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6.  Introduction 

Cell division is unquestionably a fundamental event in cell biology. For primitive life forms 
this is the mean of reproduction, via binary fission, creating genetic copies of themselves. 
Therefore, the genetic material is preserved as an ultimate goal of an organism. For 
multicellular organisms it plays a role in events such as progeny generation, development of a 
sexually reproducing organism and repair. These processes in eukaryotes crucially depend on 
proper genetic information deposition that follows its duplication. Errors may potentially 
cause a daughter cell to receive an aberrant number of chromosomes. The chromosome 
segregation is orchestrated by structural components (e.g. mitotic spindle) and regulatory 
means in the form of protein signalling pathways (e.g. Spindle Assembly Checkpoint). The 
focal point within this system is a multiprotein structure called kinetochore. In the next 
chapters of the thesis the general view of how Saccharomyces cerevisiae (henceforth called 
budding yeast) cells divide, the structure of the kinetochore and its role as a guarantor of this 
process is presented. Last, Single-molecule Localization Microscopy (SMLM) is introduced 
as a method to study the structure of the budding yeast kinetochore. 

 

6.1.  Cell division of budding yeast 

Historically, yeast has been employed as a superb model organism to study cell cycle due to 
simple genetics, easy culturing and the presence of rapid manipulations (deletions, insertions 
and alterations) (Janke et al. 2004). The essential cellular processes are known to be 
conserved from yeast to humans. Yeast chromosome segregation also follows the canonical 
path, though multiple exceptions have been found. In this chapter, the mitosis of haploid 
Saccharomyces cerevisiae (henceforth called budding yeast) is introduced. 

Haploid yeast genome is organised into 16 chromosomes and all of them appear to be bound 
by short (~150 nm) nuclear microtubules at interphase. The coupling is mediated and 
regulated by the kinetochore complex that assembles at the centromeric chromatin which in 
turn is recognised by a H3 histone variant-containing nucleosome right after replication. In 
contrast to non-fungal organisms, this attachment is preserved throughout the cell cycle with a 
brief detachment during another phase of DNA replication (Tanaka & Tanaka 2005; Suzuki et 
al. 2016). The microtubules emanate and most of them originate from the special yeast 
microtubule-organising centre called the spindle pole body (SPB). SPB emerges as a layered 
structure embedded within the nuclear envelope which is related to the unusual way yeast 
cells undergo mitosis where nuclear envelope breakdown does not occur. Microtubule 
nucleation at the SPB site is mediated by the tubulin-gamma complex and it occurs at both 
nuclear and cytoplasmic compartments (Byers et al. 1978; Byers & Goetsch 1975). 

One of the most crucial components of cell division is the establishment of the mitotic 
spindle. The first step is the duplication of the SPB, the beginning of which is already visible 
in G1 phase. In this process, the intermediate step is the generation of the electron dense half-
bridge with a satellite called "seed". Subsequently, within the satellite region the daughter 
SPB is assembled (Byers & Goetsch 1975). Separation of the SPBs allows the creation of the 
mitotic spindle while the DNA content is being duplicated. Then, the kinetochores are 
captured through interaction with the microtubule lattice and sliding in close proximity to the 
SPB or the cell equator, in yeast and humans respectively. The movement is promoted by the 
motor protein Kar3 (Tanaka et al. 2007). However, the kinetochores can bind early at the tip 
of the microtubules, and thus the movement towards the SPB can be generated by microtubule 
depolymerisation. It has also been established that the efficiency of the chromosome 
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collection is elevated with microtubule generation by kinetochore-bound Stu2 at the complex 
site. The distal end of the kinetochore-derived microtubule interacts with the spindle and due 
to its dynamic nature rapidly shrinks, bringing the kinetochore in close proximity to the 
mitotic microtubule. Later, the lateral binding is converted into a more stable end-on 
attachment by the shrinking microtubule (MT), where a single kinetochore interacts with the 
plus-end of the MT (Vasileva et al. 2017). The end-on configuration is promoted by one 
kinetochore subunit, DAM1. Then, the sister kinetochore is captured by the SPB from the 
opposite site of the nucleus (Tanaka et al. 2007). 

The correct amphitelic (bioriented) kinetochore-microtubule interaction is achieved when 
both sister kinetochores are bound by the tip of the microtubules emanating from the opposite 
SPBs during metaphase. Nevertheless, other configurations occur, and they have to be 
corrected before the anaphase onset. Particularly, sister chromatids can interact with the same 
SPB (synthelic attachment), or the chromosome can be bound by a single SPB (monothelic 
attachment). In organisms where multiple microtubules can bind to a single kinetochore it is 
possible that a kinetochore is bound by microtubules from both spindle poles (reviewed in: 
(Lampson & Grishchuk 2017)). In yeast metaphase the chromosomes do not condense to the 
same extent as in other organisms (Guacci et al. 1994). Also, they do not congress in the 
midzone but create two clusters that have been calculated to be 700 nm to 1000 nm apart 
(Joglekar et al. 2006). Furthermore, the spindle stability is supported by several interpolar 
microtubules that cross the midzone and overlap forming an antiparallel bundle (Winey et al. 
1995). The midzone bundle is supported and regulated by cross-linking and motor activities 
of such kinesin-like particles such as Cin8 and Kar3 (Roof et al. 1991; Roof 1992). In the 
bioriented state, centromeres and the surrounding pericentromeric regions are stretched by 
~11,5 kb on both sides by spindle microtubules while the sister chromatids are held together 
by cohesin complexes. Interestingly, 3D live cell imaging of fluorescently tagged cohesin in 
budding yeast shows radial displacement when observed from the longer spindle axis side. 
Within the pericentromeric stretch, there are additional radial loops that are linked together by 
cohesins, which explains the localization of the complex visualised with light microscopy 
(Lawrimore et al. 2015; Yeh et al. 2008). 

During metaphase the kinetochores undergo oscillatory movements between the poles. There 
are three types of these movements. In yeast, and in all other organisms, a microtubule 
experiences a polymerisation or a depolymerisation phase at its plus-end (directional 
instability). Additionally, in animal cells the pole-proximal microtubules disassemble creating 
the poleward flux. Finally, in Drosophila S2 cells and several other models the kinetochores 
travel towards the poles by maintaining the microtubules' plus-ends in the polymerization 
state while disassembly occurs at the minus-ends (Desai et al. 1998; Maddox et al. 2003; 
Khodjakov & Rieder 1996; LaFountain 2011; Dumont et al. 2012; Wan et al. 2012). 

Importantly, the mitotic spindle must be transported to the division site (the bud neck) before 
the anaphase onset. Dynamic astral microtubules that emanate from the cytopasmic site of 
both SPBs are responsible for the precise spindle alignment. In the mother cell, they thrust 
against the cortex pushing the spindle towards the bud neck. At the other side, redundant 
mechanisms generate pulling forces supporting alignment of the spindle along the mother-
daughter axis (Caydasi et al. 2010). Due to the polarisation of the dividing cell, a significant 
amount of the actin cytoskeleton is localized at the bud. The tip of the microtubule interacts 
with and moves along the actin array in a Myo2, Kar9 and Bim1-dependent manner (Miller & 
Rose 1998; Yin et al. 2000). Simultaneously, dyneins seem to be transported to the bud cortex 
as a cargo and then, by anchoring to the receptor Num1, walk on the microtubule lattice 
towards its minus-end (Lee et al. 2005). 
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The establishment of the correct attachment stimulates the initiation of the chromosome 
separation and their subsequent transport. Prior to this, a kinetochore can generate a wait-
anaphase signal if the chromosomes are unattached or connected to the spindle in an 
erroneous fashion. The signal is built by the so-called spindle sssembly checkpoint (SAC), a 
set of signalling proteins and the kinetochore seems to act as a stage for SAC activity (Rieder 
1995; Li & Murray 1991). This signalling mechanism inhibits APC/C, a multisubunit 
structure that has a function of E3 ubiquitin ligase and modifies lysine residues at a protein 
site with ubiquitin. Polyubiquitinated proteins are destined to degradation by the proteasome 
(Irniger et al. 1995). Then, when the correct attachment is established securin is degraded by 
the activated APC/C. The securin normally binds to a cysteine protease - separase making the 
enzyme inactive. Upon securin disruption the separase cleaves the Scc1 subunit of the cohesin 
which ultimately initiates the anaphase (Ciosk et al. 1998). 

During anaphase two important events must occur - chromosome poleward movement 
(anaphase A) (Desai et al. 1998; Maddox et al. 2003; Khodjakov & Rieder 1996; LaFountain 
2011; Dumont et al. 2012; Wan et al. 2012) and separation of the poles (Winey et al. 1995). 
First, a chromosome travels to the pole via coupling to the dynamic tip of the microtubule 
which successively looses tubulin at the kinetochore-proximal end. The microtubule 
disassembly occurs in a non-random manner. The polymer is built by the addition of a series 
of α/β tubulin heterodimers longitudinally, called protofilaments, in a GTP-dependent 
manner. The inclusion of the intrinsically curved dimer restraints it into the straight 
configuration. Thus, the lattice retains some energy. Upon the trigger the protofilaments curl 
outwards releasing the strain (reviewed in: (Bowne-Anderson et al. 2013)). This can be 
converted into the chromosome movement by the kinetochore (Asbury et al. 2006).The 
process and mechanism depends on the composition, architecture and microtubule-binding 
activity of the complex. It is suggested that a plausible basket-like arrangement of the 
microtubule-binding segment of the kinetochore allows for an effective diffusion of the 
tubulin (Dimitrova et al. 2016). Theoretical work and biophysical experiments suggested two 
possible mechanisms of the kinetochore movement. In the first model, the conformational 
wave model, the kinetochore is pulled by the curling protofilaments. In the second model, 
multiple relatively weak microtubule interactors from the kinetochore can freely diffuse on 
the lattice. The catastrophic event (disassembly of the microtubule) switches random motion 
into directional movement. Both models are not necessarily exclusive. Therefore, the complex 
is the fundamental coupler that harnesses the polymer disassembly into the acutely efficient, 
not necessarily thoroughly synchronised, movement (Asbury et al. 2011). ). In anaphase B the 
spindle gets elongated by ~10 µm. This elongation is performed by sliding of the 
aforementioned antiparallel bundle within the midzone. The midzone has been found to be 
organised and regulated by, among others, Anaphase Spindle Elongation 1 (Ase1). As a dimer 
it creates a matrix between the polymers where it adopts a rather stiff architecture. This cross-
linker has been proposed to directly contribute to the spindle elongation. Nevertheless, the 
most important function is to facilitate the sliding movement via a Cin8-dependent manner. 
Subsequently, the spindle splitting occurs via APC-mediated degradation of Ase1 and Cin8. 
"Melting" of the midzone is promoted by the loss of agents stabilising the micrutubule plus-
end and activation of the depolymerases (Woodruff et al. 2010; Hildebrandt & Hoyt 2001). 
Notably, the degradation of the mitotic cyclins is led by the Mitotic-Exit Network (MEN) that 
is active in close proximity to the cytoplasmic site of the SPB (Hoyt 2000; Jaspersen et al. 
1998). 

The mother and the daughter cells separate in the following events. The bud neck-associated 
septin collar recruits the actomyosin ring, that encompasses actin, myosin heavy chain Myo1 
and regulatory myosin light chains along with other associated proteins (Bi et al. 1998; Epp & 
Chant 1997). Then the septin splits and the ring constricts which guides deposition of the 
primary septum by chitin synthase (Caviston et al. 2003; Chuang & Schekman 1996). After 
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reorganisation of the actin network around the cell separation site, the secondary septum is 
created on both mother and daughter sites (Schmidt et al. 2002). The primary septum is 
degraded by enzymes released by the daughter cell and the cell wall shared by both cells 
(Kuranda & Robbins 1991). 

 

Figure 1 A simplified view on the yeast mitotic cell division. In the G1 cells the kinetochore 
(red) is bound to the spindle via the microtubule (MT - light green line). During S-phase the 
DNA duplicates along the SPB and the kinetochore disassemble for a short time. Then, the 
kinetochore interacts with the microtubule lattice and subsequently (until the metaphase 
onset) with the tip of the microtubule. The sister kinetochore also must be captured by the 
microtubule from the opposite SPB. While the establishment of the spindle occurs, the nucleus 
is being positioned in close proximity to the bud via the astral microtubules. In metaphase, 
the sister kinetochores along the chromosome achieve biorientation. The sister chromatids 
are held together until the anaphase on-set. In anaphase, the kinetochores travel towards the 
spindle via disassembling microtubules. In this scheme septin, interpolar microtubules and 
final separation of the daughter cell is not shown. 
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6.2.  The kinetochore structure 

The kinetochore composition can be divided into two functional groups - the inner and the 
outer kinetochore (Rieder 1982). This arrangement is preserved from yeast to humans (van 
Hooff et al. 2017) and it has been proposed that higher eukaryotic kinetochores are build with 
multiple “repetitive units" of the budding yeast kinetochore (Zinkowski et al. 1991). The inner 
kinetochore interacts with the centromeric region containing a specialized nucleosome. The 
microtubule-interacting module is called the outer kinetochore. Here, major kinetochore 
components are described according to their structure and function. The names of the subunits 
(subcomplexes) are written in capital letters to distinguish them from their components (Fig. 
2). 

 

 

Figure 2 The kinetochore structure can be divided into inner and outer kinetochore. The 
inner kinetochore is located in close proximity to the centromere and the outer kinetochore is 
placed close to the spindle microtubule. Reprinted with permission from (Cieśliński & Ries 
2014). 
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6.2.1.  The inner kinetochore 

The inner kinetochore is composed of the centromere with a specialized nucleosome, their 
interactors and centromere-proximal components called the Constitutive Centromere 
Associated Network (CCAN) that can be further divided into COMA complex, Mif2 and 
Cnn1. 

 

6.2.1.1.  Centromere and Cse4-containing nucleosome 

The kinetochore complex assembles on a specified region in chromosomes called 
centromeres. The centromeres can be found in different positions depending on the organism 
(metacentric, acrocentric and holocentric). The length of the centromere can span distances 
from as short as ~125 bp to mega-base pairs. Unlike the vast majority of studied organisms, 
budding yeast has very short and sequence-defined centromeres called point centromeres 
(Clarke & Carbon 1980). Their overall structure can be divided into three conserved regions - 
centromere-determining elements (CDE)I, CDEII, CDEIII. The non-essential CDEI is built by 
an 8 bp palindromic sequence (A/G)TCAC(A/G)TG. CDEII is a 78 - 86 bp, AT-rich stretch of 
DNA occupied by a nucleosome that contains a centromere-specific variant of histone H3 
called Cse4 (in humans Cenp-A). CDEIII is an essential centromeric region and is defined by 
a 26bp consensus sequence TGTTT(T/A)TGNTTTCCGAAANNNAAAAA (where N - any 
nucleotide) (Clarke 1998; Bloom & Carbon 1982). In comparison, unrelated species have 
rather sequence-independent centromeres, containing multiple repetitive sequences, that are 
defined epigenetically and called regional centromeres (Fukagawa & Earnshaw 2014). 

The Cse4-containing nucleosome differs significantly from its canonical counterpart. 
However, H3 and Cse4 share a similar architecture in their core. Few exceptions define the 
centromeric function of Cse4. First, structural studies revealed that the centromeric 
nucleosome protects a shorter stretch of the DNA, the interaction is also looser and the 
termini of Cse4 are shorter (Tachiwana et al. 2012; Roulland et al. 2016). Therefore, it seems 
that the centromeric nucleosome promotes rather an open configuration, which additionally 
disrupts the positioning of the H1 DNA linker-binding histone (in non-yeast) and facilitates 
the binding of the centromere-specific proteins (for instance Cenp-B in humans) (Tachiwana 
et al. 2012). One of the most striking differences between H3 and Cse4 which marks the 
centromeric function is the presence of the C-terminal region called Cenp-A Targeting 
Domain (CATD). The CATD is necessary and sufficient for centromere localization and 
mediates the recognition of the assembly factor - Scm3 (in yeast) and HJURP (in humans) 
(Ben E Black et al. 2007). 

Despite the simplicity of the yeast centromeres, the composition and centromere deposition of 
the yeast nucleosome has been a black box for many years. It has been proposed that it should 
form either hemisomes (Dalal et al. 2007), tetramers (Bui et al. 2012) or octamers, whereas 
the most similar to canonical nucleosome octamer would contain 2 copies of Cse4, 2 H4, 2 
H2A and 2 H2B (Camahort et al. 2009). The discrepancy can be explained by the existence of 
potential assembly intermediates that in the end create a stable octamer (reviews in: (Moreno-
Moreno et al. 2017)). Wisniewski et al. provided a simple solution to some of the problems in 
the in vivo experiments. First, most of the previous experiments relied on tagging of the Cse4 
on its C-terminus. The tag might have impaired the functionality of Cse4. Second, the changes 
of the protein copy number over time might have arisen from the higher proximity of the 
kinetochores from the same half-spindle in anaphase (Wisniewski et al. 2014). In the current 
model of the yeast centromere two copies of each component - Cse4, H4, H2A, H2B 
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assemble into a stable octamer. Moreover, Wisniewski et al. found that the old Cse4 is 
replaced with the new one in the S-phase and no additional deposition occurs (Fig. 3). The 
octamer model is rather true also for human kinetochores (Sekulic et al. 2010). The deposition 
of the human Cenp-A occurs from telophase to G1 (Jansen et al. 2007). However, the old pool 
of Cenp-A is not eradicated but rather distributed and the gaps are filled with another type of 
histone (Dunleavy et al. 2014). 

 

 

Figure 3 The current model of the Cse4 deposition in yeast. During the DNA replication 
phase the Cse4 are degraded. The gradual re-establishment of the point centromere occurs 
with assistance of several proteins including Scm3. Reprinted from (Wisniewski et al. 2014) 
under creative common license CCO 1.0. 

 

There are several centromere-binding components that are yeast specific. Complex CBF3 is a 
centromeric component essential for Cse4 recruitment that assembles on the CDEIII sequence 
(Lechner & Carbon 1991). It is created by Ndc10, Cep3 homodimers and a Ctf13/Skp1 
heterodimer. Ctf13/Skp1 is believed to regulate assembly of CBF3 by Skp1-Ctf13 binding 
which in turn may be promoted by Hsp90/Sgt1-Skp1 interaction (Stemmann et al. 2002). 
Cep3 appears to bind the centromere directly via the CCG motif within the CDEIII region 
(Espelin et al. 1997). The last component - Ndc10 dimer emerged as centromeric DNA loop 
stabiliser that leads to DNA bending upon CBF3 binding (Cho & Harrison 2011; Doheny et 
al. 1993; Lechner 1994). 

 

6.2.1.2.  Mif2 

Mif2, along with its orthologs in other organisms (in humans called Cenp-C), is the central 
hub that links the Cse4-based nucleosome with the outer kinetochore. It is an essential 
element of CCAN and its deletion prevents from recruitment of the other kinetochore proteins 
(Tanaka et al. 2009). Interestingly, it is the only CCAN protein that has been identified in 
worms and flies (Drinnenberg et al. 2016). Mif2 is mostly an intrinsically disordered protein 
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with several well-conserved short sequences that are involved in protein-protein interactions. 
Structural studies provided evidence that the C-terminal region folds into a cupin-like domain 
(Fig. 4A), which strikingly, resembles the bacterial transcription factor and is responsible for 
homodimerisation (Cohen et al. 2008). The interaction with the Cse4-based nucleosome is led 
by the "Signature" motif that is proximal to the dimerisation region. In Cenp-C there are two 
similar sequences that are involved in the nucleosome recognition. The first one is enriched in 
positively charged residues which allows for identification of the acidic patch of H2A/B. The 
second region is necessary for Cenp-A binding and homodimerisation. The Cenp-A 
recognition is promoted by the interaction between the relatively hydrophobic C-terminus of 
Cenp-A and the aromatic residues within the region (Kato et al. 2013; Fachinetti et al. 2013; 
Carroll et al. 2010; Logsdon et al. 2015; Tachiwana et al. 2015). Both Mif2 and Cenp-C can 
interact with CCAN components - Okp1 in yeast and Cenp-HIKLMN in humans respectively. 
The N-terminus interacts with the globular site of MTW1 (Hornung et al. 2014; Weir et al. 
2016; Screpanti et al. 2011). Both Mif2 and Cenp-C can interact with CCAN components - 
Okp1 in yeast and Cenp-HIKLMN in humans respectively. The N-terminus interacts with the 
globular site of MTW1 (Dimitrova et al. 2016; Petrovic et al. 2016). 

 

Figure 4 Crystallized structural elements of the inner kinetochore. A) The structure of the 
dimer of the Mif2 cupin-like domain (top) and its localization within a full Mif2 dimer 
(bottom) with the region involved in MTW1 binding. B) The structure of the human Cenp-T-
W-S-X (top) in the context of the full complex (bottom), which includes the unstructured N-
terminal region of Cenp-T (Cnn1 in yeast). C) The structure of the Ctf19 (blue) in a stable 
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complex with Mcm21 (red). The missing parts of the proteins are represented by the dashed 
lines. D) The structure of the Iml3 in complex with the C-terminal part of Chl4. Adapted with 
permission from (Cohen et al. 2008; Nishino et al. 2012; Schmitzberger & Harrison 2012; 
Hinshaw & Harrison 2013). 

