimize the sample handling to reduce the loss of protein. 

Most purification strategies contain four general steps. First, the target protein is isolated 

and stabilized. Second, the majority of impurities are removed. Third, a polishing step is 

applied if required for the removal of remaining impurities. Finally, the buffer is 

exchanged and the purified protein is concentrated. All of these steps exploit different 

properties of the target protein or protein complex, for example, protein size, surface 

charge, ligand specificity, hydrophobicity, or isoelectric point (PI).  The following 

paragraphs will give a brief summary of the basic chromatographic techniques used in 

this study. 

 

2.2.1 Affinity	  chromatography	  

	  
Specific binding interaction between molecules is the base of affinity 

chromatography. A specific ligand is coupled to a surface (solid support), and the 
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mixture is passed over the solid support. The molecules, which have specific binding 

affinity to the ligand, will bind to the solid support. The other impurities will be washed 

away. The bound targets can be stripped from the solid support by a competing ligand or 

protease cleavage. The result is a more pure protein or protein complex.  

Affinity purification involves three steps. First, raw samples are incubated with the 

affinity support for 2 hours. This will allow the target molecule in the sample to bind to 

the immobilized ligand. Secondly, the appropriate buffers, which can maintain the 

binding interaction and the protein activity, are used to wash away contaminants. Finally, 

the target protein is dissociated and recovered from the immobilized ligand.  

In our study, most of the proteins were tagged with 8 consecutive histidine 

residues at the N terminus or C terminus of the proteins. The HisTrap chelating columns 

contains cross-linked agarose beads to which iminodiacetic acid has been coupled via a 

seven-atom spacer. The resin requires a suitable metal ion to activate its binding affinity; 

in this study, Ni2+ was used. Histrap Chelating columns (GE Healthcare), charged with 

suitable metals ions, will retain the target protein tagged with the flexible His tag. Target 

proteins were released from the matrix by addition of high concentrated imidazole, 

which competes with the protein’s his tag to bind to the matrix. 

 

2.2.2 Ion	  exchange	  chromatography	  

	  
Because each protein has a different net surface charge, different proteins exhibit 

different degrees of interaction with charged chromatography media. Ion exchange 

chromatography exploits these differences. The charged amino acid groups on the 

protein, which contribute to the net surface charge, have different pKa values (acid 

ionization constant) depending on their structure and chemical microenvironment 
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including being highly pH dependent. The relationship between net surface charge and 

pH is unique for each specific protein. The interaction between charged proteins and 

oppositely charged ion exchange chromatography (IEX) media is based upon this 

principle. The overall charge status of the target protein can be adjusted by choosing the 

appropriate pH. When a protein is in a pH buffer equivalent to its isoelectric point (pI) it 

has no net charge and won’t interact with a charged medium. In a buffer with a pH 

above its pI, a protein will bind to a positively charged medium. While, if in a buffer with 

a pH below its pI, the proteins will bind to negatively charged medium. Other factors 

can also affect the binding of proteins to IEX media, including van der Waals forces and 

nonpolar interactions, but in general these only account for a small part of the binding 

interaction.   

Differential elution of species bound to the IEX column is achieved by altering the 

buffer. In general, the concentration of an ionic moiety competing for the binding is 

raised or the pH is changed. Strong or week matrices can be used in ion exchange. 

Strong ion exchange matrices are ionized across a wide range of pH levels. Weak 

matrices are charged within a narrower pH range. 

 

2.2.3 Size	  exclusion	  chromatography	  

	  
Size exclusion chromatography (SEC) separates proteins according to the 

difference in size as they pass through a SEC medium packed in a column. Unlike the 

other two purification methods, the proteins do not bind to the medium of SEC. The 

significant advantage of SEC is that the buffer conditions can be varied to suit any 

special requirements. Whether biomolecules are sensitive to pH changes, cofactors and 

harsh environmental condition or not, they can be purified by SEC. Purified proteins can 
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be pulled together in any chosen buffer condition. SEC media is a porous matrix of 

spherical particles that are chemically and physically stable. They also lack reactivity and 

adsorptive properties. Samples are eluted in isocratic flow, and there is no need to use 

different buffers during the separation. SEC can also be used to remove small molecules, 

desalting, or exchanging buffers. 

A SEC column has a total volume (VT) made up by three components:  the volume 

of the external solvent V0, the solid volume of the gel particles Vg and the internal 

volume of the porous particles Vi.  The solute, which is totally excluded by the resin, will 

elute after a volume equal to the V0. Conversely, a solute small enough to enter the 

porous beads will be slowed down and elute later. The sample volume ideally should be 

less than 2% of the VT , in order to prevent loss of resolving resolution during the 

purification. Since the efficiency won’t be affected by the sample concentration, small 

volumes of relatively high concentrated proteins are best.  
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2.3 	  Biophysical	  and	  structural	  methods	  

2.3.1 Analytical	  ultracentrifugation	  

	  
Analytical ultracentrifugation (AUC) has broad applications for the study of 

macromolecules in a wide range of solvents. There are three optical systems available for 

the analytical ultracentrifuge: absorbance, fluorescence, and interference. The analytical 

ultracentrifuge permits precise and selective observation of sedimentation in real time. 

Unlike many commonly used methods, samples are characterized in their native state 

with biological solution conditions in analytical ultracentrifugation. 

There are two types of analyses in the analytical ultracentrifugation: sedimentation 

velocity and sedimentation equilibrium. In sedimentation velocity, hydrodynamic theory 

is used to interpret the movement of solutes to define the size, shape and even 

interactions of macromolecules at high centrifugal fields (Howlett et al., 2006). 

Sedimentation equilibrium is a thermodynamic method. The equilibrium concentration 

gradients are analyzed to define molecule mass, assembly stoichiometry, association 

constants and solution non-ideality at low centrifugal fields (Howlett et al., 2006; Laue, 

1995).  

With the help of modern analysis software, we can use sedimentation velocity to 

determine the homogeneity of the sample. We can also define whether it undergoes 

concentration-dependent association reactions. According to more thorough model-

dependent analysis of velocity and equilibrium experiments, we can get a picture of the 

nature of all the species in solution and their interaction relationship. 

In this study, sedimentation velocity experiments were performed in an Optima 

XL-A analytical ultracentrifuge (Beckman Coulter, Palo Alto, US-CA) with Epon 

charcoal-filled double-sector quartz cells and an An-60 Ti rotor (Beckman Coulter, Palo 
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Alto, US-CA). Samples were dialyzed against buffer (20 mM Tris pH 8, 0.15 M NaCl and 

1 mM TCEP) that was used as a reference. Samples were centrifuged at 42,000 rpm at 

20 °C and 500 radial absorbance scans at 280 nm were collected with a time interval of 

1 min. The data were analyzed using the SEDFIT software (Schuck, 2000) in terms of 

continuous distribution function of sedimentation coefficients (c(S)). The protein partial 

specific volume was estimated from the amino acid sequence using the program 

SEDNTERP. Data was plotted using the program GUSSI. 

 

2.3.2 Negative	  stain	  electron	  microscopy	  

	  
For many types of microscopy, improvement of the phase contrast is always a 

major target for the common user. In electron microscopy (EM), heavy metal salts, 

which are derived from molybdenum, uranium, or tungsten, are usually used for staining. 

Heavy ions can readily interact with the electron beam and produce phase contrast. The 

general steps of negative staining electron microscopy are as follows:  

First, we prepared carbon-coated grids, and deposited a small drop of target 

protein complex (about 8 µl) on the carbon-coated grid. Secondly, the proteins were 

allowed to settle for about one minute, and were blotted dry on the grid. Finally, the grid 

was covered with a small drop of the stain (2% Uranyl Formate).  After 30 seconds, this 

drop was also blotted dry, and the sample is ready of EM. 

In negative stain microscopy, the electron beam primarily interacts with the stain, 

which had filled in around the protein samples. In a well-stained sample, the stain 

uniformly covers the sample and is excluded from the volume occupied by the sample. 

As the electron beam passed through the grid, it is deflected by its interactions with the 

sample and stain. The deflection through protein is less than through the stain rich 
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regions. The objective aperture, located below the sample, filters out highly deflected 

electrons. The size of the aperture is adjusted to determine the contrast and resolution of 

the final image from the screen. The stain absorbs electrons in much higher amounts, 

enhancing the contrast of the images. There is some drawbacks to negative stain EM: for 

example, the particle is distorted during the staining process, and the resolution is limited 

to approximately 20 Å under optimal conditions. 

In our experiments, the Mis12 complex was diluted to 15 nM for EM grid 

preparation. The protein sample was adsorbed onto glow-discharged carbon-coated grids 

prior to negative staining with Uranyl Formate (SPI supplies/Structure Probe). Samples 

were imaged with a JEOL1400 microscope equipped with a LaB6 cathode operating at 

120 kV. Images were recorded at low-dose conditions at a magnification of 67,200 on a 

4k × 4k charge-coupled device camera (TVIPS GmbH). 
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2.4 	  Bio-‐analytical	  methods	  

2.4.1 	  Sodium	  dodecyl	  sulfate	  polyacrylamide	  gel	  

electrophoresis	  

	  
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is used 

for separation of proteins majorly based on their molecular weight. Under the electrical 

field, the proteins are separated based on their differential rates of migration through a 

gel. The SDS, in the loading buffer, is used to destroy the tertiary structure and mask the 

intrinsic net charge of the protein. In combination with boiling, and addition of a 

reducing agent (e.g. DTT), the tertiary structures of proteins are disrupted in a very 

efficient way. The SDS binds uniformly to the linear proteins, and it coats the protein 

with a uniform negative charge. This means that the charge of the linear protein, coated 

with SDS, is now approximately proportional to its molecular weight. 

The gels also contain SDS, which helps to make sure that the protein remains 

linearized and charges are masked throughout the run. The gel matrix used for SDS-

PAGE is polyacrylamide from Sigma Aldrich. Gel matrices can be easily made up at 

different concentrations to produce different pore sizes. In our experiments, most of the 

gels are made in house, and contain 12% to 14% acrylamide. 

All the samples were mixed with 5x SDS-PAGE loading buffer and denatured for 

5 min at 96 °C. On each gel, a molecular weight marker (Precision Plus Protein Standard, 

Bio-Rad, Hercules, US-CA) was loaded in addition to the samples for comparison. The 

gels were placed into a Mini-PROTEAN Tetra Cell (from Bio-Rad) with running buffer 

and a voltage of 145 V was applied until the dye of the loading buffer exited the gel. 

Proteins were visualized by Coomassie staining and subsequent distaining with 10 % 

(v/v) acetic acid. 
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2.4.2 	  Protein	  concentration	  test	  	  

	  
Protein concentration was determined by both Bradford assay and UV absorbance. 

The Bradford assay is a colorimetric assay for measuring total protein concentration. It is 

based on the Bradford dye-binding method (Bradford, 1976).  In a standard procedure, 

the assay is used with protein samples, whose concentration is between 200 and 1,400  

µg/ml.  The method is based on the color change of Coomassie brilliant blue G-250 dye, 

which binds to primarily basic (especially arginine) and aromatic amino acid residues. The 

assay can be used for both proteins and polypeptides, with molecular weights more than 

3 kD. For this purpose, 1-10 µg of protein was mixed with 1 mL of Bradford solution 

(Thermo Fisher Scientific, US-MA). After incubation for 3 min the absorbance at a 

wavelength of 595 nm was measured spectrometrically by comparison to a reference 

sample. Protein concentration was determined by use of a standard curve, which was 

made with known concentrations of BSA. 