 

6.2.1.3.  Cnn1 

Cnn1 is a mostly unstructured protein that serves, additionally to Mif2, as a linker between inner 
and outer kinetochore by binding to NDC80. It is found in all common model organisms but their 
deletion phenotypes differ significantly (Schleiffer et al. 2012). In human cells, the ortholog, 
called Cenp-T, is indispensable and its absence causes such effects like chromosome 
misalignment or disruption of the kinetochore assembly (Nishino et al. 2013). In budding yeast 
the fitness of the deletion mutants is mostly unchanged. The mild alterations can occur in the 
timing of the cell cycle. Particularly, the S phase is shorter suggesting slight changes in the 
kinetochore assembly. However, it has been reported that Cnn1 significantly supports 
chromosome segregation when the kinetochore structure is already compromised. It is believed 
that the protein copy number inside the yeast cell is constant but at the kinetochore sites fluctuates 
between 6 in interphase/metaphase and 20 in anaphase (Bock et al. 2012). In human cells, it has 
been estimated that there are only 2 Cenp-T per repetitive kinetochore unit (Veld et al. 2016). 
Both yeast and its human counterpart form a heterodimer with Wip1 (yeast) or Cenp-W (humans). 
Moreover, the heterodimer interacts stably with the CTF3 complex (Ctf3, Mcm22, Mcm16) or 
Cenp-S and Cenp-X. The stoichiometry seems to be equimolar within the aforementioned 
complexes (Altunkaya et al. 2016). Two later proteins are homologues to yeast Mhf1 and Mhf2, 
which to my knowledge, have not been extensively tested for their role in the yeast kinetochore 
structure. The Cnn1-based complex adopts a nucleosome-like architecture due to the presence of 
histone-fold domains within the protein structure (Fig. 4B). This suggested the "alternative" 
nucleosome model where the Cnn1-based complex generates a nucleosome-like particle that 
assembles in close proximity to the centromere nucleosome (Nishino et al. 2013). However, 
recent chromatin immunoprecipitation experiments showed centromeric localization on all 
chromosomes in a CTF3-dependent manner (Altunkaya et al. 2016). The structure of Cnn1 is 
evolutionary conserved. The carboxy-terminus forms the histone-fold domain and its extension 
may play a role in CTF3 interaction. The N-terminus is unstructured but adopts an alpha-helical 
conformation upon NDC80 binding. Specifically, the pivotal interaction occurs between the N-
terminus proximal region of Cnn1 and the hydrophobic cleft of the Spc24/Spc25 dimer. 
Interestingly, a similar motif has been found in the Dsn1 C-terminus. As expected, the interaction 
between Dsn1 and Spc24/Spc25 is essentially the same as the one between Cnn1 and NDC80. 
Both Cnn1 and Dsn1 compete for NDC80 binding. Worth noting is the phosphorylation pattern of 
the Cnn1 N-terminus which increases from interphase to metaphase and drops gradually again in 
anaphase. Potential candidates that could regulate the phosphorylation state of Cnn1 are Mps1 and 
Cdk1. Activity of both of them is high in metaphase and low in anaphase. In the current model 
Cnn1 is phosphorylated in metaphase preventing Cnn1 from binding NDC80. However, it has 
been proposed that the Dsn1-NDC80 interaction occurs along Cnn1-NDC80 where Cnn1 exists in 
an NDC80-bound and unbound state in pre anaphase. In anaphase the Mps1 activity drops and 
Cnn1-NDC80 interaction is favored (Bock et al. 2012; Thapa et al. 2015; Malvezzi et al. 2013). 

As mentioned before, the human ortholog Cenp-T is a crucial component of the kinetochore 
structure. Recent biochemical work shed light on its function. It participates in the recruitment of 
the KMN network in a CDK/CycB-dependent fashion. The activity of the complex of Cdk1 and 
cyclin B peaks during mitosis and this allows its target - Cenp-T to recruit directly 2 copies of 
NDC80. Furthermore, a single MIS12:KNL1:NDC80 is also engaged by phosphorylation of the 
serine residue on Cenp-T. Altogether, the cell cycle-dependent phosphorylation of Cenp-T 
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together with the binding activity of Cenp-C, potentially allows for the recruitment of up to 8 
NDC80, 4 MIS12 and 4 KNL1 (Veld et al. 2016). 

 

6.2.1.4.  COMA, Chl4/Iml3 

The COMA complex consists of a stoichiometric amount of Ctf19 (Cenp-P), Mcm21 (Cenp-
O), Okp (Cenp-Q), Ame1 (Cenp-O). Nonessential Ctf19 and Mcm21 create a stable complex 
and their structure resembles a double-RWD domain (Fig. 4C) (Schmitzberger & Harrison 
2012; Hyland et al. 1999). The deletion mutants have only a mild effect on chromosome 
segregation and cohesin accumulation in the pericentromeric region (Hyland et al. 1999). In 
contrary, the stable heterodimer Ame1/Okp1 is essential for viability and seems to interact 
with MTW1 via an N-terminal extension of Ame1 as well as with Mif2 and DNA in vitro 
(Hornung et al. 2014). Another stable subcomplex, Chl4/Iml3 (Cenp-NL) works as a 
kinetochore regulator and influences kinetochore biorientation (Guo et al. 2013; Hinshaw & 
Harrison 2013; Lahiri et al. 2013). In humans CCAN Cenp-HIKM, Cenp-NL along with 
Cenp-C creates a stable complex. Cenp-M has not been found in budding yeast though 
(Westermann & Schleiffer 2013). Importantly, altogether the complex is involved in the 
selective deposition of the new Cenp-A and the enhancement of the kinetochore-microtubule 
interaction (Weir et al. 2016). 

 

6.2.2.  The outer kinetochore 

The outer kinetochore creates a spindle microtubule-binding interface and it consists of the 
KMN network and several microtubule-binding proteins. The KMN network is built by KNL1 
(in budding yeast - Spc105), the MIS12 complex (in budding yeast - MTW1 complex) and the 
NDC80 complex. The outer kinetochore is an essential component of the kinetochore 
structure as it allows for the movement of chromosomes during cell division and their correct 
deposition to the daughter cells. It is a main target for Spindle Assembly Checkpoint proteins. 

 

6.2.2.1.  Ndc80 

NDC80 is a heterotetrameric non-motor complex (Fig. 5A) highly conserved among 
eukaryotes that anchors the kinetochore to the dynamic spindle microtubules (Cheeseman et 
al. 2006).It appears as a ~57 nm elongated structure with globular domains at both its ends. It 
consists of Ndc80, Nuf2, Spc24, Spc25 proteins. Whereas the discreet subcomplex 
Ndc80/Nuf2 faces the microtubule plus-end, Spc24/Spc25 creates the binding site for the 
centromere-proximal part of the kinetochore. Apparently, aforementioned dimers alone do not 
have any function in vivo. Rather, all four subunits interact tightly, creating a stable 
heterotetramer upon co-purification. All of the components contribute to the coiled-coil 
segment as well as each of them creates a single globular domain (Wei et al. 2005; Ciferri et 
al. (Valverde et al. 2016; Wei et al. 2006; Ciferri et al. 2008). The globular domains have 
been identified as Calponin Homology (CH) domains (Wei, Al-Bassam, et al. 2006; 
Cheerambathur et al. 2013). The Ndc80 CH domain binds both α and β tubulin by a positively 
charged toe region. The domain also extends further via an unstructured and highly basic 80-
amino acid-long tail which is essential for most of the model organisms except for budding 
yeast and C. elegans (Cheerambathur et al. 2013). Aurora B kinase can phosphorylate the tale 
regulating its microtubule-binding activity (DeLuca et al. 2011). It is proposed that the 
NDC80 complexes may interact with the microtubule surface in a cooperative manner by 
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Ndc80 tail involvement not only in NDC80-microtubule binding but also promotion of inter-
NDC80 interaction. This has been supported by reconstitution of an engineered NDC80 
bound to a microtubule protofilament where NDC80 forms clusters that consist of at least 4 
complexes. This can be diminished with the tail phosphomimetic mutant (Alushin et al. 2010; 
Alushin et al. 2012). Additionally, Ndc80 contains an internal loop that breaks the coiled-coil 
(Tang & Toda 2013). Depending on the model organism, the domain brings additional 
microtubule binders - DAM1 in budding yeast and SKA in human cells that allow for the 
conversion of the microtubule lattice interaction to an end-on conformation (Lampert et al. 
2013). 

 

 

Figure 5 Structures and cartoons representing the outer kinetochore components. A) 
Tetrameric NDC80 (upper cartoon) with junction region (“J”) depicted. Crystal structure of 
an engineered NDC80 with globular domains on both sides, part of the coiled-coil (R) 
creating junction region. B) Crystal structure of the tetrameric MTW1 yeast complex. C) 
Cartoon depiction of the domain organization of Spc105 (left). Crystal structure of the C-
terminal domain of human Spc105 (right). D) Reconstruction of the DAM1 complex (blue) 
assembled on a microtubule (grey). Reprinted with permission from (Valverde et al. 2016) 
under creative common licence CC BY-NC-ND 4.0. Adapted with permission from (Dimitrova 
et al. 2016; Petrovic et al. 2014; Aravamudhan et al. 2015; Ramey et al. 2011). 

 

6.2.2.2.  MTW1 

MTW1, also called MIND or MIS12, is another essential protein complex that is evolutionarily 
conserved among eukaryotes (Petrovic et al. 2010). It is present at 5 - 7 copies per spindle 
microtubule (Joglekar et al. 2008; Lawrimore et al. 2011). Low-resolution EM imaging 
displayed MTW1 as a ~ 20 nm long rod-like structure with a globular region at one end, a 
coiled-coil shaft in the middle and a narrower end at the other side (Hornung et al. 2011). It is 
composed of four subunits that are structural paralogs as shown in recently published crystal 
structures of human and K. lactis yeast complexes (Fig. 5B) (Dimitrova et al. 2016; Petrovic 
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et al. 2016). The subunits organized themselves into the pairs Dsn1/Nsl1 and MTW1 (or 
Mis12 in human)/Nnf1 (or Pmf1 in human). The MTW1 complex is one of two known hubs 
that connect inner with outer kinetochore. The globular region comprises two HEAD 
domains. The one build by the Mtw1/Nnf1 pair interacts with the N-terminus of the inner 
kinetochore protein Mif2 as well as Ame1, a part of the yeast CTF19 complex. The N-
terminal segment of Dsn1 within the second HEAD domain has a pair of Ipl1 (Aurora B 
kinase) phosphorylation sites. This Dsn1 extension is involved in the assembly of the yeast 
kinetochores. The unphosphorylated Dsn1 extension binds the HEAD domain that is engaged 
in Mif2 and Ame1 interactions by sterically blocking the binding regions. Subsequently, 
phosphorylation by Ipl1 causes an exposition of the contact sites allowing for a potential 
assembling of the kinetochore by linking the inner kinetochore with the KMN network via the 
MTW1 complex. The narrow end of the complex is involved in the interaction with both 
Spc105 as well as the Spc24/Spc25 globular site in a non-competitive manner. However, the 
binding of the Spc24/Spc25 globular region seems to compete with Cnn1 (Malvezzi et al. 
2013; Bock et al. 2012). The C-terminal site of Dsn1 and the globular region of Spc24/Spc25 
from yeast have been crystallized confirming that Dsn1 occupies the same cleft of 
Spc24/Spc25 as Cnn1. This interaction is also regulated via phosphorylation. 

 

6.2.2.3.  Spc105 

Spc105 (Knl1 - in humans, Spc7 in fission yeast) is the largest protein within the KMN network 
with a size from 917 amino acid residues (aa) in yeast to 2316 aa in humans (Desai et al. 
2003). Spc105 and its orthologs have a low sequence similarity but all of them are mostly 
intrinsically disordered except for their C-terminal domain (Fig. 5C). Despite having 
microtubule-binding activity, its main function is to provide a physical platform for Spindle 
Assembly Checkpoint (SAC) proteins and mitotic phosphates (Meadows et al. 2011). 
Therefore, it supports the generation of the correct kinetochore-microtubule attachments by 
regulating the activity of SAC. The C-terminal region is responsible for its kinetochore 
localization. The RWD (RING finger, WD repeat, DEAD-like helicases) domain is 
responsible for the interaction with Zwint, a protein required for binding of the metazoans 
complex called Rod-Zwilch-Zw10 (RZZ) and the Mis12 complex (Petrovic et al. 2010; 
Petrovic et al. 2014). Curiously, the RWD is also found in the Spc24/Spc25 globular domains, 
the Ctf19/Mcm21 complex as well as in Mad1 and the Monopolin complex (Nishino et al. 
2013). This suggests that the domain is a recurrent motif within the kinetochore structure (van 
Hooff et al. 2017). Additionally, the motif also contains the neighboring predicted coiled-coil 
domain. The fundament of the Spc105 function lies within an unstructured region that covers 
large parts of the protein - from the RWD-neighboring coiled-coil to the N-terminus. The 
Spc105 N-terminus contains a microtubule-binding site as well SILK and RVSF motifs. Their 
role is the mediation of PP1 binding to Spc105, which in turn is negatively regulated by Ipl1 
(Liu et al. 2010). This is supported with the observed elevation of Bub1. PP1 counteracts the 
Bub1-Spc105 interaction upon N-terminus deletion (Caldas et al. 2013). Another evolutionarily 
conserved motif is MELT (Fig. 5C), which is present in multiple copies. MELT is a target for 
Mps1 kinase that phosphorylates a threonine residue, which creates a platform for checkpoint 
protein recruitment. The events that require MELT motifs seem to be the hallmark of the SAC 
response at the kinetochore site at least in non-drosophilid model organisms (Aravamudhan et 
al. 2015). This and the fact that MELT motifs display large sequence variations between 
species led to the conclusion that Knl1 is a rapidly evolving protein (Tromer et al. 2015). 
Additionally, KI elements have been found within the Knl1 unstructured region but are seen 
only as SAC proteins-binding enhancers (Kiyomitsu et al. 2011). 
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6.2.2.4.  DAM1 

DAM1 or DASH is a yeast specific complex that is essential in S. cerevisiae but not in S. 
pombe. Its functional homologue, the heterotrimeric SKA complex, was found in other 
eukaryotes (Jeyaprakash et al. 2012). The structures are almost mutually exclusive in terms of 
their presence in the tree of life (van Hooff et al. 2017). DAM1 is a microtubule binder that 
can diffuse along a microtubule (Westermann et al. 2006). It possesses a crucial role in 
chromosome poleward movement in anaphase by tracking the depolymerizing microtubule 
end. In other words, the complex is able to transduce the force released by a catastrophic 
event at the microtubule end into a non-motor-based chromosome transport. Moreover, it is 
required for the transition from lateral kinetochore-microtubule attachment to end-on 
configuration at the beginning of mitosis (Asbury et al. 2006; Armond & Turner 2010; 
Tanaka & Tanaka 2005). Most of the deletions and mutations influence the spindle integrity. 
Its main building block is a heterodecamer that oligomerizes into a simple oligomer, ring (Fig. 
5D), spiral or double-ring (Westermann et al. 2005; Kim et al. 2017). The monomer consists 
of an equal amount of each component: Ask1, Dad2, Dad4, Dam1, Duo1, Spc34, Spc19, 
Dad1, Dad3. Partial proteolysis revealed the N-terminus of Dam1 and the C-terminus of Duo1 
form an extension region, which takes part in interacting with the E-hook region of tubulin. 
The extension is believed to be flexible and is stabilized upon binding. Electron microscopy 
showed the minimum monomer copy number to fully encircle the microtubule is 16 (T et al. 
2016; Ramey et al. 2011). Therefore, the calibrated microscopy revealed DAM1 in fission 
yeast creates only small oligomers, whereas potential rings or spirals can be present in 
budding yeast. The difference can be justified by comparison of how both yeast bind the 
mitotic spindle (Lawrimore et al. 2011; Gao et al. 2010). Fission yeast has only three 
chromosomes. Each of them has a large regional centromeric site that interacts with numerous 
microtubules. Thus multiple weak interactions may be sufficient to hold the chromosomes-
spindle together throughout the cell division. In contrast, in budding yeast with their short 
point centromeres there is only one centromeric site per microtubule (Thakur & Sanyal 2011). 
Importantly, the DAM1 complex has been found to be subjected to various post-translational 
modifications (Zelter et al. 2015). 

 

6.3.  Spindle Assembly Checkpoint and Error Correction 

During the budding yeast cell cycle a kinetochore must, first, bind to the spindle, check for its 
quality, stabilize the attachment and subsequently release the signal that allows the cell to 
proceed with the anaphase. Most of the aforementioned functions rely on the flexible 
kinetochore architecture and its capability to act as a platform for the SAC and error 
correction components. 

Initially, chromosome properties seem to contribute to the reduction of the number of the 
incorrect attachments. This is possible because of the back-to-back arrangement of the sister 
kinetochores. This provides constraints on how the sister complexes are localized with respect 
to each other. They face the opposite poles making it easier for the microtubules emanating 
from a MTOC to catch the correct kinetochore (Ostergren 2010). 

One of the first mechanisms through which the kinetochore promotes correct attachment 
comes from the work of Bruce Nicklas. He tested the notion that the applied tension by the 
spindle pulls the sister kinetochores in the opposite directions and stabilizes the attachment 
(Fig. 6A). In his work he used a microneedle to manipulate a meiotic chromosome of a 
grasshopper spermatocyte with synthetic attachment (binding to the same pole). The synthelic 
configuration became then stabilized upon exertion of the force in the opposite direction by 
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the needle. This precisely showed that tension acts as a feedback signal that reinforces correct 
attachment. The erroneous binding causes a release of the kinetochore from the microtubule 
and subsequently the establishment of the new one binding (Nicklas & Koch 1969). 
Generally, it has been shown in many models that application of force stabilizes or even 
tightens the protein-protein interaction via a catch bond mechanism (Thomas et al. 2008). It 
has been proven that the major contributor to the error correction is an increase in PLoidy 1 
(Ipl1; also called Aurora B) kinase (Tanaka et al. 2002), the component of the Chromosomal 
Passenger Complex (CPC) that can localize at the kinetochore site. It has been established that 
a wide range of the kinetochore proteins are post-translationally modified, modulating, for 
instance, their affinity to the spindle microtubule (Dimitrova et al. 2016; DeLuca et al. 2011). 
This, in turn, allows the kinetochore to try again to gain the correct microtubule binding. Two 
non-exclusive models can explain what is the role of regulating the activity of Ipl1 via the 
structure of the kinetochore. The kinetochore structure changes according to its microtubule 
attachment status and the cell phase (Joglekar et al. 2009; Haase et al. 2013). Moreover, high 
levels of kinetochore phosphorylation are observed when the chromosomes are not aligned 
and the kinetochores are not bioriented but the opposite is seen when the alignment and 
biorientation is visible (Welburn et al. 2010). Nevertheless, upon incorrect attachment the 
kinetochore assumes a specific configuration bringing the Ipl1 close to its substrates within 
the kinetochore complex (spatial separation model) (Fig. 6B) (Liu et al. 2009) or making the 
Ipl1 substrates available to the kinase otherwise the substrate is inaccessible because of its 
deformation, masking or hiding (inaccessibility model) (Fig. 6C) (Akiyoshi et al. 2010). 

 

 

Figure 6 The role of tension (A) and Ipl1 (Aurora B) kinase (B) in the regulation of the 
chromosomes' proper orientation during mitosis. A) Stabilization of the attachment occurs at 
high tension (biorientation) and the attachments such as synthelic ones are unstable, which 
causes disruption of the binding and a subsequent trial of re-attachment. B) The spatial 
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separation model - the kinetochores with correct attachment and under tension are separated 
from the chromosome-binding Ipl1 (Aurora B). C) The inaccessibility model describes other 
possibilities where Ipl1 cannot phosphorylate its kinetochore substrates due to reasons such 
as deformation, hiding or masking of a substrate. Adapted with permission from 
(Sarangapani & Asbury 2014). 

 

Another mechanochemical signal transduction mechanism, led by the SAC, can prevent a cell 
to enter anaphase even if only one kinetochore is not attached. The SAC is composed of 
Bub1, BubR1, Bub3, Mad1, Mad2 (Li & Murray 1991). As mentioned before, the aim of the 
signaling machinery is to sequester Cdc20 that prevents sister chromatid cohesion and cyclin 
B from degradation. The halt signal is produced at the kinetochore site and is triggered by the 
Mps1 kinase (Fig. 7A,B) (Rieder 1995). In the end-on attachment the majority of Mps1 
molecules is prevented from binding to the globular end of the Ndc80 complex due to the 
competitive Ndc80-microtubule interaction (Fig. 7C). The residual Mps1 was shown to still 
bind to the tip of Ndc80. However, the phosphorylation target, Spc105 protein, is physically 
separated from the kinase as proved by FRET experiments (Fig. 7C) (Aravamudhan et al. 
2015). This provides another evidence to the importance of the kinetochore conformation. 
Conversely, in the unattached kinetochore Mps1 is found in larger quantities at the tip of the 
Ndc80 complex. Spc105 is then phosphorylated on its N-terminus creating the stage for the 
SAC signaling cascade. Subsequently, the phosphorylated Spc105 region recruits Bub1/Bub3, 
which in turn brings BubR1 and Cdc20. Also, Mps1 phosphorylates Bub1/Bub3, which 
allows for the recruitment of the Mad1/Mad2 complex (London et al. 2012; London & 
Biggins 2014). This and Mps1 activity generates a catalytic platform that converts diffusive 
Mad2 into an active state which is then incorporated into the Mitotic Checkpoint Complex 
(MCC). The MCC consists of BubR1, Bub3, active Mad2 and Cdc20 and its function is to 
directly inhibit APC/C by sequestering diffusive Cdc20 (Moyle et al. 2014; Overlack et al. 
2015; Sudakin et al. 2001). Interestingly, the MCC can bind the second APC/C-incorporated 
Cdc20, which leads to the same outcome (Izawa & Pines 2014). The SAC silencing is 
achieved by recruitment to Spc105 Protein Phosphatase 1 (PP1), PP2-B56 and by, shown in 
metazoans, dynein-promoted stripping of Mad1-Mad2 from the kinetochores (Rosenberg et 
al. 2011; Espert et al. 2014). 

 

Figure 7 Spindle Assembly Checkpoint and kinetochore interplay. A) The SAC activation 
cascade that leads to the wait signal that prevents from anaphase on-set. B) A cartoon 
depicting a kinetochore segment directly involved in SAC activation. The incorrectly attached 
kinetochore (red) brings Knl1 (Spc105) into close proximity to Mps1 kinase. Knl1 (Spc105) is 
the main substrate of Mps1. The Knl1 (Spc105) phosphorylation initiates the SAC activation 
cascade. C) The role of microtubule attachment to the kinetochore. The correct attachment 
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disrupts Mps1 binding to the kinetochore (Biochemical competition) and separates Msp1 
from Knl1 (Spc105) (Mechanical Switch). Adapted from (Joglekar 2016) under creative 
common license CC BY 4.0. 

 

6.4.  The state-of-the-art of yeast kinetochore structural studies in situ 

Generally, the structure of the kinetochore changes according to the applied force (Suzuki et al. 
2016), is related to the cell stage (Joglekar et al. 2009) and microtubule-binding state (Suzuki et al. 
2011; Maresca & Salmon 2009). As discussed before, this is relevant for the SAC response to 
inappropriate interaction with a spindle (Musacchio 2010) and efficient kinetochore/chromosome 
movement during anaphase (Asbury 2017). Therefore, structural studies of a kinetochore in situ or 
in vivo are crucial. Despite the relative simplicity of the budding yeast kinetochore the 
conventional imaging methods are limited in visualizing an entire complex with architectural 
details and molecular specificity (Fig. 8A) (Joglekar et al. 2006; McIntosh et al. 2013; O’Toole et 
al. 1999). Partial reconstitutions contributed immensely in deciphering tension-related physical 
properties as well as biological functions (Fig. 8B) (Akiyoshi et al. 2010; Asbury et al. 2006; 
Franck et al. 2007)(McIntosh et al. 2013). The puck-shaped kinetochore has been directly 
visualized by electron topography with an apparent size of about 55 nm (McIntosh et al. 2013). 
All the kinetochores are confined within a small volume. Thus, the fluorescence techniques rely 
on observation of the kinetochores' cluster where it appears as a single spot (~500 nm) before 
DNA replication or two spots during cell division (Joglekar et al. 2006). 

Joglekar et al. used in vivo dual-color fluorescence microscopy to reveal the spatial 
distribution of the kinetochore proteins in mitosis (Fig. 8C) (Joglekar et al. 2009). In this 
method a kinetochore component is fluorescently tagged and its position is measured with 
respect to a reference kinetochore protein tagged with spectrally different fluorescent proteins 
(FPs) (Churchman & Spudich 2012). Here, this intrakinetochore distance is calculated as a 
separation between the centroids of each color within the same half spindle. The centroid is 
the center of mass of the signal from all 16 complexes. This technique has revealed that the 
budding yeast kinetochore structure changes according to the cell stage. In metaphase the 
kinetochores assume defined structures relevant to the SAC activity and in anaphase the 
complex shortens significantly. 

In a similar dual-color approach the reference was a SPB (Haase et al. 2013). Iterations of 
measurements generate a 2D probability map of the kinetochore component distribution (Fig. 
8D). Despite the similarity with the previous analysis, Haase et al. believe the method gives 
additional information that can be subtracted from the data by comparing the protein 
distribution on an axis perpendicular to the mitotic spindle axis. Specifically, the inner 
kinetochore components, Cse4 and COMA are spread to a higher degree than the outer 
kinetochore perpendicularly to the spindle axis . 

Finally, the proximity between kinetochore proteins has been examined with Förster Resonance 
Energy Transfer (FRET). This has uncovered how multiple copies of the same subunit are 
localized with respect to one another (Fig. 8E) (Joglekar et al. 2013; Aravamudhan et al. 2014). 
Furthermore, a specifically designed FRET pair linked by a flexible peptide and placed within a 
kinetochore subunit can act as a good tension probe (Fig. 8F). Interestingly, the kinetochore 
senses even minimal tension exerted on Ndc80 protein throughout the cell cycle with its peak 
during mitosis, supporting the importance of the relation between force production at the 
complex site and the intrakinetochore stretch (Suzuki et al. 2016). 
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Figure 8 Examples of the structural studies using imaging techniques. A) Electron 
microscopy-based image of the reconstituted kinetochore with fine structural details but 
without molecular specificity (top). Electron topography image of a puck-shaped structure 
and the avarage. B) The intrakinetochore stretch measured on a reconstituted structure in an 
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optical trap-based dual-color microscopy set-up. The kinetochore is immobilised on a 
coverslip and bound by a microtubule (blue). C) The intrakinetochore stretch measured inside 
a living yeast cell during mitosis. D) The alternative approach to C where a reference protein 
is a component of the SPB. The heat-map of the kinetochore protein (here Ndc80) gives a 
probability of the protein's relative position to the reference. D) Circumferential distribution 
of the kinetochore components study using FRET probes. F) Tension within the NDC80 
subunit measured in mitosis using calibrated FRET. Adapted with permission from (Gonen et 
al. 2012; Deng & Asbury 2016; Salmon & Bloom 2017; McIntosh et al. 2013; Aravamudhan 
et al. 2014; Haase et al. 2013; Joglekar et al. 2009).  

 

6.5.  Single-molecule localization microscopy 

Microscopy has immensely advanced the life sciences by allowing researchers to observe 
microorganisms and eukaryotic cells on the nanoscale. The finest structures can be detected 
with an electron microscope, though it suffers from a lack of or a low molecular specificity. 
This can be provided by fluorescence microscopy. However, its limit has been defined already 
in XIX century (Abbe 1873; Verdet 1863). The resolution of the optical system can be 
described as a minimum distance between two point-like objects that allows for their 
identification as individuals. It is proportional to the observed wavelength of light and 
inversely proportional to the numerical aperture of an objective, 

 
𝑑 = 0,61𝜆/𝑛𝑠𝑖𝑛𝛼 

 

where n is the refractive index, α the half-cone angle of light that goes through the objective. 
Practically, the lateral resolution for the visible light detected with an objective with typical 
numerical aperture is more than 200 nm, the axial one ~500 nm. Thus, the in situ studies of 
such cellular features with sizes smaller than most of the organelles, such as individual 
complexes, had relied on indirect observations (Fig. 9A). 

For over a decade multiple far-field techniques, collectively called super-resolution 
microscopy, have been developed. They can be divided according to the method of 
modulation of the fluorescent emitters. Stimulated Emission Depletion (STED) (Hell & 
Wichmann 1994) and Structured Illumination Microscopy (SIM) (Gustafsson 2000) rely on 
an application of a pattern that determines whether the fluorophore is activated or stays in the 
dark state. Developed by Stefan Hell STED uses two superimposed lasers for simultaneous 
excitation and depletion that scan a sample (Fig. 9B). The high-intensity depletion light forces 
a fluorophore back to its ground state that, in turn, releases a technically neglected red-shifted 
photon. The area of activated fluorophores, in the center of the beam, is minimized by the 
doughnut-shaped depletion light to a value smaller than the diffraction barrier. This technique 
achieves a xy-resolution in the range of 20 - 70 nm but is prone to photobleaching, thus it is 
recommended to use photostable fluorophores (Hell 2007). In a relatively simple to perform 
method called SIM, a sample is shone with series of periodic illumination patterns (grating) of 
known frequency, phase and orientation (Fig. 9C). The convolution of the excitation pattern 
and the sample fluorescence forms Moire fringes from which it is possible to recover 
information not visible with the wide-field microscopes. This leads to a doubling of the 
resolution at the cost of probable artifacts from high image processing. However, unlike 
STED, standard fluorophores are sufficient for SIM imaging (Turkowyd et al. 2016). 
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Figure 9 A) The spatial scale of the molecules that are of interest to the biologists and the 
comparison of their sizes with the light microscopes diffraction limit of light. B) The principle 
behind STED microscopy. The doughnut-shaped STED laser is superimposed onto the 
excitation light canceling it out. C) The principle of SIM. A patterned illumination is used to 
excite a sample in a iterative manner. D) The collective principle behind SMLM. The small 
fraction of non-overlapping fluorophores are activated at a time. The procedure repeats until 
all fluorophores are bleached. Adapted from (Turkowyd et al. 2016) under creative common 
licence CC BY 4.0. Reprinted with permission from (Gustafsson 2000). 
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With one promising exception of MINFLUX (Balzarotti et al. 2017), the last set of approaches, 
which achieve the highest resolution, is collectively called Single-Molecule Localization 
Microscopy (SMLM), Photoactivated Localization Microscopy (PALM) (Hess et al. 2006; 
Betzig et al. 2006), Stochastic Optical Reconstruction Microscopy (STORM) (Rust et al. 2006) 
and Ground-State Depletion followed by Individual Molecule Return (GSDIM) (Fölling et al. 
2008) To achieve single molecule detection in a crowded biological sample the emitters in their 
fluorescent states must switch on and off in a non-overlapping manner which is modulated by 
the lasers and imaging buffer composition (Dempsey et al. 2011). The stack of images is then 
collected, analyzed and combined to reconstruct a final image that, conceptually, is a set of 
coordinates (Fig. 9D). Each coordinate possesses valuable information - the position in space 
and its determination uncertainty, the fluorescence intensity and the lifetime. The uncertainty of 
the localization is approximated as 

 
𝜎 ∼ 𝜎!"#/ 𝑁 

 

𝜎PSF is the standard deviation of the microscopy Point Spread Function (PSF) and N the 
number of photons. PSF is a three-dimensional pattern of light emitted from a point light 
source detected by a system of lenses (microscope) (Thompson et al. 2002). Despite high 
post-processing of the image SMLM has a couple of advantages. The resolution achieves 
ranges between 10 to 30 nm in fixed samples (Sydor et al. 2015). The resolution in 3D is 
comparatively worse but achievable in 10 to 70 nm range with such as methods as 
Supercritical Angle Localization Microscopy (SALM) (Deschamps et al. 2014) or 4Pi 
(Aquino et al. 2011; Shtengel et al. 2014). Thus, SMLM is a tool of choice for a crowded 
cellular environment and to study structures smaller than the diffraction of light. The 
reconstructed image allows for further processing that has the power to decouple biological 
features according to their characteristics, i.e. virtual sectioning of a 3D sample, distinction of 
a signal of interest from the unwanted background, etc. In general, due to its quantification 
power SMLM has contributed to the uncovering of stoichiometries (Lando et al. 2012) and 
spatial arrangements of multiple cellular components (Szymborska et al. 2013; Dani et al. 
2010). 

In the standard imaging a fluorophore is detected once by a camera in its fluorescent state 
until it is photobleached. However, fluorophores can exhibit more complex transitions that 
lead to cycling behavior between an "on" and an "off" state until photobleaching occurs (Fig. 
10A). In general, all probes must generate high photon yield to be distinguishable from a 
relatively high auto-fluorescent cellular background. They can be divided into two categories 
- synthetic dyes and fluorescent proteins. The most desirable synthetic dyes are soluble, 
achieve high photon yield and have low on/off duty cycle as this contributes to the sharpness 
and continuity of an image. The on/off duty cycle can be defined as the fraction of time the 
probe spends in the bright state (Dempsey et al. 2011). This is the result of a property where a 
probe undergoes transition to the dark states (triplet T1, radical F) via intersystem crossing 
and RedOx reactions where it can stay a conside-e amount of time (Dempsey et al. 2009). 
Presence of a RedOx system, an oxygen species and UV light alternate the switching 
properties and by that the on/off duty cycle (Fig. 10A). In experiments with rhodamines, 
oxazines or carbocyanines so called blinking buffer must be added to increase their 
performance. A typical blinking buffer contains thiols, which are used to bring carbocyanine 
derivatives to their dark state and photobleaching reducers called oxygen scavenger systems 
(Fig. 10B) (Dempsey et al. 2011). Moreover, higher photon yield has been reported for some 
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fluorophores in the presence of heavy water (Ong et al. 2015). Unlike fluorescent proteins, the 
dyes cannot be encoded genetically. Thus, specific labeling must be achieved differently. The 
most common method - the indirect immunofluorescence - uses a primary and a secondary 
antibody where the later one is conjugated with a dye. However, this creates a linkage error of 
about 10 nm and limits the efficiency of its delivery to a cell due to the large size of each 
immunoglobulin. Alternatively, a genetically encoded tag can serve as bait for binders smaller 
than antibodies such as nanobody, which has been successfully used even in cell wall-
containing budding yeast (Ries et al. 2012). Even shorter tags and easier delivery system can 
be achieved using small molecules (e.g toxins) (Lukinavičius et al. 2013) or click chemistry 
of unnatural amino acids (Lang & Chin 2014). This seems to be promising, however small 
molecules have been used only to a handful of targets, specifically cytoskeleton components, 
and the use of unnatural amino acids has low efficiency and results in high levels of 
unspecific labeling (Spicer & Davis 1AD). Advancement in genome editing such as the 
CRISPR-Cas system delivers yet another method where a small engineered enzyme is used to 
specifically tag a protein of interest on a DNA level (Ran et al. 2013). Then, the dye can 
irreversibly bind to the tag via an additional chemical group. SNAP-tag is a mutated human 
O6-alkylguanine-DNA-alkyltransferase that reacts with benzylguanine (Lukinavičius et al. 
2013; Juillerat et al. 2003). A SNAP derivative CLIP-tag can recognize benzylcytosine 
(Gautier et al. 2008) and bacterial haloalkane dehalogenase HaloTag reacts with chloroalkane 
group (Los et al. 2008). 

Fluorescent proteins (FPs), despite lower photon yield, possess several advantages over 
synthetic dyes (Wang et al. 2014). In the genome edited cells the tagging ratio is 1:1 as they 
are genetically fused to the protein of a choice thus can be used to estimate a copy number. 
Moreover, due to the lack of sample permeabilisation FP can be successfully used in live cells 
(Turkowyd et al. 2017). A conformational change within a chromophore or its direct 
surrounding is required for blinking behavior of a FP (Fig. 10C). Blinking behavior of 
photoactivatable proteins relies on UV irradiation that carboxylates a side in a beta-barrel that 
normally stabilizes the non-fluorescent state. This shifts a chromophore to a fluorescent 
anionic state. Photoswichable FPs employ a slightly different mechanism where reversible 
switching is caused by UV light induction of cis/trans isomerization. Finally, a family of 
photoconvertable proteins extends the structure of its chromophore by cleavage of a peptide 
bond in UV-dependent manner causing a green-orange shift (Chozinski et al. 2014). The 
extensive use of a FP in SMLM is hampered due to factors such as cellular pH-dependence, 
incomplete or incorrect folding of a beta-barrel and chromophore maturation. Furthermore, 
genetic fusion can introduce artifacts potentially visible under a super-resolution microscope 
caused by the FP's tendency for aggregation or possible interference with the function or 
localization of a protein of interest (Landgraf et al. 2012). 

Single-color SMLM imaging is especially useful to determine the distribution of a protein of 
interest within a sample without any reference. Most of the cellular structures assemble into 
higher-order organizations with additional components. Thus, mapping of more than a single 
component within a complex of choice in respect to another requires usage of a second 
SMLM probe most of the time. While conventional microscopy provides a relatively easy 
solution, the selection of the fluorophores and the dual-color imaging implementation is more 
elaborate to produce high quality data (Nahidiazar et al. 2016; Gunewardene et al. 2011). The 
most complex approaches have established imaging of up to six colors. An expensive set up 
with a second objective allows for ultimately distinguishing four far-red dyes by addition of a 
new emission path with a prism (Zhang et al. 2015). Another approach for only spatially 
distinct features is based on a combinatorial pairing of reporters and activators but is not 
cross-talk free (Bates et al. 2008; Bates et al. 2011). 
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Figure 10 General mechanisms of fluorophores used in SMLM. A) The Jabłoński diagram 
represents the photophysics of the organic dyes. S0 - ground state (non-fluorescent), S1 - 
excited state, T1 - triplet state (non-fluorescent), F- - radical state. B) An example of the 
organic dye (Cy5) blinking with thiol (R-S) depicted. Fluorescent state depicted with red 
color. C) Three known mechanisms of fluorescent proteins blinking with fluorescent states 
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depicted as colors. Adapted with permission from (Turkowyd et al. 2016) under creative 
common licence CC BY 4.0. 

 

The most established imaging scheme is a dual-color approach with either spectrally 
overlapping (ratiometric) (Aquino et al. 2011) or non-overlapping probes. Both give reliable 
results and are easier to implement for a variety of samples. Quantitative measurements need 
to take into consideration factors such as chromatic aberrations where a lens is unable to focus 
light at the same spot for both colors, limited amount of channels, as FPs often use two colors 
and different requirements for buffer composition or activation light (Chozinski et al. 2014). 
For spectrally non-overlapping imaging the buffer must be optimised and an additional step of 
channels registration with e.g. beads has to be performed to overlap the colors and correct for 
chromatic aberrations (Churchman et al. 2005). Alternatively, ratiometric imaging minimize 
chromatic aberrations and the sample signal is used to transform the channels as a single color 
can be visible in both channels. 

 

6.6.  Protein copy number estimation using fluorescence microscopy 

In order to determine the structure-function relationship of a complex of interest it is highly 
desirable to obtain data about the protein copy number of the constituents of a complex. 
Fluorescence microscopy allows to do so in the context of a cellular environment (Coffman & 
Wu 2012). The fluorophore of choice here is rather a fluorescent protein as it generates a 
stoichiometry of 1:1 with a protein sample (Turkowyd et al. 2016). Nevertheless, protein copy 
number calculations by staining with non-genetically encoded labels are possible when the 
binding ratio is determined (Wisniewski et al. 2014)  

In Stepwise Photobleaching, iterative capturing of an individual fluorophore's permanent loss of 
fluorescence under constant laser illumination is used. The number of photobleaching steps 
equals the number of fluorophores in a sample (Fig. 11A). It can be applied to rather small 
number of fluorophores as a chance to bleach more than a single molecule increases with higher 
fluorophore numbers (Durisic et al. 2012). Another technique, Fluorescence Correlation 
Spectroscopy (FCS) allows to measure the concentration and the diffusion rate of a mobile 
protein by observing fluorescence fluctuations of a molecule crossing the observation volume 
(Fig. 11B). This requires a specialized optical setup (Ries & Schwille 2012). In comparison to 
the preceding methods, the most widely used one is to compare the fluorescence of the 
unknown complex to a fluorescent standard due to an easy implementation. The brightness of a 
sample is compared to the brightness of a complex of which the stoichiometry is known and 
does not depend on changes occurring in the cell, e.g. cell cycle (Fig. 11C) (Coffman & Wu 
2012). Factors such as folding and maturation rate of a fluorophore are negligible when both the 
sample of interest and the standard are expressed under similar conditions (Lawrimore et al. 
2011). The high precision is achieved when the comparison can be made simultaneously but 
consecutive imaging is also possible. 

All of the aforementioned methods are limited by the diffraction limit of light. Potentially due 
to a simultaneous fluorescence emission of most of the sample fluorophores, a self-quenching 
effect can occur (Swiecicki et al. 2016). The principle of SMLM where only non-overlapping 
fluorophores are excited at a time should prevent these pitfalls from occurrence (Puchner et al. 
2013; Durisic et al. 2014). Nevertheless, quantitative localization microscopy is still impeded 
by factors similar as in the previous methods as well as ones unique to the technique 
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(Shivanandan et al. 2014; Coltharp et al. 2014). Namely, undercounting and overcounting is a 
general issue. 