Determining the protein concentration in a solution is also possible by a simple 

spectrometer. The Tyrosine and Tryptophan are responsible for the absorption of 

radiation in the near UV (in our experiments, we used 280 nm). This method is quite 

simple, and the samples are even recoverable. However, the excitation of DNA in the 

280 nm may be 10 times higher than that of protein. This implies that if the sample 

contains even a small fraction of DNA, the absorption is greatly influenced. The 

determination of protein concentrations via UV absorbance at a wavelength of 280 nm is 

based on the Beer-Lambert law. The measurement of absorbance was carried out with a 

NanoDrop spectrophotometer ND-1000 (peQLab, Erlangen, DE). 

 



	   39	  

2.4.3 	  Western	  blotting	  

	  
Western blots were used to probe specific proteins in cell lysates. The first step in 

the Western blotting procedure is to separate the protein complexes using SDS-PAGE. 

Instead of staining the run gel with Coomassie, it was transferred onto a second matrix, a 

polyvinylidene difluoride (PVDF) membrane (Bio-Rad Laboratories, Munich, DE), via 

electrophoresis in 25 mM Tris, 200 mM glycine and 20 % (v/v) methanol by applying 80 

V for 90 min. Protein transfer was checked by staining with Ponceau S. The membrane 

was then blocked to prevent nonspecific binding of the antibodies to its surface. The 

membrane was blocked for 1 h at room temperature in PBS-T supplemented with 5 % 

(w/v) milk powder. The transferred membrane was incubated with the indicated primary 

antibodies, which had been diluted in PBS-T supplemented with 5 % (w/v) milk powder. 

This incubation was performed overnight at 4°C. After five washes, each for 5 min, with 

PBS-T, the membrane was incubated for 1 h at room temperature with HRP conjugated 

mouse anti-rabbit antibody (Amersham Biosciences, Piscataway, US-NJ) diluted in PBS-

T supplemented with 5 % (w/v) milk powder. The membrane was washed five more 

times (5 min each) with PBS-T. A highly sensitive chemiluminescence detection reagent 

(from GE Healthcare Life Science) was added according to the manufacturer 

instructions to the membrane and the chemiluminescence signal was detected with a 

developer machine on film. 

 

2.4.4 	  Analytical	  SEC	  migration	  shift	  assay	  

	  
Analytical size-exclusion chromatography is the most common way to detect the 

binding of proteins in solution. As stated before, size exclusion chromatography (SEC) 
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separates molecules according to their hydrodynamic radius. Any changes in the 

hydrodynamic radius can can be used as an indicator of binding between respective 

proteins in solution. 

Analytical size-exclusion chromatography experiments were performed on 

calibrated Superdex 200 5/150 column (GE Healthcare). The respective proteins were 

mixed at the concentrations of 10-20 µM in a final volume of 50 µl. Samples containing 

single proteins in size exclusion chromatography buffer (20 mM Tris, 150 mM NaCl, 1 

mM TCEP) served as controls. In order to detect complex formation, proteins were 

typically mixed at 1:1 (molar ratios) and incubated for 2 hours on ice before injection 

onto the size exclusion chromatography column. The columns were equilibrated in size 

exclusion chromatography buffer and all samples were eluted under isocratic conditions 

at 4°C in size-exclusion chromatography buffer at a flow rate of 0.2 ml/min. Elution of 

proteins was monitored at 280 nm. SDS-PAGE, followed by Coomassie staining, was 

used to detect proteins. Subsequently, the chromatograms and the corresponding SDS-

PAGE gels of the samples were compared for the single proteins and the protein 

mixtures. 

 

2.4.5 	  Limited	  proteolysis	  	  

	  
For limited proteolysis on MAK and MBK, the proteins were subjected to cleavage 

by four proteases with different cleavage sites: Trypsin (cleaves Arg and Lys), 

Chymotrypsin (cleaves large hydrophobic amino acids: Trp, Tyr, Phe. Also Leu and Met 

while long incubations), Papain (cleaves basic amino acids, Arg or Lys) and Subtilisin 

(cleaves large uncharged residues). Protease stocks at 1 mg/ml were diluted 1:10, 1:100 
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and 1:1000 in protease dilution buffer (20 mM HEPES pH 7.5, 50 mM NaCl, 10 mM 

MgSO4). Proteases were stored at -80°, whereas the dilutions stored at -20°C. 

6 µg of protein or protein complex was incubated with 3 µl of diluted protease, in 

10 µl final reaction volume for 30 minutes at 4°C. Protein without any protease was used 

as a negative control, while the tube with the highest protease concentration served as a 

migration control. 5 µl of 5×SDS loading buffer was added to the samples in order to 

stop the reaction. The samples were then boiled at 95°C for 5 minutes and visualized on 

a Coomassie stained SDS-PAGE gel. In order to obtain reproducible results, aliquots of 

the same protease in all of the aforementioned dilutions were flash frozen in liquid 

nitrogen and stored at -80°C. 

In order to combine limited proteolysis with electrospray ionization mass 

spectrometry, the small-scale reactions needed to scaled-up. We chose the most effective 

protease, with suitable dilution for scale-up. The SEC column was first equilibrated with 

buffer  (20 mM Tris, 150 mM NaCl, 1 mM TCEP). The protein complexes were 

incubated with the chosen protease for 30 minutes at a suitable dilution identified during 

small scale testing. When the incubation was completed, 100 mM AEBSF was added to 

stop the reaction, and then the samples were directly loaded onto the SEC column.  

Fractions from the SEC were run on a SDS-PAGE gel and then stained with coomassie 

to identify the best fractions for electrospray ionization mass spectrometry 

 

2.4.6 	  Electrospray	  ionization	  mass	  spectrometry	  

The Electrospray ionization (ESI) mass spectrometry (MS) was used to determine 

the molecular weight of molecules. The ESI source is used at atmospheric pressure. The 

protein solution was sprayed from a small tube into a strong electric field, which also 
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contained a flow of warm nitrogen to assist desolvation, increasing the charge on the 

evaporated droplets. The multiply charged ions enter the analyzer.  

The proteins can be ionized without denaturation. For the analysis of protein 

samples, very small amounts of samples (0.3-0.5 nmol) were used. Since this method is 

very sensitive to salts, the samples were desalted on a C4 column (HPLC instrument 

LC1100, Agilent Technologies, Santa Clara, US-CA) first, then eluted in a combination 

of 0.1 % TFA (tri-fluoroacetic acid) in H2O (buffer A) and 0.08 % TFA in acetonitrile 

(buffer B). A linear gradient from 80 % buffer A and 20 % buffer B to 20 % buffer A 

and 80 % buffer B was used in the elution. The purpose of adding TFA was to enhance 

protonation and increase sensitivity. For this only volatile buffers such as ammonium 

acetate can be used. The MS analysis was carried out on a Finnigan LCQ Advantage 

MAX mass spectrometer (Thermo Fisher Scientific, Waltham, US-MA) in positive ion 

mode. The software that we used to analysis the MS spectra was Xcalibur and MagTran. 

The accuracy of the weight determination of proteins via ESI MS amounted to 

approximately 7 Da. 

 

2.4.7 	  Cross-‐linking	  analysis	  coupled	  with	  mass	  spectrometry	  

	  
10 µM DmMis12a was mixed with BS2G-H6/D6 (Creative Molecules, 

www.creativemolecules.com) in a molecular weight ratio of 1:1 to a final volume of 50 

µL. After incubation at 37 °C for 30 min the reaction was quenched by adding 100 mM 

ammonium bicarbonate and incubating for 15 min at 37 °C. Cross-linked proteins were 

digested and the peptides were enriched and analyzed by liquid chromatography coupled 

to tandem mass spectrometry using a hybrid LTQ-Orbitrap Elite instrument (Thermo 

Fisher Scientific, Waltham, MA) (Herzog et al., 2012). Cross-links were identified by the 
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dedicated software xQuest (Walzthoeni et al., 2012). False discovery rates (FDRs) were 

estimated using xProphet (Walzthoeni et al., 2012) and results were filtered according to 

the following parameters: FDR = 0.05, min delta score = 0.90, MS1 tolerance window of 

-4 to 4 ppm, Id-score >22. Cross-links were visualized using the xVis web server 

(Grimm et al., 2015). 

 

2.4.8 	  SEC	  combined	  with	  static	  light	  scattering	  

	  
Static light scattering (SLS) can be summarized as a non-invasive method for 

detecting the molecular mass of a protein sample in solution. By exposure to low 

intensity laser light (690 nm), the experimental molecular mass of a protein can be 

determined to an accuracy of better than 5%. The scattered light intensity is measured as 

a function of angle. And this can be analyzed to produce the molar mass, root mean 

square radius. In structural studies, the results of SLS experiments are always used to 

determine the oligomeric state of the solution. 

However, this method produces the volume-averaged molecular weight of the 

sample in the laser beam. And the measurement is very sensitive to baseline errors. So 

researchers always combine the SEC with the SLS. The light scattering and the 

concentration are measured for each eluting fraction. For SEC alone, the non-globular 

proteins may elute at different positions from the predicted, which can be calculated by 

the calibration curve of the column.  If combined with SLS, the molecular mass of all the 

fractions can be obtained. The results of the SLS are volume averaged. So the purity of 

the sample is very important to obtain best results. When impure samples are used, there 

will be increased errors. For the data analysis, the major source of errors is the inaccurate 
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absorption coefficients. In this study SLS experiments and subsequent data analysis was 

carried out in collaboration with Dr. Sebastiano Pasqualato. 
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3 RESULTS	  and	  DISCUSSIONS	  

3.1 	  Reconstitution	   of	   two	   Mis12	   complexes	  

in	  D.	  melanogaster	  

	  
As described in the introduction, the human Mis12 complex contains four subunits, 

whereas in Drosophila one subunit is absent and gene duplication has produced two 

Nnf1 paralogs. It is important to understand the effect of this gene loss and duplication 

on the overall structure and function of the Mis12 complex, and to establish the 

consequences for KMN assembly during mitosis. 

In order to determine the organization of the Mis12 complex in D. melanogaster 

(DmMis12), we embarked on an in vitro reconstitution strategy. The DmMis12 complex 

is composed of four proteins: Mis12 (181 amino acids, 21 kDa), Nnf1a (194 amino acids, 

22.4 kDa), Nnf1b (see Figure 9A) (204 amino acids, 23.5 kDa), and Kmn1 (183 amino 

acids, 21.3 kDa) (Przewloka et al., 2007; Schittenhelm et al., 2007). 

To gain the information about the organization of the DmMis12 complex, we 

expressed all the subunits (see Figure 9A) and their combinations. We first subcloned 

cDNAs encoding each of the four subunits into pST50Tr-HISDHFR, which encodes a 

hexahistidine N-terminal tag at the N terminus of the cloning sites (Tan et al., 2005). 

Mis12, Nnf1a, Nnf1b, and Kmn1 were all insoluble when I expressed them in isolation 

in Escherichia coli. To promote the solubility of these proteins, I tried co-expressing of 

different combinations of subunits, two at a time, in the pST44 vector (Tan et al., 2005) 

(see Table 1). Mis12His with Nnf1a or Nnf1b proved to be soluble complexes, while 

binary combinations containing Kmn1 were insoluble (see Table 1 and Figure 9).  
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Figure 9 Different sub-complexes of DmMis12 complex 

 (A) Schematic presentation of the constitutive subunits of the Mis12 complex in humans and in Drosophila. 