 

Figure 11 Overview of the main techniques used in quantitative microscopy to estimate a 
protein copy number. A) In stepwise photobleaching the fluorophores are bleached in a step-
wise manner. The number of bleaching steps is used to estimate the protein copy number. 
NPC - nuclear pore complex. B) In fluorescence correlation spectroscopy fluorophores 
diffuse through a detection volume generating a fluorescence intensity fluctuation. Then, 
information such as a probe's concentration can be obtained by fitting a mathematical model 
to the correlation curve. C) In the brightness comparison the fluorescence intensity of a 
standard is compared to the brightness of a sample of interest to estimate the relative protein 
copy number. Adapted from (Mi et al. 2015) under creative common licence CC BY 4.0. 
Adapted with permission from (Ries & Schwille 2008; Lawrimore et al. 2011). 
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Undercounting might be a result of insufficient maturation, folding and failed photoactivation 
of FPs. Overcounting comes from blinking behavior (Annibale et al. 2011) as well as false 
clustering of molecules. In general, fluorescent proteins have tendency to self-oligomerization 
(McEvoy et al. 2012). Therefore, choice of monomeric FPs to avoid false clustering is 
recommended. The correction may be based on a control sample of sparsely expressed 
monomeric FP and analysis that groups localizations that are close in space and time. This 
clustering has to take into account the typical localization precision and the time between 
activation events, called cutoff time, which can be determined experimentally (Coltharp et al. 
2012). For a denser sample a variable, protein density dependent, cutoff time is introduced 
(SH et al. 2012). Also, photophysics-independent analysis of FP has been applied to small 
membrane protein clusters where the typical three-state kinetic model of blinking is not 
assumed (Hummer et al. 2016). Alternatively, the cumbersome fluorophore photophysics 
characterization can be minimized with a brightness (fluorescent) standard. It can be 
successfully employed to a complex with expected high protein copy number (Durisic et al. 
2014). The approach is simple. The number of probes depends on the number of blinking 
events in a stochastic manner (Finan et al. 2015). The sample and the standard are prepared in 
the same way followed by imaging under similar conditions, ideally on a single coverslip. The 
number of localizations per fluorophore is calculated from the brightness standard. Then, the 
mean number of localizations per complex of interest is divided with the number of 
localizations per fluorophore (Fig. 12). The limits in the current techniques like incomplete 
SNAP labeling (Finan et al. 2015) or small brightness standards that are used (Fricke et al. 
2015) make the methods less efficient due to difficulty in distinguishing from the background 
or segmentation. In my study, the brightness standard has a high protein copy number and 
fluorescent protein is used to reach 1:1 tagging ratio in the genome-edited cells. 

 

 

Figure 12 Comparison of the brightness using the standard. The brightness standard has a 
defined number of molecules. The brightness standard and the complex of interest are 
prepared and imaged under the same conditions. The protein copy number of the complex of 
interest (N) can be estimated by extracting the number of localisations for both from the 
SMLM experiment. 
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7.  Aims of the study 

Proper mitosis is highly dependent on the kinetochore structure that, in turn, establishes its 
conformation based on how it interacts with the centromeric DNA region as well as the spindle 
microtubule. This crucial configuration can be visualized with conventional fluorescence 
microscopy due to its molecular specificity. However, all kinetochores in budding yeast are 
confined within two separate fluorescent spots in metaphase due to the diffraction limit of light. 
Over the last two decades, multiple fluorescence techniques have been developed to overcome 
this limit, with single-molecule localization microscopy achieving the highest resolution. 
During my PhD, I showed that the budding yeast kinetochore can be visualized on a single 
complex level and quantitative data can be obtained. 

The aims of my project can be summarized as follows: 

∗ Can single-molecule localization microscopy visualize individual kinetochores 
inside a cell? 

The yeast kinetochore has been observed only once and only in anaphase, with single-
molecule localization microscopy (Wisniewski et al. 2014). Thus, it is not well known 
whether SMLM can be a suitable method for structural studies of the metaphase complex as 
the protein copy number of most of its components is relatively low (Joglekar et al. 2006). 

 

∗ How are the kinetochore proteins positioned in the metaphase spindle? 

Several previous studies have used diffraction-limited microscopy to map the positions of the 
kinetochore along the spindle axis. The relative position of the kinetochore components 
influences the mitotic signaling allowing the cell to "decide" whether to proceed with the cell 
division. The correct metaphase kinetochore structure is sensed by the cell as approval to 
begin the anaphase. Here, I would like to recapitulate the approach on a single kinetochore 
level to eventually address few discrepancies between reconstituted (Dimitrova et al. 2016; 
Petrovic et al. 2016) and in vivo approaches (Joglekar et al. 2009; Joglekar et al. 2013) 
regarding the kinetochore structure. 

 

∗ Development of the brightness standard method to estimate absolute protein copy 
numbers using single-molecule localization microscopy in yeast. 

SMLM can be used to precisely estimate the protein copy number of a protein of interest in a 
crowded and heterogeneous sample. However, the available methods suffer from lack of 
accuracy and have not been established in the yeast system. Here, I developed an efficient, 
easy and transferable method in Saccharomyces cerevisiae to determine stoichiometries of 
any complex of interest. 

 

∗          What is the stoichiometry of the budding yeast kinetochore?        

Multiplication of kinetochore components is an integral part of its complex function. 
However, there is a discrepancy within the diffraction-limited quantitative microscopy-based 
studies (Joglekar et al. 2008; Lawrimore et al. 2011). Here, I obtained high-throughput data 
on the stoichiometry of the budding yeast kinetochore using the SMLM/brightness standard 
approach. 
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8.  Materials and Methods 

8.1.  Methods 

8.1.1.  Yeast genome editing 

The genome editing in Saccharomyces cerevisiae is a very robust and simple method. It is 
used to introduce almost any tag or fluorescent protein at either side of a protein of interest. 
Internal tagging and gene deletions are possible as well. It is solely based on homologous 
recombination that occurs in yeast with high efficiency. The process is involved in double-
strand breaks and is catalysed by RAD52 epistatic group components, but other proteins are 
also involved (Symington 2002). The protocol requires generation of linear double-stranded 
DNA that contains regions homologous to the genomic locus of interest. Then, yeast cells are 
transformed with the DNA. Last, the clones are tested with PCR or other suitable techniques 
(Janke et al. 2004). 

In this work, the PCR-based carboxy-terminal (C-terminal) tagging and gene deletion is used 
to create strains for intrakinetochore distances measurements. The tagging cassettes are 
created by amplification of DNA regions in the plasmids. The C-terminal tagging is 
performed with S3, S2 primers whereas gene deletion is done with an S1 and S2 pair. Each 
primer consists of a 5' overhang that encodes a ~50-base-long homologous sequence to the 
gene of interest and a 3' region that anneals to the plasmid used in the PCR. 

100 ng of the plasmid were combined with 10 µl of Hi-Fi Reaction Buffer (Bioline), 0,25 mM 
dNTPs (Bioline), 0,5 mM of each primer, 0,2 U of Velocity polymerase (Bioline) and 2 mM 
MgCl2 solution (Bioline) in a total volume of 50 µl. The reaction was performed with the 
following steps: 98oC for 2', (98' - 30 sec., 56oC - 30 sec., 72oC - 1 min. 20 sec.) x35, 72oC for 
3 min. The product consists of a sequence encoding the fluorescent protein or SNAP-tag, a 
selection cassette and flanking regions homologous to a target sequence in the genome. 

The competent cells were prepared by restreaking a single colony onto a YPAD plate and 
letting the grow for ~3 days. Then, 4 ml of YPAD were inoculated with a freshly grown 
colony. The cells were cultured by shaking (220 rpm, 30oC) overnight. The cells were diluted 
to 0,2 OD in 50 ml of fresh YPAD and cultured until mid-log phase. Subsequently, the cells 
were washed twice by spinning down (1500 rpm, 5 min. at room temperature). After the first 
wash the cells were resuspended in sterile water then with SORB buffer. In the meantime, 40 
µl of 2 mg/ml of salmon sperm DNA were denatured at 100oC for 10 min. then cooled on ice. 
Next, the cells pellet was resuspended in 360 µl of SORB buffer and 40 µl of the salmon 
sperm DNA. The cells were aliquoted into ~10 tubes with 50 µl each stored at -80oC. 

For the transformation reaction 15 µl of unpurified PCR product were gently mixed with 50 
µl of the competent cells, 360 µl of PEG buffer and left at room temperature for 30 min. 47 µl 
of DMSO were added to the reaction followed by 15 min. incubation at 42oC. After the heat-
shock the cells were spun down at 2100 rpm for 2,5 min. The pellet was resuspended in water 
and plated onto a selection plate. The plate was then incubated at 30oC for 3 days. Fully 
grown colonies were checked by colony PCR with a forward primer annealing inside an ORF 
and a reverse one that binds a sequence ~200 bp downstream of an ORF. The reaction was 
assembled by adding a small volume of a colony to 20 µl of 1x MangoMix (Bioline) mixed 
with 0,5 mM of each primer. The PCR reaction was performed under the following 
conditions: 95oC for 10 min., (95oC - 30 sec., 51oC - 30 sec., 72oC - 2 min.)x30, 72oC for 4 
min.. The reactions were analysed on a 1% agarose gel in 1xTBE buffer. 
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8.1.2.   Introduction of the brightness standard candidates into yeast 

1 µg of either pYES2-polymMaple-HA, pYES2FsaA-Maple-HA was used for mk100 strain 
transformation with the same method as the one mentioned in Section 5.1.1. Positive clones 
with were stored on SC-URA plates to maintain the plasmids in the cells. 

HO-poly-KanMX-HO is an integrative vector that upon linearisation can integrate with high 
efficiency into the HO locus in yeast. The vector encodes the sequences HO-L and HO-R 
which are homologous to the HO locus. The vector can be cut near HO-L, HO-R creating a 
DNA block containing a pGAL1 promoter, a sequence of interest to be expressed and a 
KanMX selection cassette. Alternatively, the sequence can be amplified via PCR and purified. 

5 µg of HO-pGAL1-polymMaple-KanMX-HO were cut with SfiI and StuI enzymes and 
purified from the/an agarose gel. HO-pGAL1-FsaAmMaple-KanMX-HO was amplified by 
PCR with HO-L and HO-R specific primers and then purified with the QIAquick PCR 
Purification Kit. The linearised DNA blocks were used for mk100 strain transformation. 
Positive clones were restreaked onto fresh YPAD plates. 

 

8.1.3.  Validation of FsaA-mMaple and polymMaple expression by western blot 

The cells were incubated with 2% galactose for 6, 8 and 10 h. Samples for SDS-PAGE were 
prepared by collecting 2 OD of cells, spinning them down (10000 rpm, 5 min, 4oC) and 
resuspending them in 100 µl of H2O supplemented with 1 mM PMSF, 1x Halt Protease 
Inhibitor and 5 mM EDTA. The samples were then carried on ice. 100 µlof 0,2 M NaOH was 
added to the samples and left at room temperature for 10 min. Subsequently, the cells were 
spun down and the supernatant was discarded. The sample was then resuspended in 40 µl of 
SDS-PAGE buffer, boiled for 5 min. and again spun down. Alternatively, mild Y-PER 
extraction protocol, according to the manufacturer, was applied to control for protein 
degradation due to the harsh treatment. The samples were applied on a 4 - 12% gradient gel 
and run with 150V. Along with the sample 6 µl of Range Spectra Multicolor Protein Ladder 
was used. The semi-wet transfer was performed with a PVDF membrane and then the 
blocking was done overnight at 4oC in a TBS buffer with 0,1% Tween-20 and 5% milk. The 
primary antibody anti-HA was used in a 1:1000 dilution in the blocking buffer and incubated 
at RT for 1h. The secondary staining was performed with a 1:5000 dilution of an anti-mouse 
antibody for another 1 h. After both stainings the washing was done also with the blocking 
buffer. The detection was performed according to the manufacturer protocol. 

 

8.1.4.  Expression of FsaA-mMaple and PolymMaple for imaging 

The expression of the brightness standard from the genome was conducted as following: a 
colony was restreaked onto a fresh YPAD plate and incubated at 30oC for 2-3 days. 4 ml of 
SC-Trp supplemented with 2% raffinose (no glucose) was inoculated with a single colony and 
cultured overnight (30oC, 220 rpm). In the morning, the culture was diluted to 0,2 OD in SC-
Trp/2% raffinose and incubated further for 2 h. Then, 2% galactose was added to the culture 
and the cells were shaken at 30oC for another 2 h. 2% glucose was added to stop the 
expression of the construct and incubated for 2 h to allow the fluorescent protein to mature 
and the whole construct to correctly assemble. 

The ectopic expression was conducted from the plasmids with URA marker. Thus, the cells 
were always maintained on SC-URA. 4 ml of SC-URA/2% raffinose was inoculated with a 
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single colony and cultured overnight (30oC, 220 rpm). The next day, cells diluted to 0,2 OD in 
10 ml of SC-URA/2% raffinose were shaken (220 rpm, 30oC) for 3 h. pGAL promoter was 
activated by addition of 2% galactose and the cells were cultured for another several hours. 
pGAL was then repressed with 2% glucose and yeast were again incubated (220 rpm, 30oC) 
for 2 h. 

 

8.1.5.  Yeast sample preparation for SMLM imaging 

In the project, two SMLM techniques were used. PALM imaging relied on blinking of the 
fluorescent proteins. Therefore, the sample preparation required only immobilisation and 
fixation. In STORM imaging, the organic dyes were used. Thus, additionally to immobilisation 
and fixation, permeabilisation and staining were performed allowing the dye to enter the cell. 
Moreover, specific blinking buffer was added to modulate the behaviour of the organic dye 
blinking (Mund et al. 2014). 

 

8.1.5.1.  Sample preparation for PALM imaging 

The yeast cells do not, unlike some mammalian cells, naturally adhere on glass. Thus, the 
coverslips are prepared beforehand by coating the glass surface with Concanavalin A. This 
way, they can be store for a long time. Concanavalin A is a lectin from Canavalia ensiformis 
that can bind alpha-mannosyl and alpha-glucosyl groups. Due to this ability it is used here to 
non-covalently immobilize yeast cells on a microscope coverslip. The protocol is simple but 
the sample can be stored on a coverslip for a maximum of 1 day. 

First, the coverslips were cleaned in HCl/Methanol overnight and then rinsed with water. 
Additionally, the coverslips were cleaned using the plasma cleaner to get rid of residual 
organic contaminations. In the mean time, 4 mg/ml Concanavalin A solution (in PBS) was 
spun down (14000 rcf, 5 min.). Each coverslip was then coated with 15 µl of Concanavalin A. 
Subsequently, the coverslips were incubated for 30 min. at room temperature in moist 
conditions. Finally, the residual liquid was pipetted out from the coverslips' surface and dried 
overnight at 37oC. Before use, the coverslips were rinsed with water to remove salts from 
PBS. Then, the coverslip was covered with ~100 µl of a cell suspension and incubated for 20 
min. 

A single colony was restreaked onto a fresh YPAD plate and incubated at 30oC for 2-3 days. 
Then, 4 ml of SC-Trp inoculated with a colony was shaken (220 rpm) overnight. SC-Trp is a 
minimal medium with depleted tryptophan to reduce cell fluorescence. In the morning, the 
cells were diluted to 0,25 OD in 10 ml of SC-Trp and cultured until the logarithmic phase (~3 
h). 2 ml of the cells were spun down (2500 rpm, 3 min.) and resuspended in 100 µl of the 
medium. The cells were immobilized on Concanavalin A-coated coverslips. Subsequently, the 
sample was fixed in 4% paraformaldehyde-based fixation buffer for 15 min. at room 
temperature and quenched in 100 mM ammonium chloride pH 7,5 in PBS for 20 min. twice. 
Finally, the sample was rinsed with PBS several times. The coverslip was mounted on a 
microscope stage and covered with 50 mM Tris/HCl pH 8 in 95% D20. 
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8.1.5.2.  Yeast staining with AlexaFluor647 

This protocol is used for dual-color measurements of the yeast kinetochore. In this protocol, a 
protein of interest is genetically tagged with SNAP-tag. SNAP-tag is based on an engineered 
variant of O-6-alkylguanine-DNA-akyltransferase. The polypeptide reacts with benzylguanine 
conjugated AlexaFlur647 (SNAP-Surface Alexa Fluor 647). The reaction leads to the 
covalent attachment of AlexaFluor647 to SNAP by substitution of the benzyl group. 

The cells were immobilized, fixed and washed the same way as in the Section 5.1.6.1. 
Subsequently, the sample was covered with 0,01% digitionin in 1% BSA solution and 
incubated for 30 min. at room temperature under moist conditions. The sample was then 
washed in PBS. The sample was labeled with 1 µM SNAP-Surface Alexa Fluor 647 in 1% 
BSA solution for 2 h at room temperature under moist conditions. Finally, the sample was 
washed in PBS 3x5 min. The sample was mounted in a microscope stage and covered with the 
blinking buffer. The composition is shown in Section 5.2.6. (Dempsey et al. 2011). The 
blinking buffer for single-color or dual-color imaging was supplemented with 35 mM or 15 
mM MEA respectively. 

 

8.1.6.  Yeast SMLM imaging 

The SMLM acquisitions were performed with one of the two custom-build microscopes. 
Microscope 1 was used for low-throughput single- and dual-color imaging. The Microscope 2 
was primarily used for high-throughput single-color imaging. Both microscopes have several 
available channels/colors - UV (405 nm), green (488 nm laser, 525/50 nm emission bandpass 
filter), orange (561 nm laser, 600/60 nm emission bandpass filter), red (640 nm - excitation 
and booster laser, 700/100 nm emission bandpass filter). 

Before an acquisition, low laser power was used to find a region of interest. Prior to the 
experiment, the back focal plane image was inspected for any bubble in the immersion oil and 
a snapshot with low laser intensity was taken for comparison with the super-resolved image. 
The exposure time was experimentally defined to get an activated state lifetime between 1 - 2 
frames. The same experimental approach was applied to establish all laser powers to get the 
maximum photon budget. The blinking of the emitters was adjusted by an automatic feedback 
loop governing the pulse length of the UV laser is a way to activate only non-overlapping 
fluorophores. The acquisition was finished when most of the blinking was gone. 

 

8.1.6.1.  Single-color imaging 

8.1.6.1.1.  PALM imaging 

A sample was mounted in Tris pH 8/D2O buffer. The fluorescent protein used with this 
method was the photoconvertable fluorescent protein mMaple (McEvoy et al. 2012). Thus, 
only the 561 nm laser was used for excitation. For the kinetochore samples the z position was 
adjusted according to the Spc42-GFP signal or in the equatorial plane of the cells. The 
experiments were conducted with ~70 mW (out of fiber) of 561 and 10% UV pulsing from 𝜇s 
to ms with 30 ms exposure time. A maximum of 30000 frames were collected. The samples 
with mMaple gathered around 1000 photons on average and had a ~20 nm localization 
precision. 
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8.1.6.1.2.  STORM imaging 

A sample was mounted in the blinking buffer. The fluorescent dye Alexa Fluor 647 
conjugated with SNAP substrate was used. For the kinetochore samples the z position was 
adjusted according to the Spc42-GFP signal or in the equatorial plane of the cells. The 
experiments were conducted with ~150 mW of 640 nm lasers and 10% UV, pulsed as in 
Section 5.1.6.1.1. with 15 ms exposure time. A maximum of 50000 frames were collected. 
The samples with mMaple gathered around 5000 photons on average and had a ~10 nm 
localization precision. 

 

8.1.6.2.  Dual-color imaging of AlexaFlour647 and mMaple 

Before the experiment, a bead calibration for a faithful channel overlay was performed. For 
this, 2,5 µl of vortexed 100 nm (in diameter) Tetraspeck beads were diluted with 400 µl of 10 
mM MgCl2. The beads were allowed to settle down on a coverslip. Then, the position of the 
tube lens of the second channel was adjusted to focus both channels in the same focal place. 
The brightness (with low intensities of the lasers) of the beads was equalised with both 561 
nm and 640 nm lasers. The splitting of the emission signals was achieved with a 640 nm long 
pass dichroic mirror. The signal from the 640 nm or 562 nm excitation was collected through 
676/37 nm or 600/60 nm emission bandpass filters, respectively. 70 images from different 
parts of the coverslips were collected with 50 ms exposure time. 

A sample was mounted in the blinking buffer supplemented with lowered amount of MEA 
(15 mM). The region of illumination was reduced with an AC50 collimator and diaphragm. 
The cells with similarly bright sister kinetochore signals were chosen for each acquisition. 
First, 120 mW of the 640 nm laser was applied on the sample with self-adjusting 10% UV for 
30 ms. When the blinking of AlexaFuor647 was in the non-overlapping regime, ~70 mW of 
the 561 nm laser was added. The total blinking was set up in the lower regime to correct for 
the "flickering" behaviour of mMaple (due to presence of MEA). A typical experiment should 
have not exceeded 60000 frames. The standard result consisted of the mMaple signal with 
~700 photons, ~35 nm localization precision and the Alexa Fluor 647 signal with similar 
photon budget as with single-color but localization precision of about 20 nm. 

 

8.1.6.3.  High-throughput mMaple imaging 

The high-throughput imaging was performed only on Microscope 2. The sample was prepared 
the same way as for single-color PALM imaging and additionally sealed with parafilm to 
avoid evaporation of the buffer. 

In the kinetochore protein copy number estimation, first, the brightness standard was imaged 
for 30 regions of interest and then 225 acquisitions of the kinetochore sample with the focus 
on the equatorial plane of the cells. The multiple experiments were possible by applying a 
grid where each illumination region was separated by 150 µm. Every acquisition was 
performed with approximately 100 mW of the 561 nm laser, 25 ms exposure and 20% of UV 
(pulsed). The end of a single experiment was marked by the exhaustion of blinking. A 
snapshot or z-stack of Ndc80-GFP (for kinetochores) or Abp1-GFP (for Nup188-mMaple) 
was taken along a back focal plane image. After the acquisition, BFP snapshot and z-stack the 
stage moved to the next area to repeat the whole procedure. 
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8.1.6.4.  Image reconstruction 

The Matlab-based package Superresolution Microscopy Analysis Package (SMAP, 
unpublished, Jonas Ries) was used for image reconstruction and data analysis. Initially, the 
peaks were detected by smoothing and background subtraction. The selection of the peaks 
was performed by adjusting a probabilistic threshold with a probability p less than 0,01 that 
states the level of random signal fluctuations. Then, the signal was localized by fitting a 
Gaussian function with a homogeneous photon background. Finally, for experiments longer 
than 5000 frames, the sample drift was applied where localizations were binned in 10 - 15 
time (frame-wise) windows. For each time window, a superresolved image was generated and 
the pair-wise image cross-correlation was calculated. The result, drift trajectory, was used to 
correct the total drift. The images are presented in a coordinate-based manner with Gaussian 
blurring according to their localization precision with, so called, grouped localizations. The 
localizations were grouped if they appeared in close proximity to each other and appeared in 
subsequent frames. The final images contained all the signal that was not discarded in the 
localization thresholding. Nevertheless, the images were further filtered by restricting the 
localization precision to less than 20 nm for AlexaFuor647 and 30 nm for mMaple, the PSF 
with a maximum of 155 nm of standard deviation. Moreover, the small portion of initial 
activations was discarded. AlexaFluor647 in dual-color was highly overlapping and mMaple 
did not appear in the initial frames as it requires longer UV pulsing. It is worth mentioning 
that despite post-processing filtering all signal is preserved in each file, thus, unfiltered data in 
available. 

The beads images were used for the dual-color image overlay. The accuracy could vary 
between 7 and 20 nm. For a better precision, additional image cross-correlation was applied 
on already overlaid channels. 

For high-throughput data, a simple quality control was added as the SMAP plugin "Statistics 
vs frame/file". This allows to control whether the sample deteriorates or the focus was lost 
due to the presence of the bubble in BPF in all 225 experimental files. When the high-
throughput data showed a significant deviation of the median localization precision, photon 
count and background level the portion or the whole experiment was discarded. 

 

8.1.6.5.  Data analysis 

8.1.6.6.  Dual-color intrakinetochore distance calculation 

The single kinetochores (sites) were picked manually in the SMAP plugin "ROIManager". 
Then, the center of mass for each color was calculated automatically with plugins 
"selectCoordinates2Color" and "CenterPoints" and for each spindle the spindle axis was 
drawn manually. The axis was used to project the distance vector onto the kinetochore-
microtubule (Fig. 15). The spindle axis line end pointing to the centre of a spindle defined the 
position of the kinetochore signal in a coordinate-based manner (Fig. 16). The calculation of 
the final value as a pair-distance distribution for both the "raw" (not corrected for the spindle 
axis deviation) and "projected" (corrected for the spindle axis deviation) distances 
(Schnitzbauer et al. 2017) was performed with “kinetochoredistances” Matlab plugin. 
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8.1.6.7.  Protein copy number estimation 

The kinetochore sites (one site = half a spindle) were picked manually in the SMAP plugin 
"ROIManager" and segregated according to the cell stage. The Nup188-mMaple sites were 
used as the brightness standard. They were picked either manually and automatically. For 
both approaches the nuclei are picked manually. The automatic selection of sites was 
performed with the SMAP plugin “SegmentSitesPolarCME" where the bottom area of the 
nuclei were defined and individual NPC clusters were segmented. The mean localization 
number/complex was calculated for both datasets separately. First, the mean localization 
number per protein was extracted from the NPC dataset and the protein copy number of a 
kinetochore half-spindle was calculated. Then, a protein copy number for each kinetochore 
was estimated by dividing the value by 16 (the number of kinetochores in the half-spindle). 

 

8.2.  Materials 

All the common buffers (NaCl, EDTA, TBE) were prepared by EMBL media kitchen. The 
chemicals were purchased from Sigma unless otherwise stated. 

 

8.2.1.  Plasmids 

Plasmid name Marker Tag  Source 

pFA6-GFP-KanMX KanMX GFP lab 

pFA6-SNAPf-hphNT1 hphNT1 SNAPf lab 

pFA6-mMaple-HIS3MX HIS3MX6 mMaple lab 

pYES2-polymMaple-HA URA3MX polymMaple-HA lab 

pYES2-FsaA-mMaple-HA URA3MX FsaA-mMaple-HA lab 

HO-pGAL1-polymMaple-HA-HO URA3MX polymMaple-HA lab 

HO-pGAL1-FsaA-mMaple-HA--HO URA3MX FsaA-mMaple-HA lab 

Table 1 Yeast plasmids used in this study. 

HO-poly-KanMX-HO was obtained from Addgene (originally generated in (Voth et al. 2001)) 
#51662. pYES2 was a gift from Christian Häring (EMBL). PolymMaple sequence was 
generated by Ulf Matti. 
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8.2.2.  Primers 

Name  Sequence 

Ask1 S2 GTTCTGATATTCATCACTAGTAAAAATTGTATG 

TACTTATTTATTCTAATCGATGAATTCGAGCTCG 

Ask1 S3 GAAGTACCAAAGCCTGGGACCATCATTCATTTTT 

CTACGAATAGACGTACGCTGCAGGTCGAC 

Ask rev check GGCATATATCTGGCGCACTT 

Cnn1 S1 CGATTAATGACACACACGACGATTAGTAACGAAA 

TAAGAAATGAATAATGCGTACGCTGCAGGTCGAC 

Cnn1 S2  TGTACATAAATTGCCACTATTTAATTATTTTCTCTA 

CGGTATCTTTTTTAATCGATGAATTCGAGCTCG 

Cnn1 S3 ACGAATTGCTTCCCTTAGAACTTCAATCAAGAATTG 

AAAGTTATTTGTTCCGTACGCTGCAGGTCGAC 

Cnn1 rev check GGTTAGCCACATCTTTTACACTC 

Ctf19 S2 CGGAATCGTTTAAGCAAGCCGTCCAGTTGGCAATGGC 

AAATGGAACATCAATCGATGAATTCGAGCTCG 

Ctf19 S3 GTTAAAGGAGATCTGCAACGTTTGCCTATTCCCGGACA 

TGTACGCCAGGCGTACGCTGCAGGTCGAC 

Ctf19 rev check AAGAGAATACTACAGTTTCTCCTTTC 

Dsn1 S2 TTACATATGCAGAAGTATCCGATTTTTTTTTGATTTTTT 

CTTTTACTTCAATCGATGAATTCGAGCTCG 

Dsn1 S3 AACAGCTGTTGAAGGGATTAAGTTTATCTTTCAGTAAA 

AAACTGGATTTACGTACGCTGCAGGTCGAC 

Dsn1 rev check CTCCGTCTGGAAAAGTCATATG 

Mif2 S2 TATTTCTTCAGTACATAGCATGCATAATGAGAATATT 

CACATCATAATTAATCGATGAATTCGAGCTCG 

Mif2 S3 CTAACGATGACAACGACAAAGAATTAGACAGTACGT 

TTGACACTTTTGGGCGTACGCTGCAGGTCGAC 

Mif2 rev check GTTGTAGGCAAGGATGAAATTAAG 
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Mtw1 S2 GTGAATACATACATCATATCATAGCACATACTTTTTCCCACT
TTATATTAATCGATGAATTCGAGCTCG 

Mtw1 S3 TTAGTATAGATATTGAAGAGCCTCAATTGGATTTACTTGATG
ATGTGTTACGTA 

CGCTGCAGGTCGAC 

Mtw1 rev check AGTTCTCGCTCAAACTCTAAG 

Ndc80 S2 CTGAGCTTTGCTGTAGATTGCTCGGGTATTATATATCATTTAT
TTTATTAATCGATGAATTCGAGCTCG 

Ndc80 S3 TTGAAGAGTTACGAAATTTGGAGTTTGAAACTGAACATAAC
GTAACAAATCGTACGCTGCAGGTCGAC 

Ndc80 rev check CGTCACGTCCATTTTCTTCC 

Nnf1 S2 CATAAAACAGGTTCCTTATACGTCACTTATGAAATTTATACA
ACTAATCAATCGATGAATTCGAGCTCG 

Nnf1 S3 TGCTGGTACAGAGCCTCAATGATATGGTCTTGGAATTGAAG
GAAAACTATCGTACGCTGCAGGTCGAC 

Nnf1 rev check TTGCGGAAAGTCACGATGTC 

Nsl1 S2 TATAGTTATCATTTACCACGAGGTTGACTGTCTTATATGTTAT
TTATTCAATCGATGAATTCGAGCTCG 

Nsl1 S3 GATATAACGTTCAAAAGGTCAAGCGCTTAATGGACTTCCTG
GAGGAGGATCGTACGCTGCAGGTCGAC 

Nsl1 rev check ACTAAAAGTTATTGGTCTTTCCCC 

Nuf2 S2 AAAAAGAAGAAAACACAGAAGGGGGAGTAAAAATAAGTAT
ACCGCTGCTAATCGATGAATTCGAGCTCG 

Nuf2 S3 TATCTGGTCATATTAATAAATACATGAATGAAATGCTCGAAT
ATATGCAACGTACGCTGCAGGTCGAC 

Nuf2 rev check CTGTTGGGATTCTGTGATGAC 

Okp1 S2 TTAGTTATATGCATCGTAATCGTAAACTCTGAAACAATGGAT
TATCGCTAATCGATGAATTCGAGCTCG 

Okp1 S3 TTGTACCGCACCATGAGTCGCACCAAGATAAGACCGAAGAA
GATATACACCGTACGCTGCAGGTCGAC 

Okp1 rev check CAAAGATTTAATTATTGCTTCCCCTT 

Spc25 S2 TCTAAATCATAGGCCCAGAATAAACTGAACAGATGCGTATA
AAGGCGTTAATCGATGAATTCGAGCTCG 

Spc25 S3 ACCTCGCGGCATTTTTAGTCGTGGCCCGCGATATGCTTCTGG
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CATCTTTACGTACGCTGCAGGTCGAC 

Spc25 rev check GAGAGTGATGTCAATGAGCG 

Spc105 S2 TAAAAAAAAGTGATGAGATATTACTAGTCATCGTTGTCCTAT
TATAAACACTTTAATCGATGAATTCGAGCTCG 

Spc105 S3 GATCAGTGGAGTTCTTCCTTCATTTACGAAAAGTAGAATACA
TTTAGAGTTTACGCGTACGCTGCAGGTCGAC 

Spc105 rev check TCGAGCTTTTCTTCAAATTG 

Nup84 S2 GTTTACTTAAAATATAAACTTATTCTGCAATACATTAATTGA
TCAATCGATGAATTCGAGCTCG 

Nup84 S3 AAAGAGTATCTGGATCTCGTTGCTCGCACAGCAACCCTTTCG
AACCGTACGCTGCAGGTCGAC 

Nup84 rev check TGTGGAAACACAAAGATTCAAAGC 

Nup188 S2 CTTGCACTGTTCATTATTATATTATGTAGCTTTACATAACCTG
CAAAATAAGTTAATCGATGAATTCGAGCTCG 

Nup188 S3 CAAGGGTATCAGCAGAGACATTAAAGCATTACAAGATTCAC
TATTTAAGGACGTTCGTACGCTGCAGGTCGAAC 

Nup188 rev 
check 

CAAAGCATGAGAGTCTTCGG 

HO-L GCCGCCAGCTGAAGC 

HO-R AGGCCACTGTAAGATTCCGC 

Kan frw check CAAGACTGTCAAGGAGGG 

His frw check CAAGACTGTCAAGGAGGG 

Hph frw check AGTTATGTTAGTATTAAGAACG 

Table 2 Primers used in this study. 

The primers were ordered from Sigma. 

 

8.2.3.  Yeast strains 

Table 3 represents the strains created and used in this study. All of them are based on 
MKY100 strain with the following genetic background: MATa, his3𝛥200, leu3-52, lys2-801. 
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Name Genotype 

MKY100 - 

Spc42-GFP SPC42-GFP::kanMX4 

Spc42-GFP/Spc105-SNAP SPC42-GFP::kanMX4, SPC105-SNAP::hphNT1 

Spc42-GFP/Spc105-
SNAP/Cnn1-mMaple 

SPC42-GFP::kanMX4, SPC105-SNAP::hphNT1, 
CNN1-mMaple::HIS3MX6 

Spc42-GFP/Spc105-
SNAP/Ctf19-mMaple 

SPC42-GFP::kanMX4, SPC105-SNAP::hphNT1, 
CTF19-mMaple::HIS3MX6 

Spc42-GFP/Spc105-
SNAP/Dsn1-mMaple 

SPC42-GFP::kanMX4, SPC105-SNAP::hphNT1, 
DSN1-mMaple::HIS3MX6 

Spc42-GFP/Spc105-
SNAP/Mif2-mMaple 

SPC42-GFP::kanMX4, SPC105-SNAP:hphNT1, MIF2-
mMaple::HIS3MX6 

Spc42-GFP/Spc105-
SNAP/Mtw1-mMaple 

SPC42-GFP::kanMX4, SPC105-SNAP::hphNT1, 
MTW1-mMaple::HIS3MX6 

Spc42-GFP/Spc105-
SNAP/Ndc80-mMaple 

SPC42-GFP::kanMX4, SPC105-SNAP::hphNT1, 
NDC80-mMaple::HIS3MX6 

Spc42-GFP/Spc105-
SNAP/Nnf1-mMaple 

SPC42-GFP::kanMX4, SPC105-SNAP::hphNT1, 
NNF1-mMaple:HIS3MX6 

Spc42-GFP/Spc105-
SNAP/Nsl1-mMaple 

SPC42-GFP::kanMX4, SPC105-SNAP::hphNT1, NSL1-
mMaple::HIS3MX6 

Spc42-GFP/Spc105-
SNAP/Okp1-mMaple 

SPC42-GFP::kanMX4, SPC105-SNAP::hphNT1, 
OKP1-mMaple::HIS3MX6 

Spc42-GFP/Spc105-
SNAP/Spc25-mMaple 

SPC42-GFP::kanMX4, SPC105-SNAP::hphNT1, 
SPC25-mMaple::HIS3MX6 

Spc42-GFP/Ndc80-
SNAP/Ctf19-mMaple 

SPC42-GFP::kanMX4, NDC80-SNAP::hphNT1, 
CTF19-mMaple::HIS3MX6 

Ndc80-SNAP/Nuf2-mMaple NDC80-SNAP::hphNT1, NUF2-mMaple::HIS3MX6 

Ndc80-GFP NDC80-GFP::kanMX4 

Ndc80-GFP/Ask1-mMaple NDC80-GFP::kanMX4, ASK1-mMaple::HIS3MX6 

Ndc80-GFP/Cnn1-mMaple NDC80-GFP::kanMX4, CNN1-mMaple::HIS3MX6 

Ndc80-GFP/Ctf19-mMaple NDC80-GFP::kanMX4, CTF19-mMaple::HIS3MX6 

Ndc80-GFP/Dsn1-mMaple NDC80-GFP::kanMX4, DSN1-mMaple::HIS3MX6 

Ndc80-GFP/Mif2-mMaple NDC80-GFP::kanMX4, MIF2-mMaple::HIS3MX6 
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Ndc80-GFP/Nuf2-mMaple NDC80-GFP::kanMX4, NUF2-mMaple::HIS3MX6 

Abp1-GFP ABP1-GFP::kanMX4 

Nup84-mMaple NUP84::HIS3MX6 

Abp1-GFP/Nup188-mMaple ABP1-GFP::kanMX4, NUP188-mMaple:HIS3MX6 

pYES2-polymMaple-HA pYES2-PGAL1-POLYMMAPLE-HA::URA3MX 

pYES2-FsaA-mMaple-HA pYES2-PGAL1-FSAA-MMAPLE-HA::URA3MX 

PolymMaple-HA HO-POLYMMAPLE-HA::kanMX4 

FsaA-mMaple-HA HO-FSAA-MMAPLE-HA::kanMX4 

Table 3 List of yeast strains used in this study. 

MKY100 strain was obtained from the Kaksonen lab (EMBL, currently the University of 
Geneve). Abp1-GFP strain was provided by Markus Mund. 

 

8.2.4.  Growth and selection media for yeast 

Name Composition 

YPAD Bacto Yeast Extract 1%, Bacto Peptone 2%, adenine sulfate 0,004%, glucose 
2% 

Synthetic 
Comple 

Difco nitrogen base w/o amino acids 0,67%, glucose or galactose with 
raffinose 2%, amino acids 10% 

amino 
acids 

adenine 0,5g, leucine 10g, alanine, arginine, aspartic acid, cysteine, 
glutamine, glutamic acid, glycine, histidine, inositol, isoleucine, lysine, 
methionine, p-aminobenzoic acid, phenylalanine, proline, serine, threonine, 
tryptophane, tyrosine, uracil, valine - 2g each 

5-FOA 
plates 

Difco nitrogen base w/o amino acids 0,67%, glucose 2%, 5-fluoroorotic acid 
0,1%, amino acids 10%. Bacto agar 2% 

Table 4 The growth and selection media used in this study. 

All the amino acids were ordered from Sigma and other chemicals were purchased from 
Becton Dickinson. For the yeast plates 2% (w/v) of Bacto agar was added. All the buffers 
were sterilized by filtration or autoclaving. Most of the aforementioned media were prepared 
by EMBL media kitchen. For the selection media the respective amino acid was left out from 
the amino acid mix. The mass concentrations are w/v. 
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8.2.5.  Yeast transformation buffers 

Name Composition 

SORB Lithium Acetate 100 mM, Tris pH 8 10 mM, EDTA pH 8 1 mM, Sorbitol 2M 

PEG Lithium Acetate 100 mM, Tris pH 8 10 mM, EDTA pH 8 1 mM, PEG 3350 
4% 

S buffer KPO4 pH 7,2 10 mM, 𝛽-mercaptoethanol 50 mM, EDTA 1 mM, Zymolase 50 
𝜇g/𝜇l 

Lysis 
buffer 

EDTA 25 mM, Tris pH 7,5 25 mM, SDS 2,5% 

Table 5 The yeast transformation buffers used in this study. 

The mass concentrations are in w/v. 

 

8.2.6.  Buffers for microscopy sample preparation 

Name Composition 

Fixation buffer Paraformaldehyde solution min. 37% stock (Merck) - 4%, Sucrose 
2%, PBS 

Quenching buffer Ammonium chloride in PBS 100 mM 

Permeabilisation 
buffer 

digitonin 0,01%, BSA 1%, PBS 

Staining buffer SNAP Surface AlexaFluor 647 1 mM (NEB), DTT 1 mM, BSA 1%, 
PBS 

D20 imaging 
buffer 

Tris pH 8 50 mM, D20 95% 

Blinking buffer Tris pH 8, NaCl 10 mM, D20 90%, MEA 15 mM (for dual-color) or 
35 mM (single-color), D-glucose 10%, Glucose oxidase 500 𝜇g/ml, 
Catalase 40 𝜇g/ml 

Table 6 The list of buffers for microscopy sample preparation. 

The mass concentrations are in w/v. 

 

8.2.7.  The microscope set-ups 

The SMLM experiments were performed in a custom-build microscopy set-ups. Microscope 1 
was used for single and dual-color imaging for the intrakinetochore distance measurements. 
Microscope 2 was used for high-throughput kinetochore protein copy number experiments. 
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Components  Name (manufacturer) 

Lasers iChrome MLE laser box with single mode fiber coupling (Toptica 
Photonics), 640 nm booster laser (Toptica Photonics)  

Objective 60x NA 1,49 TIRF (Nikon) 

Filters 525/50 (F47-525) (AHF, Chroma), 600/60 (F47-603) (AHF, Chroma), 
676/37 (F37-677) (AHF, Semrock), 700/100 (F47-702) (AHF, Chroma), 4x 
bandpass (FF01-466/523/600/677) (AHF, Semrock) 

Dichroic 
mirror 

640 LP (zt 640 RDC) (AHF) 

Camera Ixon Ultra EMCCD (Andor) 

Table 7 Microscope 1 components used for the SMLM experiments. 