Segments identified for their ability to interact with Knl1 or Ndc80 complex subunits are indicated in the 

text; (B) Size-exclusion chromatography of binary complexes of Mis12 and Nnf1a or Nnf1b and SDS-

PAGE analysis of showed fractions. 

 

These results suggest that Mis12 and Nnf1 interact extensively within the Drosophila 

Mis12 complex, as also observed with the Mtw1/Mis12 complex of Saccharomyces cerevisiae 

(Maskell et al., 2010b).  SEC elution profiles of Mis12His: Nnf1a and Mis12His: Nnf1b sub-

complexes are shown Figure 9B. SDS-PAGE analysis revealed that the Mi12His and 

Nnf1a ran close together on the gel, while Mis12His and Nnf1b were overlaid on the gel 

(see Figure 9B). This is to be expected because, as previously stated, the molecular 

weights of these proteins are very similar: Mis12, 21 kDa; Nnf1a, 22.4 kDa; Nnf1b, 23.5 

kDa. 

Combinations containing three (Mis12His: Nnf1a: Kmn1, Mis12His: Nnf1b: Kmn1) 

or four (Mis12His: Nnf1a: Nnf1b: Kmn1) subunits were also obtained after appropriate 
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sub-cloning into the pST44 system. Solubility of Kmn1 was only observed when it was 

co-expressed in combination with Mis12 and either Nnf1a or Nnf1b. All of these 

expression test results are summarized in Table 1. 

Since Kmn1 can only be solubilized with Nnf1a and/or Nnf1b, I hypothesized 

that the four subunits of the DmMis12 complex may have a similar organization with the 

human Mis12 complex, in which the four subunits form a tight complex (Petrovic et al., 

2010b).To test this hypothesis, we purified the Mis12His:Nnf1a:Nnf1b:Kmn1 complex 

(see Figure 10A). The profile was mono-disperse, and the purity from the SDS-PAGE 

was more than 95%. Moreover, the samples appeared homogeneous. In order to 

investigate the stoichiometry of the Mis12 complex, we then tested the sample with static 

light scattering (SLS) combined with SEC (see Figure 10B). 

The green profile in Figure 10B is the Right Angle Light scattering signal and it can 

be seen that the peak visible at UV was almost symmetrical. The regions of slices 4 and 5 

were reliable for data analysis. This part is homogeneous, with a molecular weight of 60 

to 62 kDa. As we showed before, the approximate mass of each individual subunit is 20 

KDa. These SLS results are therefore incompatible with the existence of a tetramer, and 

are a better fit with a three-protein complex, indicating that a stable three subunits 

complex may exist when Mis12His, Nnf1a, Nnf1b, and Kmn1 are co-expressed. 
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Figure 10 Purification and characterization of Mis12: Nnf1a: Nnf1b: Kmn1 complex 

(A) Size-exclusion chromatography of complexes obtained by co-expression of Mis12, Nnf1a, Nnf1b, and 

Kmn1, and SDS-PAGE analysis. 

(B) SEC combined with static light scattering analysis of complexes obtained by co-expression of Mis12, 

Nnf1a, Nnf1b, and Kmn1, and SDS-PAGE analysis. 
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Table 1 Summary of the expression tests of Mis12C in Drosophila 

“Soluble”	  or	  “Insoluble”	  indicates	  that	  the	  protein	  could/could	  not	  be	  identified	  in	  the	  bacterial	  cell	  lysate.	  
	  

 Monomers Dimers Trimers Tetramer 

   Construct     Mis12      Nnf1a    Nnf1b    Kmn1       Mis12: Kmn1 

     Kmn1: Nnf1a 

     Kmn1: Nnf1b 

   Mis12: Nnf1a 

   Mis12: Nnf1b 

   Mis12: Nnf1a: Kmn1 

   Mis12: Nnf1b: Kmn1 

    Mis12: Nnf1a: Nnf1b: Kmn1 

 

  Solubility    Insoluble     Insoluble     Insoluble     Insoluble      Insoluble    Soluble   Soluble    Soluble 
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Since the SLS data indicated a three subunits complex, it seems possible that 

Nnf1a and Nnf1b are incorporated in different complexes. To address this question, we 

co-expressed Mis12, Nnf1a, Nnf1b, and Kmn1, with each subunit fused to a different 

tag: Mis12 with a Flag tag, Kmn1 with an Hpc tag, Nnf1a with a Strep tag, and Nnf1b 

with a His tag. Cell lysates were pelleted and the cleared lysate was incubated with resins 

targeting the affinity tags of Nnf1a (Strep tag) and Nnf1b (His tag) in consecutive steps 

(see Figure 11). To remove the unspecific binding before eluting the protein complexes 

from the columns, both columns were washed extensively. After elution, the bound 

fraction from each step was analyzed using Western blotting (WB) (see Figure 11). We 

suspected that the elution from the StrepTrapTM column would release a complex 

containing Nnf1a, and that the elution from the His TrapTM column would release a 

complex containing Nnf1b. The WB revealed that Mis12 and Kmn1 exist in both Nnf1a 

and Nnf1b complexes, while in the Nnf1a complex no Nnf1b was present. Conversely, 

in the Nnf1b complex, no Nnf1a was present. Thus, Nnf1a and Nnf1b form distinct 

three-subunit complexes with Kmn1 and Mis12, which I define separately as the 

DmMis12a and DmMis12b complexes.   

We reconstituted the DmMis12a and the DmMis12b complexes and purified them 

after bacterial co-expression (see Methods section). In both complexes, only Mis12 was 

tagged with 6 histidines. The size-exclusion chromatography (SEC) purification step, 

which separates proteins based on their shape and molecular mass, demonstrated that 

both complexes are monodisperse and overlaying the profiles indicated that the two 

complexes have a similar shape and overall mass (see Figure 12A).  
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Figure 11 Two Mis12 complexes in Drosophila Melanogaster 

The strategy used to determine whether Nnf1a and Nnf1b are part of the same or different complexes is 

displayed here. In order to eliminate false positive results, the StrepTrapTM column and HisTrapTM column 

were washed extensively before elution. 

 

 

The SEC profile of the complexes generated by co-expression of four genes 

exhibited a strong overlap with the DmMis12a and DmMis12b complexes (see Figure 
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12A), which can be interpreted as the sum of the two peaks corresponding to two 

different Mis12 complexes, containing either Nnf1a or Nnf1b. 

As already discussed, previous work indicates that the Mis12 complex may be 

subdivided into two sub-complexes: one of Mis12-Nnf1 and one of Dsn1-Nsl1 in 

humans and yeast (Maskell et al., 2010a; Petrovic et al., 2010b). Using a reconstitution 

experiment, we determined that Mis12 and Nnf1a/Nnf1b also form a tight and 

constitutive dimer. Furthermore, two Mis12 complexes (DmMis12a and DmMis12b) 

exist, although no direct interaction between these two independent complexes takes 

place. In the next section I will describe detailed functional analysis of the two complexes 

that will bring to light how different subunits interact with each other. 
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Figure 12 Size-exclusion chromatography (SEC) experiment on the DmMis12a and DmMis12b 

complex 

Both complexes elute in a single peak and appear mono-disperse. The vertical dashed bar is a reference 

indicating the elution volume of the complexes generated by co-expression of four gene products.  
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3.2 	  Characterization	   of	   the	   two	   Mis12	  

complexes	  	  

Analytical ultracentrifugation (AUC) sedimentation velocity experiments were used 

to detect the molecular weight of the complexes (the results are summarized in Table 2). 

These experiments indicated that the stoichiometry of both the DmMis12a and 

DmMis12b complexes is 1:1:1, which agrees with the results of the SLS experiments in 

Figure 10. In general, for a globular protein, the frictional ratio is around 1.2 (Garbett et 

al., 2010). In our case, DmMis12a and DmMis12b complexes both have frictional ratios 

of approximately 1.7, suggesting that both complexes are elongated.  

In order to visualize the overall structure of the DmMis12 complexes, negative-

stain electron microscopy (EM) experiments were carried out on the DmMis12a complex 

(see Figure 14A). The results showed that the majority of single particles appeared 

elongated, that one end is thicker in comparison to the other, and that the overall length 

of the complex is ~20 nm. This overall structure of the DmMis12a complex is 

comparable to previous EM studies on human and budding yeast Mis12 complexes (see 

Figure 14B-C) (Hornung et al., 2011b; Maskell et al., 2010b; Petrovic et al., 2014b; 

Petrovic et al., 2010a). Consequently, the loss of one subunit does not dramatically alter 

the elongated appearance of the DmMis12 complex.  

SEC experiments lead to a high purity and monodispersity of the DmMis12 

complexes (see Figure 12A). However, under negative stain EM, we observed more 

structural heterogeneity (see Figure 14A), which prevented us from obtaining stable class 

averages. 
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Figure 13 AUC experiments of DmMis12a and DmMis12b complexes 

Sedimentation velocity absorbance profiles of the DmMis12a (A) and DmMis12b (B) complexes, with 

residuals of the fit showing the deviation of the c(S) model from the observed signals; the best-fit 

continuous-size c(S) distribution of the DmMis12a and DmMis12b complexes is shown in the bottom 

section of the panel. 
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Figure 14 Representative negative stain EM images of the Mis12 complex 

(A) The DmMis12a complex is very elongated under the EM. In comparison to the Mis12 complex in 

humans, it is more structurally heterogeneous; (B) the class averages represent the characteristic views of 

the Mis12 complex in humans; (C) the class averages showing the architecture and dimensions of the 

Mis12 complex in budding yeast; The scale bars are indicated in the figures. 

 

We set out to test which parts of the Mis12 complex are susceptible to structural 

heterogeneity in order to generate samples that may be amenable for further structural 

studies. SDS-PAGE data in Figure 12A showed that there were clear degradation bands 

in both the DmMis12a and DmMis12b complexes. These indicated the potential 

presence of flexible or unstable parts in both complexes. To obtain stable core 

complexes for further structural study, small scale limited proteolysis experiments were 

carried out for both complexes (see Figure 15). 
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Four proteases were utilized in this experiment:  Papain, Trypsin, Subtilisin and 

Chymotrypsin. For both the DmMis12a and the DmMis12b complex, we could see that 

Trypsin and Chymotrypsin generated similar stable bands (Red arrows in Figure 15). 

Mis12, Nnf1a/Nnf1b were relatively stable, whereas the Kmn1 appeared to disappear in 

both complexes. This suggests that the degradation bands stem from Kmn1 (see Figure 

15). 
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Figure 15 limited proteolysis of DmMis12a and DmMis12b complexes 

Methods are detailed in the method section. Compared with the control (the native complexes), in both 

DmMis12a (A) and DmMis12b (B) complexes, Trypsin and Chymotrypsin can eliminate Kmn1 and 

generate similar products, as indicated by the red arrows. The other subunits, Mi12, Nnf1a/Nnf1b proved 

to be relatively stable. 
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Figure 16 Scaled up limited proteolysis of DmMis12a and DmMis12b complexes	  

(A) SEC of the DmMi12a/DmMis12b with Chymotrypsin. The green dashed line shows the elution 

position of native DmMis12a and DmMis12b, which indicates there are still un-digested DmMis12C. The 

dash black box shows the fraction that we used for SDS-PAGE and Electrospray ionization mass 

spectrometry (ESI-MS). (B) The red arrow illustrates the stable fragments (similar to Figure 15). This 

indicates that in DmMis12b, Mis12 and/or Nnf1b had been partially digested. 
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Figure 17 ESI mass spectrometry of DmMis12a complex 

(A) The control sample, which contains the native Dm Mis12a complex. (B) Compared to the Native 

DmMis12a complex, the processed (by Chymotrypsin) sample exhibited a new peak: Kmn1 (16-187) 

(indicated by the green arrow).  
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Figure 18 ESI mass spectrometry of DmMis12b complex	  

(A) The control sample, which contains the native DmMis12b complex. (B) Compared to the Native 

DmMis12b complex, the processed (by Chymotrypsin) sample exhibited a new peak: Kmn1 (16-187) 

(indicated by the green arrow) and Nnf1b (4-198). 
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Table 2 Summary of sedimentation velocity experiments. All predicted molecular masses assumed 

each subunit was present in a single copy 

	  

Complexes	  

Frictional	  	  

Radio	  

Observed	  

molecular	  

mass	  (kDa)	  

Predicted	  

molecular	  

mass	  (kDa)	  

S	  (20,w)	  

Mis12:	  Nnf1a:	  Kmn1	   1.7	   64.5	   64.9	   3.4	  

Mis12:	  Nnf1b:	  Kmn1	   1.7	   67.1	   66.2	   3.4	  

Mis12:	  Nnf1a:	  Kmn1:	  Cenp-‐C1-‐105	   1.9	   76.4	   76.8	   3.4	  

Mis12:	  Nnf1b:	  Kmn1:	  Cenp-‐C1-‐105	   1.9	   75.6	   78.0	   3.4	  

Mis12:	  Nnf1a:	  Kmn1:	  Spc105R1707-‐1960	   1.7	   93.3	   95.2	   4.3	  

Mis12:	  Nnf1b:	  Kmn1:	  Spc105R1707-‐1960	   1.6	   95.7	   96.4	   4.8	  

Mis12:	  Nnf1b:	  Kmn1:	  Spc105R1707-‐1960:	  Cenp-‐C1-‐105	   1.8	   106.5	   109.3	   4.4	  

 

 

Table 3 Summary of deletion mutants of the loop regions in DmMis12a and DmMis12b complexes 

Complex Proteins Target Loops Deletions Complex stability 

 

 

 

 

Mis12-Nnf1a-Kmn1 

 

Mi12 

 

Loop1 

Mis12Δ85-95 Unstable 

Mis12Δ87-93 Unstable 

Mis12Δ89-92 Unstable 

 

Nnf1a 

 

Loop2A 

Nnf1aΔ101-109 Unstable 

Nnf1aΔ103-107 Unstable 

 

 

Kmn1 

 

Loop3 

Kmn1Δ29-41 Stable 

Kmn1Δ32-38 Stable 

 

Loop4 

Kmn1Δ58-70 Stable 

Kmn1Δ61-66 Stable 

 

 

 

 

 

Mis12-Nnf1b-Kmn1 

 

Mis12 

 

Loop1 

Mis12Δ85-95 Unstable 

Mis12Δ87-93 Unstable 

Mis12Δ89-92 Unstable 

 

Nnf1b 

 

Loop2B 

Nnf1bΔ107-113 Unstable 

Nnf1bΔ109-112 Unstable 

 

 

Kmn1 

 

Loop3 

Kmn1Δ29-41 Stable 

Kmn1Δ32-38 Stable 

 

Loop4 

Kmn1Δ58-70 Stable 

Kmn1Δ61-66 Stable 
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We attempted to scale up these experiments using only Chymotrypsin (1:100 dilution), 

and used SEC to separate the protease from the DmMis12a and DmMis12b complexes 

following incubation with the diluted protease (see Figure 16).  From the SEC profiles, 

we can see the digested complexes shift to the right (see Figure 16A). However, despite 

the large changes in the elution volume, Mis12 complex remains intact as seen from the 

presence of three bands on the SDS-PAGE.  (see Figure 16B). 

In order to identify the stable fragments after limited proteolysis, ESI mass 

spectrometry was used to test the samples from SEC (see Figure 17 and Figure 18). In 

both the DmMis12a and the DmMis12b complex, the ESI MS confirmed that 16 amino 

acids had been removed form the N terminus of Kmn1 (DmMis12Ckmn1ΔN16). In the 

DmMis12b complex, in addition to Kmn1, Nnf1b had also lost 4 amino acids from its N 

terminus. In both cases, similar peaks to the control were evident. For example, in Figure 

17, the peaks of the partially digested DmMis12a and Nnf1a were the same as those of 

the control sample, implying undigested complexes remained. From the ESI MS results, 

we concluded that part of the N terminal of Kmn1 is flexible, and can thus be digested 

by Chymotrypsin without affecting the overall stability of both the DmMis12a and 

DmMis12b complexes. 

Despite very extensive attempts, we were unable to obtain crystals of the full 

length DmMis12 complexes or of the DmMi12Ckmn1ΔN16 complex identified through 

limited proteolysis (data not shown).In order to acquire additional information about all 

potentially flexible parts of both complexes, we examined secondary structure 

predictions of all the four subunits, as shown in Figure 19. Our focus was on the regions 

of more than 10 amino acids predicted to be unstructured (indicated by black arrows in 

Figure 19): loop 1 in Mis12; loop 2A in Nnf1a; loop 2B in Nnf1b; loop 3 and 4 in Kmn1. 

Based on this analysis, we made a new series of deletion mutants, as summarized in 

Table 3.  The deletion of Loop1 in Mis12, Loop2A in Nnf1a and Loop2B in Nnf1b lad 
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to destruction of the complexes, implying that these segments are all essential for 

complex stability. Deletions as short as 3 or 4 amino acids resulted in the total 

destabilization of the complex, as argued based on the fact that these complexes cannot 

be expressed in, or purified from, E.coli (see Table 3). However, Loop 3 and 4 at the N 

terminal of Kmn1 appeared to be quite flexible as deleting them did not affect the 

stability of either the DmMis12a at the DmMis12b complex. These deletions provided 

confirmation that the N terminal of Kmn1 contains a flexible region or an independent 

domain. 

In order to perform crystallization, we optimized different constructs of the N 

terminal of Kmn1 and also of the DmMis12a complex with different parts of Kmn1. We 

purified the N terminal sections of a Kmn1 (1-68) fragment (which we named the Head 

region) and the DmMis12a complex without Head region (termed the Delta DmMis12a 

complex), as shown in Figure 20. This revealed that the Head region in the DmMis12a 

complex is relatively independent, and would not affect the overall stability of the 

DmMis12a complex. Unfortunately, neither the Head region nor the Delta DmMis12a 

complex yields crystals. However, we used Circular dichroism (CD) to test the secondary 

structure of this Head region (See Figure 20C). Secondary structure analysis software 

such as CDNN indicates that about 70% of these regions are unstructured 

(http://bioinformatik.biochemtech.uni-halle.de/cdnn). 
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Table 4 Summary of expression experiments with different deletion mutants of the subunits of the 

DmMis12a complex 

 

 

 

 

Table 5 Summary of expression experiments with different deletion mutants of the subunits of the 

DmMis12b complex 

 

 

 

	  

	  

	  

	  

	  

Complexes	   Deletions	   	  Complex	  	  

	  	  Stability	  

Subunit	  Stability	  

	  

Mis12:	  Nnf1a	  

Mis12Δ100-‐181	   Low	   Mis12Δ100-‐181	  soluble	  

Nnf1a	  insoluble	  

Nnf1aΔ181-‐194	   Normal	   -‐-‐-‐-‐	  

Nnf1aΔ124-‐194	   Low	   Nnf1aΔ124-‐194	  soluble	  

Mis12	  insoluble	  

Mis12:	  Nnf1a:	  Kmn1	   Kmn1Δ130-‐183	   Low	   Mis12:	  Nnf1a	  soluble	  

Kmn1Δ130-‐183	  insoluble	  

Complexes	   Deletions	   	  Complex	  	  

	  	  Stability	  

Subunit	  Stability	  

	  

Mis12:	  Nnf1b	  

Mis12Δ100-‐181	   Low	   Mis12Δ100-‐181	  soluble	  

Nnf1b	  insoluble	  

Nnf1bΔ129-‐208	   Low	   Nnf1bΔ129-‐208	  soluble	  

Mis12	  insoluble	  

Mis12:	  Nnf1b:	  Kmn1	   Kmn1Δ130-‐183	   Low	   Mis12:	  Nnf1b	  soluble	  

Kmn1Δ130-‐183	  insoluble	  
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Figure 19 Second structural predictions of DmMis12a and DmMis12b complexes 

The red H indicates the predicted helical folding. Between the red Hs, there are small dashes indicating the predicted unstructured regions (we call them loop regions). The green C 

represents the predicted coiled coil region. We can see that there are coiled coil at the C terminal of Mis12, Nnf1a and Nnf1b. Jpred 4 were used for the second structural prediction 

(Drozdetskiy et al., 2015).  
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Figure 20 Purification of N terminal Kmn1 and Delta DmMis12a complex 

Size-exclusion chromatography (SEC) experiments on Kmn11-68 (A) and Delta DmMis12a complex (B) 

show the fragment and the protein complex elute in a single peak and appear monodisperse; (C) Circular 

dichroism (CD) spectra results of Kmn11-68. 

	  



	   68	  

Extensive deletion experiments for crystallization are summarized in Table 4. 

These revealed that residues 130 to 183 in the C-terminal region were required for a 

stable interaction of Kmn1 with the rest of the DmMis12a complex, as their deletion 

(Kmn1 Δ130-183) generated an unstable mutant that failed to be incorporated in a 

complex with Nnf1a and Mis12. Large C-terminal deletions of Mis12 and Nnf1a also 

strongly reduced the stability of the binary Mis12:Nnf1a complex. Since the second 

structural prediction suggests that the C terminal of both Mis12 and Nnf1a have long 

coiled coil regions, we assume that the coiled coil plays an important role in stabilizing 

the binary Mis12: Nnf1a or ternary Mis12: Nnf1a: Kmn1 complexes. Results were similar 

for the DmMis12b complex (see Table 5). 
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Figure 21 Cross-linking mass spectrometry (XL-MS) analysis of the DmMis12a and DmMis12b 

complexes 

(A) Cross-linking of the indicated samples with BS2G (bis[sulfo-succinimidyl]glutarate) leads to the 

accumulation of high molecular weight species that were subsequently subjected to mass spectrometry 

analysis. (B) XL-MS analysis results of DmMis12a complex. (C) XL-MS analysis results of DmMis12b 

complex. Blue and red lines indicate inter- and intra-molecular cross-links, respectively. 

 

 

Chemical cross-linking with the bi-functional reagent BS2G (bis[sulfo-

succinimidyl]glutarate)(see Figure 21A), combined with protease digestion and mass 
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spectrometry (XL-MS) (Herzog et al., 2012), was used to gain additional insights into the 

organization of the DmMis12a and DmMis12b complexes. The results suggest a very 

extensive interaction between the Mis12 and Nnf1a or Nnf1b subunits, which extends 

along the full length of their sequences (see Figure 21B and Figure 21C). Combined with 

the elongated appearance showed in Figure 14, it seems reasonable to suppose that the 

overall structure of all the subunits may not be globular, but elongated in the complexes. 

In summary, using Western Blotting, our biochemical reconstitution data first 

demonstrated that Nnf1a and Nnf1b were in different complexes in vitro (see Figure 11). 