 

Components Name (manufacturer) 

Lasers LightHub laser box with multimode fiber coupling (Omicron), 640 nm 
booster laser (Toptica Photonics) 

Objective 160x NA 1,49 TIRF (Leica) 

Filters 525/50 (F47-525) (AHF, Chroma), 600/60 (F47-603) (AHF, Chroma), 
700/100 (F47/702) (AHF, Chroma), Quad-Notch Filter (400-
410/488/561/631-640) (F40-072) (AHF, Semrock) 

Camera Evolve 512 Delta EMCCD (Photometric) 

Mode 
scrambler 

Laser speckle reducer (LSR-3005) (Optotune) 

Table 8 Microscope 2 components used for the SMLM experiments. 
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9.  Results 

9.1.  Single-molecule localization microscopy of the kinetochore 

The quality of the superresolved images highly depends on the sample preparation. The vast 
majority of protocols have been established for animal cells and bacteria. For these cells the 
fluorophore delivery as well as the immobilization on a coverslip are very efficient and 
simple. All fluorescent proteins currently in use have been developed by directed evolution in 
bacteria where they efficiently fold with a culture temperature of 37oC (Davidson & Campbell 
2009). Moreover, synthetic dyes are mostly hydrophobic, thus require conjugation to a 
hydrophilic antibody, which reduces the unspecific background during imaging (reviewed in 
(Fei & Gu 2009; Hayashi-Takanaka et al. 2014)). All of the above mentioned factors hamper 
SMLM in Saccharomyces cerevisiae. Yeast cells do not tend to adhere easily to a coverslip, 
permeabilisation is reduced to fluorophore conjugates smaller than antibodies due to the 
existence of a thick wall. Also, the optimal temperature for yeast growth is 25oC to 30oC, 
which impedes the maturation and folding of the fluorescent proteins. Fortunately, recent 
work has overcome the aforementioned issue by optimizing the sample preparation for 
budding and systematic testing for the most suitable fluorophores (Mund et al. 2014; Ries et 
al. 2012). In their work, the budding yeast is attached to a coverslip via Concanavalin A-
mediated non-covalent binding. Following the fixation, permeabilization is performed with 
Triton X-100 or digitonin. With this, sufficient labeling with nanobodies and SNAP substrate 
benzylguanine-AlexaFluor647 have been performed for a variety of cellular components. 
Furthermore, PALM imaging has been established with a green to red photoconvertable 
variant of mClavGR2 (Hoi et al. 2010) - mMaple among others (McEvoy et al. 2012). 

In my work, I have followed the yeast-optimized protocols. The PALM is performed with 
mMaple tagged kinetochores and the sample preparation is similar to Mund et al (Mund et al. 
2014). The project focuses on the metaphase kinetochore structure, thus enrichment of the 
metaphase cells would be desired. However, the cell culture in my experiments is not arrested 
because the effect of the treatment on the complex is unknown considering that the interaction 
between kinetochore and microtubule is perturbed there. The paraformaldehyde fixation did 
not seem to disturb the yeast mitotic spindles to a greater extend as judged by the appearance 
of diffraction-limited kinetochore signals before the SMLM imaging and reversely calculated 
from the superresolved images (Fig. 13 and 14). Also, the distribution of the superresolved 
kinetochores reproduces results of the previous work, which is discussed in the next 
paragraph. The cell stage and 3D position of the yeast spindles is monitored by a Spc42-GFP 
SPB marker. 

The imaging of the interphase cells shows an almost random distribution of the kinetochores 
within the diffraction-limited clusters, though with tendency to organize into rosette- or Rabl-
like configuration (Fig. 13) (Bystricky et al. 2005; Jin et al. 2000). The Rabl configuration has 
been observed by Carl Rabl in 1885 for the first time in embryonic nuclei of salamanders and 
others describe it in other organisms (Cremer et al. 1982). The Rabl configuration results from 
the pulling forces within an anaphase spindle. In non-yeast organisms, this occurs only during 
poleward chromosome movement as the connection between the spindle and chromosomes 
disappears and the DNA is then organized into nuclear territories (Parada et al. 2004). In 
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yeast, the centromeres cluster in close proximity to the SPB due to their persistent 
microtubule-based anchor and most telomeres can be localized close to a nuclear envelope 
(Bystricky et al. 2005). 

 

Figure 13 Representative superresolved (red hot) images of the kinetochores overlaid with 
the corresponding diffraction-limited signal (magenta) and the SPB (green). 

 

As mentioned in the introduction, the metaphase kinetochores do not generate the metaphase 
plate but rather organize themselves into two sister kinetochore clusters (Straight 1997). This 
is a result of the looping of the pericentromeric regions of each chromosome and the size and 
cylindrical shape of a mitotic spindle (Yeh et al. 2008). In my imaging the kinetochores are 
randomly distributed within the clusters (Fig. 13, 14). Without a fluorescent marker of 
pericentromeric regions of a single chromosome it is impossible to annotate the sister 
kinetochores. It is important to mention that the distribution of an individual component 
within a kinetochore is hampered due to an orientation effect and substoichiometric labeling 
with SNAP substrate or limited detection efficiency of mMaple. The orientation effect is a 
result of the fact that the longer spindle axis is perpendicular to the axis of the imaging due to 
the immobilization technique. Virtually all organic dye labeling is hampered in yeast due to 
the cell wall. This is specifically visible in the metaphase cluster (Fig. 13). The signal from 
individual kinetochores showed high heterogeneity in relation to their shapes. Moreover, this 
was also apparent in control experiments on the yeast nuclear pore complexes (NPCs). The 
NPC has a well-defined protein distribution within the complex. SMLM imaging of NPC 
should give ring-like distribution of fluorophores (Szymborska et al. 2013). Routine 
experiments in our laboratory of the yeast NPCs showed similar heterogeneity between NPCs 
(full rings, half-rings etc.) therefore suggesting incomplete SNAP-AlexaFluor647 labeling 
(Mund et al. 2014). The observed limited detection of mMaple might have come from long 
mMaple folding and maturation. The relatively long maturation has been measured in bacteria 
in the original article (McEvoy et al. 2012). It is unknown what the value is in yeast but due to 
the lower culturing temperature it is expected to be even longer. Thus, the current method 
allows me to visualize the metaphase complex with resolution of a single kinetochore.  
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In the late anaphase the kinetochores congress within a very small volume in a close proximity 
with the SPB. The superresolved kinetochores cannot be resolved but resemble disc-like shapes 
(Fig. 13). 

As expected from previous studies, the Mif2 and Cnn1 signal was of low abundance and the 
non-kinetochore signal was clearly visible (Fig. 14). This non-kinetochore signal possibly 
originated from cytoplasmic presence of the kinetochore proteins or undegraded mMaple 
(Wisniewski et al. 2014). The imaging of the kinetochore proteins with higher abundance also 
showed some non-kinetochore localizations however it was less apparent. The COMA 
complex and Cse4 in the Haase et al. study was shown to assume a geometry distinct from the 
outer kinetochore components (Haase et al. 2013). Namely, they establish a chromatin plate, 
which would partially recapitulate the trilaminar structure of the mammalian kinetochore. 
Supposedly, this is a result of diffraction-limited signal extension, in comparison to the outer 
kinetochore, perpendicular to the spindle axis for both inner kinetochore proteins. The 
specific distribution of Cse4 has been proposed to be the result of a tagging artifact 
(Wisniewski et al. 2014). However, it is still interesting whether the chromatin plate exists for 
COMA proteins. In my study, I tagged a COMA component Okp1 and Ctf19 and visualized it 
with SMLM. I did not observed the discussed results (Fig. 14) rather, the individual 
kinetochores were confined within clusters typical for all kinetochore proteins. The exception 
here was Ask1 (DAM1 complex component). The Ask1 clusters were substantially bigger as 
expected from its predicted ~40 nm diameter. Also, they were overlapping therefore Ask1 
was not included in the intrakinetochore distances measurements. 

 

 

Figure 14 Representative diffraction-limited (above) and corresponding superresolved 
reconstructions (below) of each major subunit of the mitotic kinetochore examined in this 
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study. The kinetochore proteins were tagged on their C-termini with mMaple. Diffraction-
limited images were obtained by recalculation from the superresolved signal. The reason for 
this is that mMaple is rather faint in its green form, thus a relatively high laser power (488 
nm) would be required for a snapshot, which would ultimately cause bleaching. 

 

In summary, the SMLM imaging of the kinetochores within the fixed cells recapitulates the 
organization of the centromere and spindle over the yeast cell cycle. Moreover, single 
metaphase kinetochores can be distinguished with our method. Thus, the measurement of the 
intrakinetochore distances on a single kinetochore level is possible. 

 

9.2.  Intrakinetochore measurements using dual-color SMLM 

The evaluation of the kinetochore components' spatial distribution on an individual complex 
level is crucial to elucidate the structure-function relationship. Specifically, how the 
metaphase conformation affects the cells decision-making by influencing the SAC. For this 
purpose, I used SMLM dual-color imaging in paraformaldehyde-fixed samples of an 
unsynchronized yeast culture. Spc105 was used as a reference point (zero point of the 
coordinate system) and was tagged with SNAP. A second kinetochore protein was tagged 
with mMaple. All proteins were modified on their C-termini. The measurements were 
performed in pair-wise manner. 

Only the metaphase cells were taken for the calculations (Fig. 15A). The cell stage is defined 
by the morphology of a large mother cell and smaller daughter bud, SPB marker and the 
relative position of the diffraction-limited kinetochore clusters (distance between ~ 700 nm 
and ~1000 nm (Suzuki et al. 2016)). Also, I chose only cells where spindles were oriented 
mostly parallel to a coverslip due to a potential influence on the measured distance. In my 
analysis, the 3D deviation of the kinetochore-microtubule axis from the spindle axis cannot be 
assessed because the signal is then projected onto 2D space. The addition of the z-position 
with our current microscopy set up would reduce the lateral resolution. For the experiments 
only the cells with SPB signal in focus was chosen. Thus, it did not influence the 
measurements in a significant manner (Joglekar et al. 2009). Also, the kinetochore mitotic 
oscillations were not considered in the distance measurements. An interesting possibility 
would be to compare the intrakinetochore distances between cells treated with a low dosage 
of benomyl that reduces the dynamics of the kinetochores in metaphase (Nathan A Machin et 
al. 1995)(Suzuki et al. 2016) in the WT but this is beyond the scope of this project. 
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Figure 15 Workflow for the determination of the intrakinetochore distances workflow. A) The 
good quality metaphase spindles were chosen from the acquisitions and individual kinetochores 
were selected for further analysis (white boxes). The white arrow indicates to the kinetochore 
used in B; B) For each color the center of mass was calculated and spindle axis was determined 
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manually; C) “Raw” distance calculation (upper panel) and subsequently “projected” distance 
(red arrow) calculation based on spindle axis (white line) and “raw” distance (line with dots at 
its ends); D) The schematic overview of the workflow. 

 

In a typical experiment a set of 19 to 102 kinetochores (sites) was collected manually from 
multiple spindles from at least two biological replicates. For each color within a site the center 
of mass was calculated (Fig. 15B). Importantly, as already discussed the mMaple 
maturation/folding as well as SNAP-AlexaFluor647 labeling efficiency were well below 100%. 
Also, the kinetochore proteins exist within a single complex in multiple copies. Therefore, the 
"raw" distances between the centers of mass did not appear as sufficient means to truthfully 
describe the spatial relationships (Fig. 16). A spindle axis was manually defined (Fig. 15C, D) 
for each cell to correct for this imperfect labeling, then a "projected" distance was generated by 
taking into account the angle between the kinetochore-microtubule and spindle axis in 2D. The 
calculations of the “raw” distances were performed as in (Schnitzbauer et al. 2017). The 
"projected" values were used to describe the intrakinetochore distances using Gaussian fit. The 
distances were calculated in a coordinate-based manner where position “0” was defined by a 
reference protein tagged with SNAP-AlexaFluor647. The positive distance values were 
assigned when the target protein (tagged with mMaple) was localized closer to the centromere 
site than the reference protein. 

 

 

Figure 16 The fluorophore detection limit generates false results of the intrakinetochore 
distances (d): d1 - absolute intrakinetochore distance, d2 - acceptable “raw” intrakinetochore 
distance, d3 - unacceptable "raw" intrakinetochore distance. Each circle represents the 
position of a kinetochore protein undetected (colourless), or detected (green or magenta) in 
the imaging. The multiple copies of the kinetochore proteins are assumed. 
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My approach relied on highly processed imaging data of the yeast kinetochore, cumbersome 
manual sites selection and semi-automated analysis. Therefore, the reliability of the framework 
had to be experimentally tested. First, The control experiment should be based on a kinetochore 
subunit which structure is independent from the cell cycle and has been exhaustively studies. 
The most reliable candidate was NDC80 complex as shown in the Section 3.2.2.1. However, 
NDC80 has an elongated architecture and its position in relation to the yeast spindle axis is 
rather speculative. Recently, the crystal structure of the NDC80 junction region provided a 
detailed information about the separation between Ndc80 and Nuf2 C-termini - ~3,6 nm 
(Valverde et al. 2016). The position of the two C-termini should not depend on the cell cycle 
and it is not expected to change. Thus, the control experiment with Ndc80-SNAP-
AlexaFluor647 and Nuf2-mMaple should have indicated a perfect colocalization. Indeed, my 
measurements showed the distance close to this value - 1 nm (Fig. 17A). Second, the 
measurements of the different kinetochore pairs ought to be internally consistent. The sum of 
distances between Ndc80 - Spc105 and Spc105 - Ctf19 was similar to Ndc80 - Ctf19 (Fig. 17B) 
and it was a relatively comparable result to previous measurements of Joglekar et al. 2009. This 
stands in agreement with the general knowledge about the kinetochore structure. Ndc80 protein 
is a part of the NDC80 complex, which binds microtubule in the metaphase kinetochore. On the 
other side, Ctf19 is a part of the inner kinetochore and therefore should be localized further 
away from Ndc80 as well as Spc105, which in turn is a part of the outer kinetochore. The 
positions of the discussed proteins agree with their expected function and localizations. In 
summary, the control experiments showed that SMLM dual-color imaging was suitable to 
measure the intrakinetochore distances in budding yeast. 

In the subsequent paragraphs I will discuss the main results concerning the positions of the 
kinetochore proteins in relation to the position of Spc105. The figures will show the 
representative images from the dual-color imaging (Fig. 18A - 22A). The distributions of the 
measured distances are presented in a coordinate-based manner (Fig. 18B - 22B). The summary 
cartoons at the end of each figure show the localization of each protein in context of the whole 
kinetochore structure (Fig 18C - 22C). 

In the experiments concerning the inner kinetochore, the position of the centromeric site was 
defined by measuring the distance between Spc105 and Mif2 or Cnn1 for the first time with 
quantitative microscopy (Fig. 18). Mif2 and Cnn1 proteins are mostly instructed. Their C-
terminal sites interact with centromeric region and N-termini are involved in the interactions 
with the outer kinetochore (Hornung et al. 2014; Malvezzi et al. 2013). As expected, both 
proteins (their C-termini) were localized the most further away from the reference point 
(Spc105) indicating relative position of the centromeric region. Cnn1 seems to be buried deeper 
within the centromeric site of few nanometers in comparison to Mif2 - 26,6 nm and 21 nm. 
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Figure 17 A) Colocalization control experiment. The image of a representative spindle with 
Ndc80-SNAPAlexaFluor647 (magenta) and Nuf2-mMaple (green). Intrakinetochore distance 
normal distribution for a pair-wise measurement; red curve - Gaussian fit; d - distance; SD - 
standard deviation; SEM - standard error of the mean; nNdc80-Nuf2 = 28 kinetochores. The crystal 
structure of the engineered NDC80 with the tetrameric junction spanning R2 and R3 regions 
(Valverde et al. 2016). The black circles point the c-termini of Ndc80 and Nuf2 proteins. B) The 
method is internally consistent as measured with 3 experiments: nSpc105-Ctf19 = 42, nNdc80-Ctf19 
=114 , nSpc105-Ndc80 = 49 . 
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The next set of proteins belong to the COMA complex which is a “linkage” between the inner 
and the outer kinetochore and is involved in recruitment and loading of the cohesin in yeast 
(Hinshaw et al. 2017). It interacts both with Mif2, centromeric DNA in vitro and MTW1 
complex (Hornung et al. 2014). The COMA complex representatives, Okp1 and Ctf19, have 
been placed closer to the microtubule site of less than 10 nm in comparison to Cnn1 or Mif2 
(Fig. 19). Both Ctf19 and Okp1 positions exhibited high colocalization - 14,6 nm for Ctf19 
and 14,5 nm - Okp1. 

 

 

Figure 18 A) Representative superresolved dual-color images of the metaphase cell with the 
inner kinetochore components fluorescently tagged (left) with the corresponding zoom on the 
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spindle (right); Bar 1 𝜇m (left) and 200 nm (right); B) Intrakinetochore distance normal 
distribution for a pair-wise measurement; red curve - Gaussian fit; d - distance; 𝜎  - 
localization precision; nSpc105-Mif2 = 27 kinetochores, nSpc105-Cnn1 = 30 kinetochores C) Scheme 
representing the results - the Cse4 nucleosome, other protein regions than C-termini, 
microtubule (green bar), DAM1 complex (grey bar) positions are speculative or based on 
previous studies; Spc105 - position zero; Orange stars - positions of the fluorescent labels; 
SD - standard deviation; SEM - standard error of the mean. 

 

Figure 19 A) Representative superresolved dual-color images of the metaphase cells with 
COMA proteins fluorescently tagged (left) with the corresponding zoom on the spindle 
(right); Bar - 1 𝜇m (left) and 200 nm (right); B) Intrakinetochore distance normal distribution 
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for a pair-wise measurement; red curve - Gaussian fit; d - distance; - localization precision; 
nSpc105-Okp1 = 19 kinetochores, nSpc105-Ctf19 = 42 kinetochores; C) Scheme representing the 
results - the Cse4 nucleosome, other protein regions than C-termini, microtubule (green bar), 
DAM1 complex (grey bar) positions are speculative or based on previous studies; Spc105 - 
position zero; Orange stars - positions of the fluorescent labels; SD - standard deviation; 
SEM - standard error of the mean. 

 

The outer kinetochore consists of three components - Spc105, MTW1 and NDC80 and are 
also collectively called KMN network. Spc105 is an another mostly unstructured protein with 
the globular domain at its C-terminus. It acts as a primary target for NDC80-bound Mps1 and 
subsequently its main function is to serve as platform for SAC activity (Aravamudhan et al. 
2015). MTW1 is an elongated heterotetrameric complex with HEAD domains on one end and 
narrow end on the other end. The HEAD domains interact with Mif2 and COMA complex 
(Dimitrova et al. 2016) whereas the other end is involved in interaction with NDC80 and 
Spc105. As already discussed before, NDC80 is an elongated heterotetramer with 
microtubule-binding activity. In the outer kinetochore, the tested distances between the C-
termini of the KMN network are reduced to only a few nanometers. My results show a 
colocalization of all MTW1 components with insignificant differences: Dsn1 - 3 nm, Mtw1 - 
2,8 nm, Nsl1 - 2,4 nm and Nnf1 - 1,8 nm (Fig. 20 - 21). This is supported by cross-linking 
experiments and crystal structures (Kudalkar et al. 2015; Hornung et al. 2014; Petrovic et al. 
2016; Dimitrova et al. 2016). Also, Spc105 is further away (~3 nm) from the microtubule site 
than the MTW1 C-termini, which agrees with the data from the kinetochore reconstitution 
where the Spc105 - MTW1 interaction region does not overlap with the NDC80 - MTW1 
binding site as shown with EM (Petrovic et al. 2014). This Spc25 - MTW1 interface should 
highly colocalize under the microscope. This is exactly what I observed (Fig. 22). Finally, the 
position of Ndc80 is 13,6 nm away from Spc25 and is localized the closest to the microtubule-
site in comparison to the other measured proteins as expected. The separation is lower than 
the maximum distance measured for the NDC80 complex in the previous study. (Joglekar et 
al. 2009). 
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Figure 20 Representative superresolved dual-color images of the metaphase cells with MTW1 
proteins fluorescently tagged (left) with the corresponding zoom on the spindle (right); Bar 1 
𝜇m- (left) and 200 nm (right); B) Intrakinetochore distance normal distribution for a pair-
wise measurement; red curve - Gaussian fit; d - distance; 𝜎 - localization precision; nSpc105-

Dsn1 = 65 kinetochores, nSpc105-Nnf1 = 102 kinetochores. C) Scheme representing the results - 
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the Cse4 nucleosome, other protein regions than C-termini, microtubule (green bar), DAM1 
complex (grey bar) positions are speculative or based on previous studies; Spc105 - position 
zero; Orange stars - positions of the fluorescent labels; SD - standard deviation; SEM - 
standard error of the mean. 

 

 

Figure 21 Representative superresolved dual-color images of the metaphase cells with MTW1 
proteins fluorescently tagged (left) with the corresponding zoom on the spindle (right); Bar 1 
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𝜇m- (left) and 200 nm (right); B) Intrakinetochore distance normal distribution for a pair-
wise measurement; red curve - Gaussian fit; d - distance; 𝜎 - localization precision; nSpc105-

Mtw1 = 24 kinetochores, nSpc105-Nsl1 = 26 kinetochores. C) Scheme representing the results - the 
Cse4 nucleosome, other protein regions than C-termini, microtubule (green bar), DAM1 
complex (grey bar) positions are speculative or based on previous studies; Spc105 - position 
zero; Orange stars - positions of the fluorescent labels; SD - standard deviation; SEM - 
standard error of the mean. 