We identified two distinct Drosophila Mis12 complexes, containing either the Nnf1a or 

the Nnf1b subunit, which we called DmMis12a and DmMis12b. SLS and AUC studies 

indicated the stoichiometry of both complexes was 1:1:1, and this result further implied 

that the three-subunit Mis12C could still function like the four-subunit counterparts in 

humans and yeast. The negative stain electron microscopy study indicated that the 

DmMis12 complexes are elongated rod like proteins with one end thicker than the other 

(see Figure 14A).  This feature is similar to the Mis12 complex in humans (see Figure 

14B-C) (Petrovic et al., 2010b) and yeast (Hornung et al., 2011a; Maskell et al., 2010a). 

Even the length of the DmMis12C rod is similar: In Drosophila, the length is 

approximately 20 nm (see Figure 14A) as the counterpart in humans (Petrovic et al., 2016; 

Petrovic et al., 2010b). This implies that even though the Mis12 complex in Drosophila has 

lost one subunit and the existing subunits contains sequences that markedly diverge from 

those in humans and yeast, the overall structure is generally conserved during evolution. 
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3.3 	  DmMis12-‐C	  interacts	  directly	  with	  CENP-‐

C	  	  

CENP-C, the only conserved subunit of the CCAN complex in both Drosophila 

and humans, interacts directly with the CENP-A nucleosome in the centromere 

chromatin with the C terminus (as summarized in the Introduction). Figure 6 compares 

the overall organization of CENP-C in Drosophila melanogaster with its human homolog. 

Remarkable differences are evident. For example, DmCENP-C contains ~500 residues 

more than Hs CENP-C (Heeger et al., 2005b). The Arginine-rich (R-rich) domain and 

the Drosophilids CENP-C homology (DH) domain are unique domains (Heeger et al., 

2005b), whose functions are still unknown. At the equivalent position of HsCENP-C, 

there is a region that has recently been reported to be responsible for binding to CCAN 

subunits, such as CENP-HIKLMN, a CCAN complex containing CENP-LN and 

CENP-HIKM sub-complexes (see Figure 6) (Klare et al., 2015a; Nagpal et al., 2015b). 

The difference in this region of CENP-C may be linked to the specific evolutionary path 

of Drosophila, which led to the loss of most CCAN subunits. DmCENP-C also contains 

two predicted AT-hooks domains (AT1 and AT2), which cannot be detected in the 

HsCENP-C and may mediate interactions with DNA (Heeger et al., 2005b). At the C-

terminal region of DmCENP-C, there is a CENP-C motif for CENP-A binding and also 

a conserved dimerization domain (Heeger et al., 2005b; Sugimoto et al., 1997b). 
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Figure 22 The DmMis12 complex binds the N-terminal region (without the first 8 amino acids) of 

CENP-C 

 (A) Alignments of N-terminal regions of CENP-C. Initial alignments of CENP-C in Drosophilids, 

vertebrates, and yeasts were created with PSI BLAST (http://blast.ncbi.nlm.nih.gov). A subset of 

sequences was then imported into the program MUSCLE (Edgar, 2004) for a refined alignment and 

visualized in Jalview (Waterhouse et al., 2009); Analytical size exclusion chromatography shows that the 

DmMis12a complex (B) and DmMis12b complex (C) binds directly to MBP-CENP-C9-180.  
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Previous studies have demonstrated that Mis12-C binds directly to CENP-C 

(Hornung et al., 2014a; Przewloka et al., 2011a; Screpanti et al., 2011b). In humans, about 

20 residues at the N-terminus of CENP-C are sufficient to bind with Mis12C (Screpanti 

et al., 2011b). In S. cerevisiae this is similar (Hornung et al., 2014a). Primary sequence 

alignment of the N-terminal region of CENP-C in different species did not exhibit 

strictly conserved features, but an overall pattern, such as a stretch of positive charges 

followed by hydrophobic amino acids, may somehow be conserved (see Figure 22A).  

 

 

 

Figure 23 Important fragments for CENP-C binding to DmMis12 complexes 

Size-exclusion chromatography analyses of deletion mutants of the N terminal CENP-C indicate that the 

first 35 amino acids are essential for the binding. 
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Figure 24 Minimal stable fragments of CENP-C bind to DmMis12 complexes 

(A) and (C) suggest that different fragments of the N-terminal CENP-C can bind to the DmMis12a 

complex; In our experiments, the minimal stable fragment was CENP-C9-71; Similar results were also 

obtained in the DmMis12b complex, which are shown in (B) and (D). 
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As we summarized at the beginning of this chapter, the DmCENP-C was shown 

to bind to DmMis12C in vivo (Przewloka et al., 2011b). However, the requirements for 

this binding interaction have not yet been mapped in detail. In order to test the binding, 

we expressed and purified a fusion protein of maltose binding protein (MBP) with a 

CENP-C fragment from 9 to 180 (CENP-C9-180), and then incubated it with DmMis12C 

following the SEC experiment (see Figure 22B). Clear shifts of the elution profile to the 

left indicated that there is binding between these two samples. Identical results were 

observed for the DmMis12b complex (see Figure 22C). Sequence alignment indicated 

that residues 1-8 of DmCENP-C are not conserved in other drosophilids, but 

conservation increases significantly after this fragment. This implied that these 8 amino 

acids may not be involved in binding with CENP-C (see Figure 22A). However, larger 

N-terminal deletions (like DmCENP-C36-180) inhibit the interaction with both the Mis12a 

and Mis12b complexes (see Figures 23A-B), indicating that residues 9-35 contain 

essential CENP-C binding elements. 

The same strategy was used to test the effects of C-terminal deletions from the 

DmCENP-C N-terminal section. DmCENP-C1-105 is stable alone and interaction tests 

with the DmMis12a and DmMis12b complexes showed clear binding (see Figure 24A-B). 

An even shorter deletion mutant, DmCENP-C9-71 also binds to DmMis12C (see Figure 

24C-D).  

The sample of the DmMis12a: DmCENP-C1-105 complex in SEC experiments was 

monodisperse (see Figure 24). Sedimentation velocity experiments (Figure 25A) showed 

that the molecular mass of this complex is 76.4 (see Table 2), suggesting that the 

stoichiometry of DmMis12a:CENP-C is 1:1. Identical results were obtained with the 

Mis12b:CENP-C complex (see Figure 25B and Table 2). Further XL-MS experiments 

confirmed that CENP-C1-105 interacts with the Mis12 subunits or even Nnf1 and Kmn1 

(see Figure 25C-D). Collectively, our biochemistry experiments demonstrate that despite 
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the fact that the sequence identity is poor at the N terminal end of CENP-C in different 

species, the DmMis12C complex binds directly to the N-terminal of CENP-C. This is 

consistent with results obtained for humans and yeast (Hornung et al., 2014a; Screpanti 

et al., 2011b). 

 

This section has focused on the interaction between DmMis12C and CENP-C. As in 

humans, the N terminal of CENP-C is involved in binding with the Mis12 complex in 

Drosophila and the stoichiometry of this binding is one to one. In our biochemistry study, 

the residues 9-35 of CENP-C contain essential interaction determinants. Furthermore, 

we also identified a binding motif on DmMi12C. This would be the major topic for the 

next section. 
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Figure 25 Biophysical analysis of the DmMis12-CENP-C1-105 complex 

Sedimentation velocity absorbance profiles of the DmMis12a (A) and DmMis12b (B) complexes with 

CENP-C1-105, with residuals of fit showing the deviation of the c(S) model from the observed signals; the 

best-fit continuous-size c(S) distribution of the DmMis12a and DmMis12b complexes with CENP-C1-105 is 

shown in the bottom section of the panel; Cross-linking-mass spectrometry (XL-MS) analysis of the 

DmMis12a (C) and DmMis12b (D) complex. Blue and red lines indicate inter- and intra-molecular cross-

links, respectively. 
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3.4 	  	  A	   CENP-‐C	   binding	   site	   on	   the	   Mis12	  

subunit	  of	  the	  Mis12	  complex	  	  

The sequence of the N-terminal region of CENP-C appears to be divergent in 

different species (see Figure 22A). However, both my previous data and others studies 

indicate that the function of this region as a Mis12 complex binding interface is 

conserved (Hornung et al., 2014b; Przewloka et al., 2007; Screpanti et al., 2011a). 

Previous biochemical experiments indicated that alanine substitutions of K10 and Y13 

near the N-terminus of CENP-C reduce the interaction between CENP-C and the Mis12 

complex in humans (Screpanti et al., 2011a). However, these amino acids are not 

conserved in Drosophila (see Figure 22A). Moreover, although Nnf1 has been shown to 

be important for DmMis12C binding to CENP-C in vivo (Przewloka et al., 2011b), no 

additional details of the motif in the DmMis12C essential for interaction with CENP-C 

were known at the start of this project. 

A second structural prediction of Mis12 in DmMis12C suggests that there is a 

small helix at the very N-terminus (see Figure 19). This helix contains a stretch of 

hydrophobic amino acids, such as Alanine, Leucine, Phenylalanine and Tyrosine. In our 

attempts to crystallize the Drosophila Mis12 complex, we generated a version of the 

DmMis12a complex in which the first 15 residues of the Mis12 subunits had been 

deleted, referred to as the Mis12ΔN15 complex (see Figure 26). In contrast to the native 

DmMis12 complex (see Figure 12), the size exclusion chromatography experiment 

indicated that the Mis12ΔN15 complex contained two well-separated peaks (Peak 1 and 

Peak 2) (see Figure 26). The vertical black dashed bar is a reference indicating the elution 

volume of the native DmMis12 complex under the same conditions. Since Peak 2, 

indicated by the green arrow, is so close to the elution volume of the native DmMis12 
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complex, I concluded this peak should be a heterotrimer, similar to the native DmMis12 

complex. 

 

 

 

Figure 26 Additional size-exclusion chromatography analyses of mutant Mis12 complexes 

Size-exclusion chromatography profile of a mutant of the DmMis12a complex in which 15 residues at the 

N-terminus of the Mis12 subunit were deleted (indicated as Mis12ΔN15). Note the complete lack of 

interaction with CENP-C1-105. 

 

However, Peak 1, indicated by the red arrow, eluted considerably earlier than Peak 

2 (see Figure 26), while the SDS-PAGE gel did not reveal any difference in the gradients 

of these two peaks (see Figure 26). It is thus conceivable that Peak 1 is the result of the 

oligomerization of the heterotrimer in Peak 2.  
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I attempted to test the binding for the Mis12ΔN15 complex with the N-terminal of 

CENP-C, CENP-C 1-105. Unexpectedly, unlike the native DmMis12 complex depicted in 

Figure 24A, the deletion mutant failed to bind CENP-C 1-105 (see Figure 26).  This implies 

that the first 15 amino acids in Mis12 are important for binding with the N-terminal of 

CENP-C, but the precise details of this effect remain unclear when I was doing the 

project. 

Sequence alignment indicated that the first 15 residues of the Mis12 subunit are 

evolutionarily conserved (see Figure 27A). We hypothesized that this conservation may 

link with the binding of CENP-C and tested the role of three conserved phenylalanine (F) 

residues in this segment, F12, F13, and F15.  

According to the SEC elution profile (see Figure 27B), a DmMis12a complex 

containing mutations F12D, F13D, and F15D in the Mis12 (indicated as Mis12F12D, F13D, 

F15D) subunit was stable and monodisperse. As with the previous mutant lacking the first 

15 residues of Mis12, this mutation lost the ability to interact with CENP-C1-105 in a SEC 

experiment, indicating that the mutations prevent the interaction of Mis12 with CENP-C 

(see Figure 27B). Corroborating previous experiments, identical results were obtained 

with a DmMis12b complex with mutations of F12D, F13D, and F15D (see Figure 27C). 

Thus, our results demonstrate that the N-terminal region of the Mis12 subunit is crucial 

for the interaction of the DmMis12C with CENP-C.  

This section demonstrates that the N-terminal region of the Mis12 subunit in the 

Mis12 complex is also very important for binding CENP-C. Furthermore, it reveals that 

three very conserved phenylalanine residues (F12, F13, F15) in this region of Mis12 are a 

necessary determinant in Mis12 for binding with CENP-C in vitro. 
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Figure 27 A CENP-C binding region in the Mis12 subunit 

(A) Sequence alignment of the N-terminal region of the Mis12 subunit of the Mis12 complex. The position 

of three phenylalanine (F) residues that were mutated to Asp are indicated by asterisks; (B) Analytical size 

exclusion chromatography shows that the CENP-C1-105 is unable to interact with the mutant DmMis12a 

complex; (C) Similar results were obtained in the DmMis12b complex. 
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3.5 	  Reconstitution	   of	   other	   KMN	   network	  

subunits	  	  

In the previous sections, we showed that despite the fact that one subunit is absent, 

the DmMis12 complexes bind to the N terminal of CENP-C, meaning that Mis12 

complexes in Drosophila use a similar method to humans and yeast to link to the inner 

kinetochore. However, we also wished to determine how the Mis12 complex in 

Drosophila interacts with the other subunits of the KMN network: the Knl1 complex 

and the Ndc80 complex. We first investigated Knl1/Spc105R in Drosophila. 

The Knl1/Spc105R complex in Drosophila differs from that of other eukaryotes in 

that one of the two subunits of the complex, Zwint, is missing in Drosophila (see Figure 

28A). Moreover, DmSpc105R (Knl1 homology in Drosophila) is shorter in Drosophila 

than in humans (see Figure 28A).  

It has previously been shown that the high-resolution crystal structure of the C-

terminal region of human Knl1/Spc105R contains two consecutive RWD (RING finger, 

WD repeat, DEAD-like helicases) domains, preceded by a coiled-coil region (Petrovic et 

al., 2014a). The RWD domain mediates binding to the C terminal region of the Nsl1 in 

humans, and the coiled-coil region mediates the interaction with Zwint, which also 

contains coiled-coil parts (Kiyomitsu et al., 2010; Petrovic et al., 2014b; Petrovic et al., 

2010a) (see Figure 28A). 

DmSpc105R appears to diverge from this structure. First, unlike the ~200-residue 

coiled-coil domain identified in the C terminal of human Knl1, the program COILS 

(Lupas et al., 1991) failed to identify an equivalently extended coiled-coil region within 

the C-terminal region of DmSpc05R. Second, it remains unclear whether the C-terminal 

region of DmSpc105R contains the RWD domains identified in its human counterpart 
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Knl1. BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) searches with the last ~200 

residues of the C-terminal region of DmSpc105R failed to detect homologous proteins 

beyond drosophilids. However, other software based on the profile-profile alignment 

and fold recognition algorithm, such as FFAS (Xu et al., 2014), readily identified the C-

terminal region of human Knl1, which contains two RWD domains, as a possible 

structural homologue for the C-terminal region of Drosophila Knl1/Spc105R.  

 

 

 

Figure 28 Interaction of the Mis12 complex with the C-terminal region of DmSpc105 

(A) Schematic comparison of the domain structure of Spc105 in Drosophila and of its human homologue 

Knl1/CASC5. The C-terminal region of Knl1/Spc105R contains a coiled-coil domain that has been 

implicated in a direct interaction with Zwint, a coiled-coil protein that has not been identified in Drosophila. 

It also contains two consecutive RWD domains implicated in a direct interaction with the Mis12 subunit 
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Nsl1 (Petrovic et al., 2014b); (B) size-exclusion chromatography analysis of the indicated complexes 

demonstrates that Spc105R1707-1960 and CENP-C1-105 enter a single complex with the Mis12a complex; (C) 

The Mis12b: Spc105R1707-1960 complex binds CENP-C1-105. 

 

Sequence alignment of the last 230 amino acids indicated that the sequence 

conservation was poor for Drosophila in comparison to the other species (see Figure 29A). 

Conservation was limited to hydrophobic residues (shown in blue in Figure 29A), 

probably reflecting conservation of secondary structure. We tried to compare the 

predicted secondary structure of this section in Drosophila to the structures in humans, for 

which a crystal structure is already available (Petrovic et al., 2014a). The secondary 

structure predictions of the C-terminal region of DmSpc105R reveal similarities between 

Drosophila and the human homologue, as shown in Figure 29B. This analysis suggests that 

the C-terminal region of DmSpc105R also contains two RWD domains. 

Despite this progress, there is still much to be determined regarding the structural 

organization of the C-terminal region of DmSpc105R. Previous studies have 

demonstrated that a ~600-residue construct containing the C-terminal region of 

DmSpc105R can interact with Mis12 complex in a yeast two-hybrid (Y2H) experiment 

(Schittenhelm et al., 2009b). This implies that the C-terminal regions of the human and 

fly sequences should be functionally related.  

To clarify the interaction of DmSpc105R with the Mis12 complex, we first 

expressed and purified different kinds of DmSpc105R fragments. Constructs with or 

without the predicted coiled coil region (the segment 1852-1889) proved to be insoluble 

(See Table 6). Co-expression strategies of Mis12a or Mis12b complexes with different 

segments containing the C-terminal region of Knl1/Spc105R were also included in the 

expression tests (See Table 6).  In these tests, only Knl1/Spc105R1707-1960 could be co-

expressed in a soluble form with the Mis12a and Mis12b complexes. SEC studies 

indicated that, in both cases, an apparently monodisperse and stoichiometric complex 
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was formed (see Figure 28B-C). According to AUC sedimentation velocity experiments, 

the predicted stoichiometry of DmMis12C: Knl1/Spc105R is 1:1 (Table 2 and Figure 

30A-B).  

Our biochemical experiments were not able to identify the binding details for the 

C-terminal of Drosophila Knl1/Spc105R to the Mis12 complex. Taking the structural 

conservation of both Drosophila Knl1/Spc105R and Mis12 complexes from the human 

counterparts into account, we hypothesize that the C terminal region of Knl1/Spc105R 

binds to the thinner end of the Mis12 complexes in Drosophila. However, some 

differences between the C-terminal region of Knl1/Spc105R in Drosophila and its human 

homolog are evident. In humans, this double RWD domain was quite stable and it could 

be purified and crystallized (Petrovic et al., 2014a). However, in Drosophila extensive 

screens of the constructs of the C-terminal region of Knl1/Spc105R have not identified 

any stable fragment that can be expressed and purified in isolation. This domain was only 

stable when co-expressed with the DmMis12 complex, which may imply that the binding 

details of the C-terminal region of Knl1/Spc105R in Drosophila to the Mis12 complex 

differ in from those of the human proteins. 

Thus, we tried to reconstitute two sub-complexes of KMN network, Mis12 complex and 

Knl1. We also tried to extend our reconstitution to Ndc80 complex. In both humans and 

yeast, the thinner end of the Mis12 complex also connects to the RWD domains in the 

Ndc80 complex (Dimitrova et al., 2016; Malvezzi et al., 2013; Petrovic et al., 2016; 

Petrovic et al., 2010b). The C-terminal regions of the Nsl1 and Dns1 subunits have been 

shown to be important for the recruitment of the Ndc80 complex in yeast and humans 

(Malvezzi et al., 2013; Petrovic et al., 2010b). Since one of these subunits is missing in the 

Mis12 complexes of Drosophila, it is not clear whether binding to Ndc80 in Drosophila is 

through a conserved mechanism. In C. elegans, which also lost most of the CCAN 

subunits, the Knl1/Spc105R and the Mis12 complex form a joint binding platform for 
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the Ndc80 complex (Cheeseman et al., 2006). In Drosophila, the C-terminus of 

Knl1/Spc105R remains on kinetochores localized at the junction of the DmMis12 and 

DmNdc80 complexes (Venkei et al., 2012b). This may suggest that Knl1/Spc105R is 

important for stabilization of the Ndc80 complex in both Drosophila and C. elegans. We 

tried to express and purify DmNdc80 complex, but to date our efforts have been 

unsuccessful. The next step will be co-express and purify the entire KMN network in 

Drosophila and to endeavour to clarify the binding details at this thinner end of the Mis12 

complexes. 

SEC experiments indicate that both the Mis12a:Knl1/Spc105R1707-1960 and the 

Mis12b:Knl1/Spc105R1707-1960 complexes can also incorporate CENP-C1-105 in single 

monodisperse complexes (see Figure 28B-C). Further AUC sedimentation velocity 

analysis of the Mis12a:Knl1/Spc105R1707-1960:CENP-C 1-105 complex revealed a stable 1:1:1 

assembly (see Table 2 and Figure 30C). 

 

Table 6 Solubility test of the C terminal of Knl1/Spc105R 

Expression ways Constructs Solubility 

 

 

Single expression 

Knl1/Spc105R1707-1882 No 

Knl1/Spc105R1707-1960 No 

Knl1/Spc105R1875-1960 No 

Knl1/Spc105R1887-1960 No 

Knl1/Spc105R1890-1960 No 

 

 

Co-expression 

MAK/MBK-Knl1/Spc105R1707-1882 No 

MAK/MBK- Knl1/Spc105R1707-1960 Yes 

MAK/MBK- Knl1/Spc105R1875-1960 No 

MAK/MBK- Knl1/Spc105R1887-1960 No 

MAK/MBK- Knl1/Spc105R1890-1960 No 
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Figure 29 Sequence alignment and secondary structure comparison 

(A) Multiple sequence alignment of the C-terminal regions of Knl1/Spc105R from the indicated species. The alignment was calculated with the program Muscle 

(http://www.ebi.ac.uk/Tools/msa/muscle/); (B) Second structural comparison of the C-terminal Knl1/Spc105R from humans with predictions for Drosophila.  
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Figure 30 Analytical ultracentrifugation analyses of the complexes of DmMis12a and DmMis12b 

with Spc105R 

Sedimentation velocity absorbance profiles of the DmMis12a and DmMis12b complexes with 

Spc105R1707-1960, with residuals of the fit showing the deviation of the c(S) model from the observed 

signals; the best-fit continuous-size c(S) distribution of the DmMis12a:Knl1/Spc105R1707-1960 (A) 

DmMis12b:Knl1/Spc105R1707-1960   (B) , and DmMis12a:Knl1/Spc105R1707-1960:CENP-C1-105 (C) 

Complexes are shown on the right-hand side of the panel. 
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3.6 	  The	   structure	   of	   Mis12C	   and	   details	   of	  

the	  binding	  with	  CENP-‐C	  in	  humans	  

In our attempts to crystallize the Drosophila Mis12 complex, we generated 

DmMis12a and DmMis12b complexes and different kinds of deletion mutations. 

However, to date crystallization tests have been unsuccessful. Together with Dr. Arsen 

Petrovic and Dr. Jenny Keller, we obtained a high-resolution structure of the human 

Mis12 complex (Mis12C) associated with the N-terminal region of CENP-C (CENP-C 

1-71) (see Figure 31A) (Petrovic et al., 2016). At the same time, Prof. Dr. Stephen C. 