 

In summary, the pair-wise measurements of the intrakinetochore distances allow for the 
positioning of the major kinetochore components according to their functions. Two centromere-
proximal proteins, Mif2 and Cnn1, have been localized with quantitative microscopy for the 
first time. Interestingly, the KMN network positions were corrected in regards of the previous in 
vivo studies but were in line with the biochemical reconstitutions. 
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Figure 22 Representative superresolved dual-color images of the metaphase cells with Spc25 
and Ndc80 proteins fluorescently tagged (left) with the corresponding zoom on the spindle 
(right); Bar 1 𝜇m- (left) and 200 nm (right); B) Intrakinetochore distance normal distribution 
for a pair-wise measurement; red curve - Gaussian fit; d - distance; 𝜎  - localization 
precision; nSpc105-Spc25 = 47 kinetochores, nSpc105-Ndc80 = 49 kinetochores. C) Scheme 
representing the results - the Cse4 nucleosome, other protein regions than C-termini, 
microtubule (green bar), DAM1 complex (grey bar) positions are speculative or based on 
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previous studies; Spc105 - position zero; Orange stars - positions of the fluorescent labels; 
SD - standard deviation; SEM - standard error of the mean. 

 

9.3.  Development of the counting reference for SMLM in yeast 

In my approach the brightness standard and the protein of interest have to be fused to the 
same fluorescent reporter. Specifically, the reporter has to be a fluorescent protein as this 
guarantees the tagging ratio of 1:1 in the genome-edited cells. There are limited amounts of 
photoconvertible fluorescent proteins that are suitable for budding yeast imaging. The mEos 
family has been exploited for quantification of Cse4/Cnp1 in Saccharomyces cerevisiae and 
Schizosaccharomyces pombe, respectively (Lando et al. 2012; Wisniewski et al. 2014). This 
FP has a relatively low amount of blinking events per protein, which is desired in quantitative 
SMLM. However, mMaple has been shown to be superior in our hands in comparison to 
mEos in terms of maturation and blinking behavior (Mund et al. 2014). Moreover, it is 
frequently used in the lab for single- and dual-color imaging in yeast. Thus, for the method 
mMaple has been chosen as a base for the counting reference. Quantitative microscopy 
requires homogenous illumination throughout the whole region of interest. Usually, a single-
mode fiber is used for illumination that leaves an uneven intensity profile. The homogenous 
illumination is provided by usage of the multimode fiber and a laser speckle-reducer 
(Deschamps et al. 2016). Also, a yeast single-color high-throughput imaging has been 
established in our lab by Joran Deschamps and Markus Mund which allows for the generation 
of large datasets required in our measurements. 

A couple of studies have developed a counting reference where SNAP labeling was used. 
Incomplete SNAP labeling and low protein copy number of the construct resulted in 
incomplete detection along with the insufficient discrimination from the background (Puchner 
et al. 2013; Durisic et al. 2014). Incomplete SNAP labeling is especially problematic in yeast 
as discussed earlier. Thus, our brightness standard ought to have a high copy number to 
reduce the systematic error. 

I tested several candidates for the counting reference. Bacterial fructose-6-phosphate aldolase 
(FsaA) assembles into a decamer (Fig. 23A). This oligomer has been previously used as a 
counting reference (Finan et al. 2015). I tagged the monomer with mMaple on its C-terminus 
(FsaA-mMaple). The cytosolic expression was driven by the pGAL1 promoter ectopically or 
as an integrated construct into the irrelevant region of the mating locus. My second option 
was a fully artificial construct called polymMaple and was designed by Ulf Matti. It consists 
of ten consecutive sequences of mMaple interspersed by short, flexible linkers and expressed 
as a single open reading frame. The expression was driven in a similar fashion as FsaA-
mMaple (Fig. 23A). The last candidate is the yeast Nuclear Pore Complex (NPC) tagged 
endogenously with mMaple on the C-terminus of one of the components (Fig. 24A,B,D). 
Despite long dispute on the stoichiometry of the yeast NPC (Mi et al. 2015) it is now 
established that there are 16 copies of Nup84 and Nup188 due to convincing electron 
microscopy data from the Beck group (data unpublished, Martin Beck group). 

I successfully integrated FsaA-mMaple in the yeast genome from which the expression was 
driven by addition of 2% galactose (Fig. 23C). The expression was judged by generation of 
clusters and low background (Fig. 23A). Subsequent optical cross-validation with Nup84-
mMaple did not achieve the expected protein copy number. The reason for it could have been 
that the optimisation of the expression was based on a visual impression of the images (Fig. 
23A). The clusters had to be well separated. Possibly, longer expression as well as longer time 
for oligomerization would give satisfactory results. The expression of the PolymMaple was 
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tested using a pYES vector with pGAL promoter. The transformation of an intact construct 
was problematic. The sequence of the construct was highly repetitive. The yeast cut out a 
third of the PolymMaple sequence as shown with restriction mapping (Fig. 23B). The 
construct was then re-cloned into an integrative vector with homologues sequences to the 
mating type locus. This stabilised the DNA encoding the polymMaple. The integration was 
successful as each mMaple sequence was tested with colony PCR and then sequenced. 
Nevertheless, the polymMaple was being degraded when detected with western blot 
independently on the protein extraction method or system (Fig. 23C). The degradation of 
multiple copies of an FP is a common problem not only in budding yeast (Shearin et al. 2014) 
(Bancaud et al. 2009). 

 

 

Figure 23 Potential candidates for the brightness standard. A) The expression of the 
polymMaple in yeast cell. FsaA-mMaple expression in a yeast cell. The arrows point to the 
well-separated FsaA-mMaple oligomer clusters. B) The polymMaple underwent recombination 
in yeast as tested by its isolation and NcoI restriction digestion. C) The PolymMaple underwent 
degradation independently of the protein extraction protocol, time of expression and model 
organism. 
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As the protein copy numbers of NPC components were established beyond any reasonable 
doubts (data unpublished, Martin Beck group), I did not follow up with polymMaple and 
FsaA-mMaple optimization. The NPC, as counting reference, is easier to handle for potential 
users, as no specific expression condition was necessary. The copy number is higher than for 
other tested constructs generating a lower systematic error. It has a defined position in the 
focal plane therefore the is no issue of lower detection efficiency of out-of-focus localizations. 
Finally, the NPC has a defined structure, which potentially allows for automatic segmentation 
of a large NPC datasets (Fig. 24A,B,D). 

 

 

Figure 24 The Nuclear Pore Complex as a counting reference. A) Schematic side and top 
view of the NPC components distribution within the complex - Nup84 (outer rim) and Nup188 
(inner rim) (Strambio-De-Castillia et al. 2010). B) Superresolved images of the yeast nuclei 
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with Nup84-mMaple. White circles indicate all NPCs that were used for analysis. All NPCs in 
the center of a nucleus were used for analysis to avoid the bias. Bottom image with arrows 
points to overlapping NPCs. Bar - 1 𝜇m. C) Schematic depiction of the cross-validation 
experiment (top-view) using the two strains Nup188-mMaple/Abp1-GFP and Nup84-mMaple. 
D) Superresolved image of the yeast nucleus with Nup188-mMaple.White circles (smaller 
circles were used where high overlap would distort the clarity of the image) indicate all NPCs 
that were used for analysis. Bar - 1 𝜇m. 

 

Subsequently, Sarah Hoerner, a master student, and I tested a usability of the NPC as the 
counting reference. First, we cross-validated Nup84 and Nup188. They both have 16 copies. 
For the high-throughput experiments, we prepared a single coverslip with strains Nup188-
mMaple/Abp1-GFP (as a marker) and Nup84mMaple (Fig.12C). For the acquisition we 
focused the light on the bottom of the nuclei. After each acquisition a z-stack of GFP signals 
and a back focal plane (BFP) image were gathered to distinguish both strains and examine the 
quality of an experiment respectively. The imaging showed an equal copy number of the 
tested strains showing 16 copies of Nup188-mMaple and Nup84-mMaple. Each dataset 
contained ~200 complexes which is sufficient to precisely determine the protein copy number 
as shown by the decrease in variability of the outcome when at least 200 sites are taken into 
the calculation. In the future I would like to extend the cross-validation to the different NPC 
components to test the linearity of the assay. The structural data suggest that most of the NPC 
components are present in 16 copies (Martin Beck, unpublished data). Therefore, s strain with 
both Nup84-mMaple and Nup188-mMaple is being prepared at the moment. However, the 
initial estimations of the kinetochore protein copy number showed that the NPC reliably can 
be used for this purpose (Fig. 26 - 27). Moreover, We chose Nup188-mMaple as our main 
counting reference for the kinetochore proteins because the segmentation of NPC was easier 
for this proteins as the clusters are smaller in size (Fig. 24B,D). Thus, most of the Nup188-
mMaple clusters were not overlapping. 

 

 

Figure 25 The cross-validation of the counting reference. Two strains encoding either 
Nup84-mMaple or Nup188-mMaple were visualised and the mean number of localizations 
(Mean lots) per complex compared. 
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9.4.  Estimation of the protein copy number in the yeast kinetochore 

In this part of my project I used the NPCs to estimate the protein copy number of the major 
kinetochore components tagged also with mMaple. The NPC is localized at the bottom of the 
nucleus, whereas the spindle assumes a more random position within the organellum but 
always further away from the coverslip than the NPC. Therefore, both samples were prepared 
on different coverslips. In most of the experiments NPC was imaged for about 30 acquisitions 
and, subsequently, 225 acquisitions were gathered for kinetochores. In some cases NPC was 
used for two kinetochore proteins as it was imaged in between the experiments with the 
kinetochore proteins. After each kinetochore imaging a snapshot or z-stack of GFP tagged 
Ndc80 was taken to infer the z position of the spindle, cell cycle and boundary of the signal to 
be taken for analysis. From each experiment metaphase clusters of the kinetochores (half-
spindles) were collected and histograms of number of localizations/half-spindles were 
generated. The number of localizations per protein was inferred from the NPC imaging 
performed prior to the kinetochore imaging. The protein copy number was then calculated by 
dividing the mean number of localizations by the number of localizations per protein and the 
number of kinetochores per half-spindle (Fig. 26, 27, 28). 

 

 

Figure 26 The histograms of the localization numbers for the representative inner 
kinetochore proteins with the fit (red curve) and histograms of the counting references (left) 
used to estimate the protein copy numbers of the kinetochore proteins. X-axis – number of 
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localizations per complex (counting reference) or half-spindle (kinetochore), y-axis – 
frequency. All the data come from the metaphase half-spindles. Mean locs - the mean number 
of localizations per half/spindle. Locs./protein - the number of localizations per protein was 
inferred from the counting reference (NPC). 

 

The results are summarized in the table and compared to the current view of the kinetochore 
protein copy number from microscopy data and biochemistry (Table 9). Moreover, additional 
data from the human kinetochore is shown. In my dataset, the inner kinetochore (without 
COMA) stoichiometry gives exactly the same numbers as the human kinetochore. Mif2 and 
Cnn1 are present at 2 copies per kinetochore. It is well established that Mif2 exists in the 
kinetochore as a dimer, which is reflected in our measurements. The previous studies on Cnn1 
with the ratiometric approach showed that there is a maximum of 6 copies of Cnn1 when 
compared to Ndc80 (Bock et al. 2012). The protein copy number of Ndc80 for these 
measurements has been assumed to be 19. This assumption might have been incorrect. The 
COMA complex has been proposed to be present in 2 - 3 copies (Joglekar et al. 2006; 
Lawrimore et al. 2011) and my study shows higher value, ~5 copies. 

 

 

Figure 27 The histograms of the localization numbers for the representative outer 
kinetochore proteins with the fit (red curve) and histograms of the counting references (left) 
used to estimate the protein copy numbers of the kinetochore proteins. X-axis – number of 
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localizations per complex (counting reference) or half-spindle (kinetochore), y-axis – 
frequency. All the data come from the metaphase half-spindles. Mean locs - the mean number 
of localizations per half/spindle. Locs./protein - the number of localizations per protein was 
inferred from the counting reference (NPC). 

 

Interestingly, the outer kinetochore stoichiometry in budding yeast differs significantly from 
its human counterpart. It is suggested that due to the binding ratio 1:1:1 between 
SPC105:MTW1:NDC80, the absolute protein copy number should be 8 of each component 
(Musacchio & Desai 2017). My data recapitulated the gradual increase of the kinetochore 
protein copy number from the inner to the outer kinetochore - 5 - 6 for Spc105, 6 - 8 for 
MTW1 and 10 - 12 for NDC80 (Fig. 27). I have analysed two anaphase datasets - for MTW1 
and NDC80. Both of them showed slight but significant increase in copy numbers - 8 - 9 for 
MTW1 and 12 - 14 for NDC80 (Fig. 28). 

 

Figure 28 The histograms of the localization numbers for the representative outer 
kinetochore proteins from anaphase with the fit (red curve) and histograms of the counting 
references (left) used to estimate the protein copy numbers of the kinetochore proteins. X-axis 
– number of localizations per complex (counting reference) or half-spindle (kinetochore), y-
axis – frequency. Mean locs - the mean number of localizations per half/spindle. Locs./protein 
- the number of localizations per protein was inferred from the counting reference (NPC). 

 

In summary, Mif2 and Cnn1 exhibit the same kinetochore abundance as the human 
kinetochore unit, COMA exists in substoichiometric amounts in comparison to the outer 
kinetochore as expected. The protein copy number for outer kinetochore increase gradually as 
shown in the previous microscopy-based studies from ~ 6 to 11. However, the large 
difference between the expected values for the outer kinetochores (from the protein-protein 
interaction studies) and the microscopy studies is intriguing. Moreover, the increase of the 
two outer kinetochore components in anaphase stands in contrary to the previous studies. 
Potential interpretations are discussed in the final Section. 



 72 

 

Kinetochore 
subunit 

Previous 
studies 
(metaphase) 

Previous 
studies 
(anaphase) 

Human 
kinetochore 
unit 

My study 
(metaphase) 

My study 
(anaphase) 

Mif2 1 - 2 1 - 2 2 2,16 ± 0,28 n.d. 

Cnn1 2 or 6 ~6 or ~20 2 1,7 ± 0,23 n.d 

COMA  3 2  2 4,69 ± 0,21  n.d. 

Spc105 5 (8) 5 4 5,59 ± 0,5  n.d. 

MTW1 6 - 7 (8) 4 - 5 4 6,98 ± 0,8 8,39 ± 0,47  

NDC80 8 7 8 10,58 ± 1,07 13,35 ± 0,94 

Table 9 The summary of the metaphase kinetochore stoichiometry. The copy numbers from 
the "previous studies” column are based on the microscopy experiments (Joglekar et al. 
2008; Joglekar et al. 2006; Bock et al. 2012). The numbers in brackets are based on protein-
protein interaction and expressed in Musacchio et al. (Musacchio & Desai 2017). The human 
kinetochore unit protein copy numbers were calculated per single microtubule and 
summarised in Veld et al. (Veld et al. 2016). Standard deviation was obtained by 
bootstrapping the data. n.d. - no data was collected. 
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10.  Discussion 

The kinetochore plays a central role in cell division in the eukaryotic kingdom. This 
evolutionarily conserved complex acts as a protein-based linker between chromosomes and 
mitotic spindle. Moreover, it assures proper DNA distribution by interacting with the Spindle 
Assembly Checkpoint and error correction components. It significantly contributes to one of 
the most efficient events in cellular biology - chromosome movement during anaphase. The 
flexible nature of the kinetochore, among other factors like chromosome geometry, provides 
clues based on which a cell decides whether to begin the separation or delay the anaphase 
onset. 

The integration of the aforementioned functions relies on its protein organization, distribution 
and their copy number. The complex (partial) reconstruction approaches have been 
immensely successful in elucidating how individual components as well as whole subunits 
influence the machinery's activity in cells. On the other hand, highly integrative but less 
precise fluorescence microscopy allowed researchers to study the complex in its cellular 
environment. The ultimate goal in the field is to understand the complex in humans but the 
multi-microtubule connection within the kinetochores there complicates the data analysis. 
Due to the evolutionary conservation and easy manipulation, budding yeast has been used to 
study the kinetochore structure-function relationship. Joglekar et al. used a promising tool of 
dual-color imaging combined with centroid determination to generate a protein localization 
map of the complex in mitotic cells. This provided a comprehensive view on the kinetochore 
structure in vivo. Nevertheless, some discrepancies between the reconstitution and in vivo 
results remained unsolved. One of the disadvantages of the standard fluorescence microscopy 
is that it is limited by the diffraction of light. During the last two decades, multiple super-
resolution techniques have been developed that bridge the gap between fluorescence and 
electron microscopy. The methods reach a resolution down to tens of nanometers giving fine 
structural details and preserve desired molecular specificity. 

In my PhD project, I have used single-molecule localization microscopy to study the 
metaphase kinetochore protein localization and their copy number on an individual 
kinetochore level. For this, I have recapitulated the mapping experiments of the kinetochore 
components in the metaphase cells. Moreover, I have taken advantage of the quantitative 
aspect of the SMLM to develop a widely applicable technique to estimate the absolute protein 
copy number based on a nucleoporin Nup188 tagged with mMaple. Subsequently, I have used 
it to define the protein copy numbers of multiple kinetochore components without the 
influence of the self-quenching effect typical for dense samples. 

The high spatial resolution in SMLM requires imaging of fixed cells. Moreover, the acquired 
data is highly processed. Therefore, I have controlled that my kinetochore imaging allowed 
me to reproduce the current knowledge about the budding yeast spindle. For this, I have 
examined the spindle morphologies, random kinetochore distributions and proteins' 
localization within the complex after the sample fixation and imaging. The interphase 
kinetochores/centromeres assume a Rabl-like orientation visible also in anaphase 
chromosomes in other organisms. The metaphase kinetochores were distributed randomly 
within their clusters (of sister kinetochores), thus it is challenging to assign an individual 
sister kinetochore pair. The anaphase kinetochores were confined within a small volume that 
reflected the proximity of the spindle microtubules to the SPB and by that the position of the 
kinetochores to each other. The individual kinetochore's clusters displayed large 
heterogeneity, which was a result of the limited fluorophore detection in SMLM. 
Interestingly, the COMA components I imaged seems to follow the typical kinetochore 
protein distribution which disagrees with the proposed disc-like model from Haase et. al 
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2013. Additionally, this can be confirmed with other methods. In general, SMLM allows for 
the analysis on a single complex level but sub-complex information about the circumferential 
protein distribution is blurred by the aforementioned factors as well as the orientation effect. 
The 3D superresolution imaging is a potential method to confirm the results and this will be 
discussed later. 

To develop a method to precisely estimate the protein copy number in a complex in yeast, I 
compared a couple of potential candidates for use as a counting reference. The easiest to use 
and the most reliable was the Nuclear Pore Complex. There is an overwhelming amount of 
evidence that there are 16 copies of Nup84 in the complex and an equal amount of Nup188. 
The comparison of both NPC components gave similar mean number of localizations per 
complex. Nevertheless, further cross-validation must be performed with nucleoporins with 
much higher copy number to show versatility of the method. We have analyzed only few NPC 
components and, so far, we have not found any NPC protein with 32 copies. Therefore, the 
yeast strain with double labeling, Nup188-mMaple and Nup84-mMaple, will be created and 
used for further validation. 

I used dual-color SMLM imaging to map representative kinetochore components and the 
absolute kinetochore protein copy numbers using Nup188-mMaple as a counting reference. 
The yeast is likely to have a different rate of FP maturation/folding and labeling rate than 
most of the typical eukaryotic cell biology models due to lower optimal culturing temperature 
and existence of a thick cell wall respectively. Therefore, I projected the direct 
intrakinetochore distances onto the spindle axis. In general, the visualized constituents were 
positioned according to their function. Moreover, I found the kinetochore stoichiometry to be 
similar to the human kinetochore. It is proposed that virtually all KMN components are 
present in 8 copies (Musacchio & Desai 2017). However, my approach shows a gradual 
increase of the number of the kinetochore proteins from the lowest in the inner kinetochore to 
the highest at the microtubule-binding site during metaphase. Interestingly, initial analysis of 
the protein copy numbers of a couple of the outer kinetochore components in anaphase 
showed slight increase. Therefore, the increase of NDC80 and MTW1 may be interpreted as a 
essential improvement of the efficiency of the binding of the microtubule during the 
chromosome transportation. However, in most of the studies the maturation of a fluorophore 
as well as a protein of interest lifetime is neglected. I will discuss it in the later part of this 
Section. 