Harrison’s group also obtained the crystal structure of the MIND complex (Mis12C 

homology in yeast) in complex with the N-terminal region of Mif2 (CENP-C homolog) 

in yeast (see Figure 31B) (Dimitrova et al., 2016). 
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3.6.1 The	  structure	  of	  Mis12C	  and	  the	  N	  terminal	  of	  CENP-‐C	  

	  

	  

	  
 

Figure 31 Structure of Mis12 complex in human and yeast 

(A) Cartoon diagrams of the Mis12Cnano:CENP-C1-71 complex. All the alpha helices have been labeled with 

α followed by a number. Figure adapted from (Petrovic et al., 2016); (B) Cartoon representation of the 

crystal structure of Kluyveromyces lactis MIND complex. Figure adapted from (Dimitrova et al., 2016) . 

 

Our results provide structural organization details for all four subunits of Mis12C 

in humans. Consistent with negative stain EM structure (see Figure 14B), the crystal 

structure of Mis12C in humans shows that it is an elongated rod and the long axis of the 

complex is approximately 200 Å (Petrovic et al., 2016).  

As shown in Figure 31A, the four subunits of the Mis12 complex cross the whole 

length of the complex and are co-linear, going from N terminus to C terminus. The 

complex is composed of two distinct sub-complexes, Mis12:Pmf1 and Nsl1:Dsn1. The 
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N terminus of the Mis12C consists of two globular heads. Head 1 contains the N-termini 

of Mis12 and Pmf1, whereas the N-terminal regions of Dsn1 and Nsl1 constitute Head2. 

It is interesting that the N-terminal regions of all four subunits of Mis12C contain a 

helical hairpin structure. In both Head 1 and Head 2, two helical hairpins from different 

subunits pack together and form four-helix bundles structures. Head 1 is less flexible and 

more firmly attached to the coiled coil stalk that we designated as “connector”, which 

come from Dsn1:Ns1l sub-complex. However, Head 2 seems to be detached and more 

flexible than Head1. The long Mis12:Pmf1 coiled coil that forms the binding site for the 

“connector” is  the core of the structure.  At the very C terminal of Mis12C, all subunits 

meet to form 4-stranded helical bundle. 

Although specific sequence similarity between humans and yeast is limited, the 

overall structure of Mis12C in yeast is highly similar to the Mis12 complex in humans 

(see Figure 31B) (Dimitrova et al., 2016). 

Mis12C binds to the N-terminal segment of CENP-C, and this binding is highly 

conserved in different species (Liu et al., 2016; Richter et al., 2016; Screpanti et al., 

2011a). The high-resolution structure of our human Mis12C also reveals the binding 

details with the N-terminal of CENP-C.  

In general, the helical hairpins in Head 1, together with the helical connector in 

Mis12C offer the platform for binding the N-terminal segment of CENP-C(see Figure 

31A). CENP-C forms an asymmetric “U”, which is unstructured in most regions, and 

rides on this platform. Residues 6 to 22 bind to the helical hairpin formed by the α1 and 

α2 alpha helices of Mis12 in Head 1. Residues 28 to 30 form the bottom of the 

asymmetric “U”, followed by a small helix (residues 32 to 44). Unfortunately, the remains 

of the CENP-C fragment is not visible in our structure. This is in all likelihood due to 

the fact that it is not involved in interaction and therefore flexible. Previous research has 

indicated that residues Lys10 and Tyr13 in the N-terminal of CENP-C are necessary for 
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tight binding of CENP-C to Mis12C, and this was explained by the structure we 

obtained (Petrovic et al., 2016; Screpanti et al., 2011a). Our research also indicates that 

the first small alpha helix (α0), especially residues Tyr8, Phe12, and Phe13, in Mis12 are 

important for the binding of Mis12C to CENP-C. However, our high-resolution 

structure doesn’t show direct binding between α0 and CENP-C, which suggests that this 

alpha helix may be involved in stabilizing the interaction of Mis12C with CENP-C 

indirectly, by reinforcing a particular conformation of the complex (Petrovic et al., 2016).  

 

 

3.6.2 The	  mechanism	  of	  Aurora	  B	  mediates	  CENP-‐C	  binding	  to	  

Mis12C	  	  

 

 Previous studies indicated that the Mis12 complex appears in the nucleus at 

interphase, but can only bind to CENP-C at centromeres during mitosis (Rago et al., 

2015b). Two residues in the Dsn1 subunit of the Mis12 complex, Ser100 and Ser109, are 

substrates of the mitotic kinase Aurora B and the phosphorylation of Dsn1 increases the 

binding affinity between Mis12 complex and CENP-C (Kim and Yu, 2015). Ser100 and 

Ser109 localize in an unstructured region located N-terminally to Head 2 of Dsn1 and 

that was not included in our crystallized construct. The deletion mutant indicates that the 

flexible region and Head 2 are not essential for the binding with CENP-C.  Interestingly, 

deletion of the region preceding Head2 causes Mis12C to bind more tightly to CENP-C 

(60-fold more). This effect can be recapitulated with shorter deletions of 10 residues 

encompassing Ser100 and Ser109.This implies that the fragment containing Ser100 and 

Ser109 in Dsn1 interferes with the binding to CENP-C, and that phosphorylation of 
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these two amino acids by Aurora B releases this inhibition, and promotes Mis12C 

binding to CENP-C (see Figure 32B).  

This hypothesis is also confirmed by the sequence alignment, which indicates that 

two motifs encompassing Ser100 and Ser109 in Dsn1 are similar to a fragment at the N-

terminal of CENP-C (see Figure 32A). In addition to the effects observed with the 

deletion mutants, point mutations in positively charged residues in these Dsn1 motifs 

(Figure 32) also increased the binding affinity between Mis12C and the N-terminal of 

CENP-C (Petrovic et al., 2016). In biochemical experiments, we did not measure binding 

between segments of Dsn1 encompassing the Ser100, Ser109 and Head 2 and the rest of 

the Mis12C, suggesting that the ability of this region of Dsn1 to interfere with CENP-C 

binding relies on the high effective concentration of the Dsn1 fragments (Petrovic et al., 

2016). As in humans, research from Prof. Dr. Stephen C. Harrison’s group also indicates 

that phosphorylation of Head 2 by Aurora B releases Head 1 to bind to the N-terminal 

of Mif2 (CENP-C homology in yeast) (Dimitrova et al., 2016). 
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Figure 32 Aurora B regulates Mis12C binding to CENP-C 

(A) Two similar motifs in Dsn1 at the Aurora B phosphorylation sites (Ser100 and Ser109) aligned with 

very N-terminal of CENP-C; (B) Diagram shows the mechanism of Aurora B’s regulation function in 

Mis12C binding to CENP-C. From (Petrovic et al., 2016). 
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3.7 	  Structural	   and	   functional	   analysis	   of	  

DmMis12C	  and	  its	  binding	  with	  CENP-‐C	  	  

In this section, I will analyze the way in which the high-resolution structures of 

Mis12C in humans and yeast contribute to our understanding of the structure and 

function of Mis12C in Drosophila. 

 

3.7.1 	  Mis12	  and	  Nnf1	  form	  the	  backbone	  of	  DmMis12C	  

 

My biochemistry and negative stain EM results indicate that although one subunit 

is missing, the overall structure of DmMis12C remains similar to its homologs in humans 

and yeast (See Figure 14).  Here, I further investigate the details of these structures.  

As already reported, previous studies suggested that Mis12 complexes could be 

separated into two sub-complexes, Mis12:Pmf1 and Dsn1:Nsl1 (Maskell et al., 2010a; 

Petrovic et al., 2014a; Petrovic et al., 2010b). The structure of Mis12C in humans and 

yeast are also consistent with this hypothesis, and the interactions between Mis12 and 

Nnf1 extend from the N-terminus to the C-terminus (Dimitrova et al., 2016; Petrovic et 

al., 2016). Our biochemical results confirmed that this interaction takes place in 

Drosophila for Mis12 and either Nnf1a or Nnf1b (see Figure 9B). This binding appears to 

be well conserved and creates the binding platform for Kmn1 (Table 1 and Figure 12). 

Crosslinking combined with MS analysis revealed a very extensive network of 

interactions between the Mis12 and Nnf1a or Nnf1b subunits, extending along the 

length of their sequences in DmNnf1a and DmNnf1b complexes (See Figure 21B-C). 

This strongly implies that Mis12, Nnf1a and Nnf1b are not globular, but rather elongated 

in the complex. In agreement with this hypothesis, most of our deletion mutants on 
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Mis12 and Nnf1a/Nnf1b were unsuccessful (See Figure 19). The elongated Mis12-Nnf1a 

or Nnf1b interact with each other and impose the overall shape of the Mis12 complex in 

Drosophila, as seen in Figure 14. A loss of either Mis12 or Nnf1 destroyed the complex 

completely (see Table 1), strongly suggesting that Mis12 and Nnf1 form the backbone of 

the Mis12 complex in a manner similar to that in humans and in yeast (see Figure 31A-B). 

Inside the backbone, the human structure indicates that two long alpha helixes 

from Mis12 and Pmf1 (two α3 see Figure 31A) stabilize and connect the N terminus to 

the C terminus. A similar structure appears to be conserved in both the DmMis12a and 

the DmMis12b complex, where the deletion mutants at both of these predicted coiled 

coil regions destroyed the complexes (see Table 4 and Table 5).   

My results indicate that the backbone formed by Mis12 and Nnf1a or Nnf1b offers 

a platform for Kmn1 to bind (see Table 4 and Table 5). Secondary structural predictions, 

using different software, consistently indicated that the C-terminal half of Kmn1 

contains long alpha helices. Since the overall structure of the DmMis12 complex is an 

elongated rod as in humans and yeast, it seems reasonable to assume that the C-terminal 

region of Kmn1 binds to the C-terminal regions of the Mis12:Nnf1a/Nnf1b sub-

complex to form a three-helix bundle.  

 

 

3.7.2 	  The	  interaction	  between	  DmMis12C	  and	  CENP-‐C	  

 

In my biochemical study, I discovered that both the DmMis12a and the 

DmMis12b complex can interact with the N-terminal of CENP-C, as has been shown in 

humans and yeast (Hornung et al., 2014b; Screpanti et al., 2011a). In a high-resolution 

structural study of Mis12C in humans and yeast, both Prof. Dr. Stephen C. Harrison’s 
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group and our own group found that Head 2 regions are not required for CENP-C 

binding (Dimitrova et al., 2016; Petrovic et al., 2016). The biochemical studies from the 

next section indicated that in Drosophila, a similar head region is also not essential for 

CENP-C binding. CENP-C in Drosophila, humans and yeast are highly divergent in both 

length and sequence. However, this binding seems to be fairly conserved in most 

organisms.  

In my deletion tests of the DmMis12C, I discovered the predicted small alpha helix 

at the N-terminal of Mis12 is important for DmMis12C binding to CENP-C (see Figure 

26). Furthermore, I discovered that three-conserved Phenylalanine (F12, F13, F15 in 

Drosophila) is crucially important for this interaction. Our high-resolution structure of 

Mis12C in humans indicates that at the N-terminus of the Mis12 subunit, there is a small 

alpha helix α0 (see Figure 31A), and the mutations of the conserved amino acids 

(Tyr8Mis12, Phe12Mis12, and Phe13Mis12) disrupts Mis12C binding to the N-terminal of 

CENP-C in humans. These mutations also inhibit Mis12C binding to CENP-C and 

CENP-T in vivo (Petrovic et al., 2016).  I can thus conclude that the CENP-C binding 

motif for Mis12C is conserved in  Drosophila and humans. 

In general, the interface between the Mis12 complex and CENP-C is probably 

highly conserved in all eukaryotes.  

 

3.7.3 Nsl1	  could	  be	  the	  lost	  subunit	  in	  DmMis12C	  

 

My previous experiments indicated that there are two Mis12C in Drosophila, and 

unlike in humans and yeast, there are only three subunits in DmMis12C (see Figure 11 

and Figure 12). However, although one subunit is missing, the overall structure of 

DmMis12C bears some similarity to its human and yeast homologs (see Figure 14).  My 
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biochemical results indicate that the Mis12 binding ability of both CENP-C and Knl1 is 

well conserved in Drosophila and I hypothesize that the structure and function of Mis12C 

will also be well conserved in all eukaryotes. Consequently, it is of interest to determine 

which subunit is missing in Drosophila in order to understand the role of different 

subunits in Mis12C during mitosis. 

Based on the sequence alignment, previous research has proposed that Dsn1 is the 

missing subunit in the Drosophila kinetochore (see Figure 32A) (Przewloka et al., 2007; 

Schittenhelm et al., 2007). However, for both Nsl1 and Dsn1, sequence alignment 

comparison indicates that sequence similarities are quite low in humans, C. elegans, and 

yeast (Schittenhelm et al., 2007), and to date no in vitro or in vivo studies support this 

proposition. In this section, I endeavor to gain some primary insights into the missing 

subunit in DmMis12C. 

 

3.7.3.1 Head2	  is	  structurally	  conserved	  in	  DmMis12C	  

 

Both human and yeast Mis12C contain a flexible Head 2 region (see Figure 31A-B). 

From the secondary structure prediction (see Figure 19) and the biochemical results (see 

Table 3 and Figure 20), the N-terminal region of Kmn1 (Kmn11-68, which I named as 

Head region in Drosophila) is a flexible section, whose deletion does not affect the stability 

of DmMis12 complex (see Figure 20). CD experiments indicated that approximately 65% 

of this head region is unstructured (see Figure 20C). I suppose that the Head region in 

Kmn1 is the counterpart of Head 2 in both humans and yeast. As in these two species, 

the Head region in Kmn1 is likely to be located at the thicker end of the rod particles and 

may contribute to the overall thickness of this section of the Mis12C.  In the following 

sections, I will use “Head 2” as a synonym for the “head region” in Kmn1. 
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3.7.3.2 Functional	  analysis	  of	  Head2	  in	  DmMis12C	  

 

The Head 2 in both humans and yeast contains the N-terminal regions of Nsl1 and 

Dsn1. Ser100 and Ser109 in the latter are substrates of Aurora B, which mediates the 

Mis12C localization to the centromere (see Figure 32B) (Dimitrova et al., 2016; Kim and 

Yu, 2015; Petrovic et al., 2016). I therefore resolved to determine whether the Head 2 in 

DmMis12C has a similar function to its human and yeast homologs. 

In humans, it has been shown that Head2 is not required for CENP-C binding 

(Petrovic et al., 2016). To investigate whether this is also the case for Drosophila, I 

performed similar experiments on DmMis12C (see Figure 33). The profile of headless 

DmMis12C shifted to the left when it was incubated with CENP-C (see Figure 33A), 

similarly to the native DmMis12C (see Figure 24A). As in humans, Head 2 alone does 

not bind directly to CENP-C (see Figure 33B). I conclude that, as in humans, Head 2 in 

DmMis12C is not essential for binding with CENP-C. My further SEC experiments also 

showed there was no tight binding between the Head 2 and the other parts of the 

DmMis12C (see Figure 35B).  

Our studies in humans and other studies in yeast indicate that Dsn1 is the substrate 

of Aurora B and that the function of Head 2 is in regulating the binding of Mis12C and 

CENP-C (Dimitrova et al., 2016; Petrovic et al., 2016). The former section indicated that 

Head 2 may be structurally conserved in Drosophila. Thus, it will be interesting to test 

whether the regulatory function of Head2 is conserved in Drosophila or not. I am 

currently performing tests to determine whether Head 2 in Drosophila is also a substrate 

of Aurora B. Sequence alignment of Drosophila Head 2 with the Dsn1 fragments 

containing the Aurora B substrates from different species indicates sequence similarities, 

especially the sequence around Ser100 and Ser109 in humans (see Figure 34 around the 

red arrows). In vitro phosphorylation experiments demonstrated that Kmn1 is a substrate 
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of Aurora B (see Figure 35A-B). MS experiments identified phosphorylation on 

Drosophila Head2 residues Ser17, Ser27 and Ser37 (the green stars in Figure 34). These 

results show that the Head 2 in Drosophila Mis12C is the substrate of Aurora B. We 

therefore speculate that Aurora B regulates the binding affinity of Mis12C to CENP-C in 

Drosophila, like in humans and yeast. For this, we are currently testing apparent binding 

affinities of the Mis12C for CENP-C before and after phosphorylation of Mis12C by 

Aurora B. This section has presented some primary functional tests of the N-terminal of 

Kmn1 (Head 2). Sequence alignment and biochemical tests indicate that, like human 

Dsn1, the N-terminal region of Kmn1 is the substrate of Aurora B in vitro. These results 

seem to imply that the lost subunit in DmMis12C is not Dsn1, but could rather be Nsl1. 

Bearing in mind that the Drosophila kinetochore protein sequences evolve rapidly (Meraldi 

et al., 2006c), we then used a remote homology server, HHpred (Soding et al., 2005), to 

search homologs of Kmn1 from the family of Drosophilids. Dsn1, rather than Nsl1, was 

always found as the counterpart in humans, which confirmed our hypothesis.  
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Figure 33 SEC analyses of the indicated DmMis12C and The N-terminal of CENP-C 

The fractions were analyzed using SDS-PAGE. (A) The shift to the left at the profile of Mis12-Nnf1a-

Kmn1Delta N70 indicates CENP-C1-105  binds to this section; (B) There is no shift for the profiles of both 

CENP-C1-105 and Kmn11-68, which implies no strong binding between these two sections. 
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Figure 34 Sequence alignment of Drosophi la  Head2 with the fragment of Dsn1 that contains the 

Aurora B substrate 

The red arrow indicates Ser100 and Ser109, which are the phosphorylation substrates of Aurora B. The 

green stars denote three phosphorylated Serines (Ser17, Ser27, Ser37) by Aurora B, as identified by MS. 

Ser100

Ser109
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Figure 35 Phosphorylation and additional binding assays of Head2 and headless DmMis12C 

(A) SDS-PAGE analysis of the samples that were used for the phosphorylation test. The human CENP-T2-

377, which can be phosphorylated by Aurora B, is used as a positive control. Samples were incubated with 

Aurora B for one or two hours; (B) Pro-Q Diamond phosphorylation stain of all the samples. Compared 

with the Coomassie Brilliant Blue stain, the red arrow indicates that Head 2 in Kmn1 is the substrate of 

Aurora B; (C) The profiles from both Head 2 and Headless DmMis12C did not shift to the left, indicating 

that there is no strong interaction between Head 2 and the other sections of DmMis12C. 
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4 CONCLUSIONS	  
Here, I have reported my work on the biochemical reconstitution and biophysical 

characterization of the Drosophila outer kinetochore. My studies were motivated by 

previous observations that most CCAN subunits, with the exception of CENP-C, Zwint 

(subunit of Knl1/Spc105R complex), and one subunit of Mis12 complex, may not be 

present in Drosophila, (reviewed in (Drinnenberg et al., 2016)). It was therefore of interest 

to understand how such a simplified Drosophila kinetochore retained the core functions 

of the more complicated kinetochore assemblies in human and yeast. Furthermore, by 

reconstituting this simpler kinetochore, we hoped to gain access to new sample for 

structural analysis.  

Most of this work has been published in Liu et al., 2016 and Petrovic et al., 2016. 

Additional work, like the description of the function of Head2 in Drosophila, is also 

included in this thesis but remains unpublished. From the results presented in the 

previous chapter, I can conclude the following: 

1. The overall structure of Mis12C is conserved in Drosophila, yeast and humans. 

However, our biochemical results indicate that unlike humans and yeast, 

Drosophila has two highly similar Mis12 complexes, both of which contain only 

three subunits. Despite this difference in the number of subunits in the 

DmMis12 complex and the fact that the primary amino acids sequences differ 

significantly, the overall structural features of the DmMis12 complex have 

been conserved from Drosophila to yeast and humans. We surmise that this 

structural conservation underlies a requirement for force sensing and 

transmission during the process of chromosome segregation, but this 

hypothesis will require thorough investigations. The loss of one subunit in the 

Drosophila complex may be connected to the loss of the CCAN components 
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and the fact that this does not appear to affect the overall stability or fold of 

the Mis12 complex. Otherwise one would have expected it to be retained. 

2.  For the DmMis12C, the binding with both CENP-C and Knl1 is also 

conserved. The two Mis12 complexes in Drosophila, the DmMis12a and the 

DmMis12b complexes, interact tightly with the N-terminal region of CENP-C 

and also with the C-terminal region of Knl1/Spc105R, suggesting that they 

have similar interaction potentials. None of the analyses included in our 

research revealed significant differences in the behavior of the DmMis12a and 

the DmMis12b complexes. However, previous studies have demonstrated 

different developmental expression patterns for Nnf1a and Nnf1b (Przewloka 

et al., 2007; Schittenhelm et al., 2007), raising the possibility of a functional 

specialization of the two complexes. The C-terminal region of CENP-C 

directly interacts with CENP-A (Carroll et al., 2010b; Kato et al., 2013; 

Przewloka et al., 2011b), whereas the N-terminal region connects the inner 

kinetochore to the Mis12 outer kinetochore complex. There likely is high 

selective pressure to maintain these interactions through evolution. However, 

in the vertebrates, CENP-T also contributes to the localization of the Mis12 

complex to the kinetochore and provides a second mechanism to link the inner 

and the outer kinetochore (Huis In 't Veld et al., 2016; Rago et al., 2015a; 

Suzuki et al., 2015). In Drosophila, the CENP-C dependent kinetochore 

assembly pathway seems to be solely responsible for the recruitment of the 

outer kinetochore, since there are no other CCAN subunits. 

3. Contrary to a previous hypothesis, Kmn1 appears to be the ortholog of Dsn1, 

not Nsl1. Thus Nsl1, not Dsn1, may be the missing subunit in the Drosophila 

Mis12C. Our contention rests on the observation that the sequence of the N-

terminal region of Kmn1, associated with Head1 and with an Aurora B-



	   106	  

regulated region, appears to be structurally conserved. As in human Dsn1, the 

Head 2 region is the substrate of Aurora B. This strongly suggests that the 

Kmn1 in DmMis12C functionally resembles Dsn1 in the human Mis12C. 

Consistently, in Bombyx mori, which also lost most of CCAN subunits, Dsn1 is 

present, whereas Nsl1 hasn’t been found (Drinnenberg et al., 2014; 

Drinnenberg et al., 2016; Mon et al., 2017). This implies that the functions of 

Dsn1 are much more conserved during evolution.  

 

Ultimately, the overall conclusion emerging from these studies is that Drosophila 

contains highly simplified kinetochores, which display considerable evolutionary and 

structural plasticity. This simplified complete KMN network could provide a basis for 

understanding the core functions of the outer kinetochore that are conserved during 

evolution. However, there are still many open questions. The functional differences of 

two paralogues of Nnf1 are still not clear. Furthermore, the binding details of both 

Ndc80C and Knl1 to Mis12C remain unexplained. Further studies will address these 

questions. 
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