The two centromere-related receptors of the outer kinetochore, Mif2 and Cnn1, were found to 
be the most distal to the position of the C-terminus of a reference Spc105. Previous studies 
calculated the varying numbers of both complexes, 1 - 2 for Mif2 and 2 - 6 for Cnn1. Mif2 is 
known to form a dimer and there is only a single dimer per human kinetochore. My approach 
reproduces this number perfectly. Cnn1 was found to influence the kinetochore structure in 
humans and yeast differently. Nevertheless, I found exactly the same copy number as in the 
human counterpart. In humans, Mif2 and Cnn1 generate a platform that defines the 
multiplication of the outer kinetochore (Veld et al. 2016). Four receptors of the outer 
kinetochores bring 4 copies of MTW1 and 8 NDC80 to the kinetochore site where each Mif2 
brings one copy of MTW1, Spc105 and NDC80. This is not the case in yeast. Dimitrova et al. 
proposed that the MTW1 HEAD region contributes to its own oligomerization and this 
successively determines the stoichiometry of the outer kinetochore. The structural modeling 
could fit 5 - 7 complexes per kinetochore. This, in turn, could bring an equal amount of 
Spc105 and NDC80. However, my estimations show 6 - 8 copies of MTW1 and 5 - 6 Spc105, 
which agrees with the modeling, but 10 - 12 of NDC80. Each MTW1 binds to one Spc105 
and NDC80. Therefore, KMN network should consists of 6 Spc105-MTW1-NDC80 modules, 
which would agree with my data, protein-protein interaction studies and structural modeling 
of MTW1 oligomerization. That leaves ~4 copies of NDC80. Potentially, Cnn1 could bind up 
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to 4 NDC80. However, it has been shown that the binding is phosphoregulated. High 
phosphorylation of Cnn1 before anaphase prevents from NDC80 interaction. Nevertheless, a 
fraction of Cnn1 could still bind NDC80 before the anaphase onset (Thapa et al. 2015). 
Therefore, an excess of NDC80 copy number in comparison to the sum of Cnn1 and MTW1 
is possible. Biological replicates are necessary to provide more accurate kinetochore protein 
numbers. 

In contrast to the previous quantitative studies, where the kinetochore protein copy numbers 
decreased. I have observed a slight increase of the protein copy numbers of NDC80 and 
MTW1 in anaphase. MTW1 binds NDC80 in 1:1 ratio therefore the increase of both proteins 
seems reasonable generating perhaps more efficient microtubule-binding module during the 
microtubule depolymerization in anaphase. Also, the change in the phosphorylation of Cnn1 
in anaphase allows the protein to initiate more interactions with NDC80. Possibly, the reason 
for the discrepancy between the studies could be the self-quenching of fluorophores observed 
with standard fluorescent microscope and fluorophore maturation. 

The previous studies that used quantitative microscopy have found that most of the C-termini 
of MTW1 face the inner kinetochore. On the contrary, structural examinations position all the 
C-termini at the same side of the complex (Dimitrova et al. 2016; Petrovic et al. 2014). 
Moreover, the Spc105 globular domain should be in close proximity to the C-termini 
according to an EM reconstruction. My approach shows exactly the configuration, where all 
C-termini lie within 3 nm from Spc105 and face the microtubule site. The alternative 
explanation is that the full colocalization of the C-termini is a result of the perpendicular 
position of of the long MTW1 axis to the spindle axis. The limit of my approach is that the 3D 
information is lost. Nonetheless, the available crystal structure from other budding yeast and 
cross-linking experiments point towards the interpretation that MTW1 is polarized and all C-
termini point towards the microtubule site. The positioning of NDC80 reflects both the 
imaging- and reconstitution-based studies. According to my imaging, the distance between 
Ndc80 and Spc25 is 13,5 nm, which is close to both reconstituted complex (~20 nm) and in 
vivo measurements (~17 nm). The difference may reflect the possibility of the tilting of the 
NDC80. This NDC80 bending can be inferred from potential 3D experiments described later. 
Briefly, the circumferential distribution of C-termini of MTW1, Spc25 and Ndc80 will show 
whether the NDC80 has to be radially displaced to overcome DAM1 to then bind with its 
Ndc80/Nuf2 end the lattice of the microtubule. DAM1 is predicted to have a diameter of ~40 
nm. If the C-termini of MTW1, with which NDC80 interacts with, are positioned 20 nm 
relatively to their N-termini the NDC80 bending is not necessary. I discuss the 3D imaging in 
context of the circumferential kinetochore protein distribution later. 

 

In summary, I recapitulated the current reconstitution-based model of the budding yeast 
kinetochore in metaphase using SMLM. However, it showed to be more powerful than the 
diffraction-limited approach where multiple discrepancies were visible. I used the protein 
counting with the NPC method to estimate the kinetochore stoichiometry. Unlike the 
biochemical prediction, I observed a gradual increase of the protein copy number from the 
inner to the outer kinetochore. It is true that the opposite view on the kinetochore 
stoichiometry is based on the 1:1:1 ratio of the KMN network assembly in vitro. My method 
is based on an indirect observation of the kinetochore proteins via the fluorescent protein. 
When the imaging is performed in vivo the influence of the microenvironment has to be taken 
into consideration, as fluorophores are pH-dependent. Fortunately, fixed cells are used in this 
approach. Seemingly, incomplete folding of a fluorophore was not an issue because the 
counting reference was used. Nonetheless, the aforementioned factors can still influence the 
measurements to some extend as well as the maturation time of a FP is strictly related to its 
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tagging partner. This issue must be addressed. Identification of the kinetochore and NPC 
protein turnover rates as well as assembly at the complex site is desired. The mass 
spectrometry-based proteomics defined the NPC and the kinetochore components as at least 
medium long-lived proteins with t1/2 more than two yeast cell cycles (Christiano et al. 2014). 
Still, the incorporation time into the kinetochore complex has not been exhaustively explored. 
In S-phase, the replication of the centromeric DNA occurs and the kinetochores unbind the 
DNA for a short time. Therefore, it was expected that the duplication of the kinetochore signal 
(Mtw1-GFP) would occur simultaneously but this prediction was not observed (Kitamura et 
al. 2007). Joglekar et al. used FRAP to elucidate a potential exchange of the kinetochore 
proteins in metaphase and in anaphase. In most of the tested cells the recovery was not 
observed. Nevertheless, minimal recovery was detected, less than 20% of the total signal, for 
single cells in strains with GFP tagged to Ctf19 (only in metaphase), Mtw1 (in metaphase and 
anaphase) or Nuf2 (only in anaphase) (Joglekar et al. 2008). Along this, Suzuki et al. also 
observed recovery for NDC80 but in prometaphase, not in metaphase or anaphase. These 
studies and proteomic data advocate for a high stability of the kinetochore but do not solve the 
issue of the necessary doubling of the kinetochore content prior to mitosis. The functional 
kinetochores must be present at the mitotic spindle. Thus, any changes within the kinetochore 
protein copy number can already be present in my high-throughput data. I will examine the 
anaphase and G1 kinetochore clusters. Moreover, potential effect of the mMaple 
maturation/folding will be examined by arresting cells in metaphase. First, I will generate a 
set of strains encoding the same kinetochore proteins tagged with mMaple but in a different 
genetic background where Cdc20 is under control of pGAL1. With this, I will be able to 
examine the kinetochore copy number in metaphase immediately following the arrest and 
around the third hour after arrest. This should give a sufficient amount of time for mMaple to 
mature and fold. Additionally, a cycloheximide treatment control would allow me to control 
for the protein production excluding kinetochore components produced de novo. An increase 
in the mean localizations number will indicate the changes within mMaple. Alternatively, if 
the mean localizations number decreases it will indicate that the experimental procedure is not 
suitable due to a disruption of a mitotic spindle and an improper physiological state of the cell 
culture. 

Once the maturation of the mMaple is known, the possible changes in the kinetochore protein 
copy numbers can be uncovered. One possibility is that the changes occur only to generate fully 
functional sister kinetochores before the anaphase onset. After DNA duplication, initially only 
one fully functional sister kinetochore is necessary to get effectively captured by the spindle. 
The second possibility is that the stoichiometry fluctuations reflect the function of a kinetochore 
protein. The observed increase in the outer kinetochore proteins during anaphase may contribute 
to the effectiveness of the chromosomes’ transportation to the poles. Another interesting 
question is whether there is an increase of the Cnn1 protein from 2 to 6 in anaphase. The change 
seems to be phosphorylation-driven because it has been shown that mutations of multiple 
phosphorylation sites of Cnn1 disrupts the protein accumulation in the anaphase kinetochores 
(Bock et al. 2012). 

In my SMLM imaging of the kinetochores the distributions of the individual proteins are not 
visible due to projection of a 3D structure onto 2D space. Moreover, it is also strongly 
influenced by both the relatively low efficiency of the fluorophore detection and kinetochore 
protein copy numbers. There are numerous SMLM techniques that are widely used that 
include the 3D information from the imaging. The 3D methods are based on a principle that 
PSF changes with the z position in relation to the focal plane. Several kinds of approaches 
have been developed and are still being improved. The difference lies in the technical 
requirements, level of complexity and the quality of the 3D information. The most routinely 
applied set of methods is PSF engineering by phase aberration. The PSF is distorted in such a 
way that the PSF shape is a function of the z position. The simplest way is to insert a 
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cylindrical lens (Kao & Verkman 1994). Here, the PSF elongates in a direction that is z 
position dependent and this results in a resolution of about 50 nm (Huang et al. 2008). This 
approach and similar ones achieve an axial resolution up to 50 nm but the lateral resolution 
and depth of the imaging in compromised. The variations of the PSF modulation includes 
double-helix, self-bending, corkscrew, phase ramp, saddle-point/Tetrapods and differ in their 
axial resolution and depth of imaging from 0,8 to 20 𝜇m. Unlike astigmatic 3D imaging, the 
other methods require more complex and expensive equipment like deformable mirrors or 
spatial light modulators. Another set of techniques relies on additional focal planes during the 
imaging, which includes bi-plane and multi focus imaging. The technique, with 9 
simultaneous planes, has been applied to yeast system. The resolution of 20 nm in x, y and 50 
nm in z direction with a depth of 4 𝜇m was achieved (Hajj et al. 2014). The most superior in 
terms of resolution achieving 10 nm in all directions and the most elaborate technique 
available determines the z position interferometrically. Practically, two emission-gathering 
objectives are used and then the emission light interferes with itself in the optical path. The 
relative phase delay between the imaging paths determines the axial position. This powerful 
method is being adjusted to the needs of the lab. The similar resolution in all directions would 
significantly contribute to the kinetochore project. The axial distribution of the kinetochore 
proteins is essential to determine the structure-function relationship. Also, it would be 
possible to distinguish single kinetochores in anaphase. With 3D measurements I expect to 
see a gradual increase of the protein distribution because a single centromeric nucleosome 
must bind a spindle microtubule 25 nm in diameter. This should give very interesting results 
(Fig.16B). First, the C-termini of the Mif2 dimer should highly colocalize in comparison to 
Cnn1. In contrast, Cnn1 does not seem to form a dimer, thus the two copies should not 
necessarily fully colocalize to the same extend as Mif2. Furthermore, 5 copies of the COMA 
complex would occupy a larger space due to the higher copy number. The interesting question 
is whether there is a difference between the COMA components distribution. Ctf19 and Okp1 
would therefore be examined. One of the most interesting questions is whether there is a role 
of MTW1 in multiplication of the outer kinetochore components. In humans, this role is 
associated with the inner kinetochore Mif2 and Cnn1. They define the stoichiometry of the 
downstream components (Veld et al. 2016). The aforementioned structural modeling based on 
crystal structures offers the model where the MTW1 HEAD domains interact with each other. 
MTW complexes are radially displayed here. If this is true, I should see a small cluster size 
for MTW1 tagged on its N-terminus and large clusters for the C-terminally tagged complex. 
Moreover, the expected diameter of the C-terminus should be ~40 nm (Gonen et al. 2012; 
Dimitrova et al. 2016). A similar result is expected from Ndc80 as it binds to a C-terminal site 
of MTW1 but the result could be blurred because of additional binding to Cnn1. Depending 
on the achievable localization precision, the distribution of Ndc80 could be compared in WT 
to ∆cnn1. Spc105 should form a minimally smaller cluster than the C-terminus of MTW1 but 
could be undistinguishable due to the resolution limit. Last but not least, the DAM1 complex 
has a defined structure. It has been observed that this complex forms a ring, spiral or two rings 
in vitro. With the 3D imaging I should be able to observe the structure directly. 

In conclusion, single-molecule localization microscopy is a great tool that allows for the 
imaging of structures in situ that are otherwise not visible under electron microscopy or too 
small to be individually visualized with standard fluorescence microscopy. The previous 
intrakinetochore in vivo measurements provided reasonable results about the mitotic 
kinetochore structure at the time. However, reconstitution-based data strongly suggested a 
slightly different model. With the dual-color SMLM imaging I was able to dissolve the 
discrepancies between the models, towards the reconstitution-based one, and add positions of 
several inner kinetochore proteins previously not visualized. The counting method with the 
yeast NPC contributed to uncovering of the kinetochore stoichiometries but further 
examination of the influence of the fluorophore maturation must be continued. The technique 
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suggests a gradual increase of the complex protein copy number from the inner to the outer 
kinetochore site. This is different than what is proposed based on the protein-protein 
interaction. Thus, this discrepancy must be addressed. All together, I could reconcile the 
different views on the budding yeast kinetochore structure as well as provide a suggestion that 
the kinetochore changes the protein copy numbers of its components depending on the cell 
stage. 

 

 

Figure 29 3D SMLM imaging will reveal the circumferential distribution of the kinetochore 
proteins; A) The scheme describing the perspective in B; B) Predicted circumferential 
distributions of the kinetochore proteins. Color code from the previous kinetochore is preserved 
(light grey- Cse4 nucleosome, violet - Cnn1, green - Mif2, blue - N-terminal and C-terminal site 
of MTW1, yellow - COMA, dark grey- Spc105, red - NDC80). ~ 40 nm radius was predicted by 
Dimitrova et al. 
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11.  Summary 

Proper chromosome segregation is crucial for cell division. During metaphase, chromosomes 
are lined up in the metaphase plane and subsequently, in anaphase, the sister chromatids are 
pulled apart toward the opposite spindle poles. Errors during segregation lead to, for example, 
aneuploidy, where daughter cells receive an aberrant number of chromosomes. Each 
chromatid is captured by spindle microtubules and this interaction is mediated by a structure 
called the kinetochore. The general architecture of the kinetochore is preserved in eukaryotes. 
A simple model to study its properties is Saccharomyces cerevisiae, where a single copy of 
the kinetochore is attached to one microtubule, whereas in higher organisms kinetochores 
have multiple attachment sites. It is assumed that single kinetochores in other fungi and 
multicellular organisms are composed of multiple copies of units analogous to the budding 
yeast kinetochore. The kinetochore takes part in several processes during mitosis including 
maintaining proper attachment of a chromosome to the spindle and mediation of forces to 
move chromosomes. These functions are strongly dependent on the kinetochore's structure 
and its potential remodelling over the cell cycle. 

The molecular composition of the budding yeast kinetochore has already been precisely 
described. On the other hand, its structural organization in a context of cellular environment 
and other kinetochore components must be further explored. Most of the information 
regarding the intact kinetochore structure comes from electron microscopy-based (EM) 
studies and fluorescence microscopy. Due to the small size of the budding yeast kinetochore, 
its general architecture has been visualized with EM in situ only recently. However, the 
images in this study lack structural details and the identity of most of the kinetochore 
components has not been established. Conversely, conventional fluorescence microscopy has 
provided some information about the localization of several kinetochore components along 
the spindle axis. Yet, a few bottlenecks in this approach are present. By virtue of light 
diffraction, the resolution of common light microscopy is restricted to approximately 250 nm. 
Therefore, this approach is too limited to detect exact intrakinetochore distributions of 
kinetochore subunits. Moreover, single kinetochores are not observable in yeast, since the 
fluorescence signal coming from a cluster of labelled yeast kinetochores is seen as one spot. 
Additionally, fine structural details cannot be observed by using light microscopy. The main 
technical strategy to overcome the aforementioned issues is localization microscopy. This 
technique combines several advantages of fluorescence and electron microscopy - localization 
with high precision (down to tens of nanometers) and the possibility to provide some 
structural insights of an observed particle in its natural environment. Obtaining images 
beyond the diffraction limit relies on the activation of only a small fraction of fluorophores in 
the sample at the same time. Thus, a non-overlapping signal from each fluorophore can be 
localized with an unprecedented precision. Repeated cycles of activation, localization and 
deactivation allow for the reconstruction of a high-resolution image. The main aim of my 
study was to visualize the individual kinetochores in budding yeast using single-molecule 
localization microscopy. Subsequently, I used dual-color single-molecule localization 
microscopy to reconcile the conflicting data coming from the reconstitution- and fluorescence 
microscopy-based approaches about the localization of the majority of the kinetochore 
components in metaphase. Subsequently, I established the counting reference assay that 
allows to estimate the protein copy number of a protein of interest in budding yeast. Finally, I 
have used the method to calculate the absolute protein copy number of the major kinetochore 
subunits in metaphase and, partially, in anaphase. The single-color imaging recapitulated the 
Rabl-like distribution of the kinetochores in interphase. The metaphase kinetochores were 
randomly distributed within the clusters. In anaphase, I have observed a significant reduction 
of distances between the kinetochores. With dual-color imaging I have positioned Cnn1 and 
Mif2 proteins more than 20 nm from the C-terminus of Spc105. The COMA components, 
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Ctf19 and Okp1 have been localized between the centromeric site (defined by Cnn1, and 
Mif2) and the outer kinetochore - around 14,5 nm away from Spc105. The previous 
microscopy-based study positioned the C-termini of MTW1 ~9 nm away from each other, 
which contradicts results obtained by crystallising the complex where each C-terminus was 
only few nanometers away from each other. My approach showed that the C-termini are only 
3 nm away from each other. Moreover, I localized the C-termini of Spc105, MTW1 and 
Spc25 close to each other, which agrees with the reconstitution data. Furthermore, I showed 
that the C-terminus of Ndc80 is ~13,5 nm away from the C-terminus of Spc25, which 
indicates a slight tilt of NDC80 relative to the spindle axis. I have shown that the nuclear pore 
complex is a reliable counting reference to estimate the kinetochore protein copy numbers. 
My measurements indicate the gradual increase of the protein abundance within the 
kinetochore from the inner to the outer kinetochore site in metaphase. I calculated that there 
are 2 copies of Mif2 and Cnn1 but 5 of COMA. In the outer kinetochore there are 5 - 6 copies 
of Spc105, 6 - 8 of MTW1 and 10 - 12 of NDC80. This stands in contrast to the 
reconstitution-based view on the kinetochore protein numbers. I have analysed only a couple 
of the proteins in anaphase. My analysis indicates that MTW1 and NDC80 increase their 
protein copy numbers, which would potentially contribute to the efficiency of the complex in 
chromosome transportation at the end of the cell division. In my work, I have provided data 
on the localizations of the major kinetochore components during metaphase. Using the 
counting reference, I showed that the yeast centromere binds the microtubule efficiently by 
using the increasing protein copy numbers of the kinetochore, from 2 copies of the 
centromere-related proteins to ~10 of microtubule-binders. Moreover, I discovered that the 
outer kinetochore increases its protein copy numbers in anaphase. 

 

12.  Zusammenfassung 

Die korrekte Trennung der Chromosomen ist von entscheidender Bedeutung für die 
Zellteilung. Während der Metaphase ordnen sich die Chromosomen in der Äquatorialebene 
an, in der darauffolgenden Anaphase werden die Schwesterchromatiden in Richtung der 
gegenüberliegenden Spindelpole auseinandergezogen. Fehler während der Trennung können 
beispielsweise zu Anaploidie führen, bei der die Tochterzellen eine unreguläre Anzahl an 
Chromosomen erhalten. Jede Chromatide wird durch einen Spindelmikrotubulus festgehalten, 
vermittelt durch eine Kinetochor genannte Struktur. Die grundlegende Architektur der 
Kinetochore ist in Eukaryoten konserviert. Ein einfaches Modell, deren Eigenschaften zu 
untersuchen ist Saccharomyces cerevisiae, in dem eine einfache Kopie des Kinetochors an 
einem Mikrotubulus hängt, während Kinetochore in höheren Organismen multiple 
Bindungsstellen aufweisen. Es wird vermutet, dass einzelne Kinetochore in anderen Pilzen 
und Multizellulären Organismen aus mehreren Kopien von Einheiten der Kinetochore von S. 
cerevisiae bestehen. Das Kinetochor nimmt an mehreren Prozessen während der Mitose teil, 
einschließlich der Aufrechterhaltung der ordnungsgemäßen Befestigung des Chromosoms zur 
Spindel und der Vermittlung von Kräften zur Bewegung der Chromosomen. Diese 
Funktionen sind streng abhängig von der Struktur des Kinetochors und seiner Remodellierung 
durch den Zellzyklus hindurch. 

Die Molekulare Zusammensetzung des S. cerevisiae Kinetochors wurde bereits präzise 
beschrieben. Andererseits muss die strukturelle Organisation im zellulären Kontext und andere 
Kinetochorbestandteile weiter untersucht werden. Die meisten Informationen bezüglich der 
intakten Kinetochorstruktur kommen aus elektronenmikroskopischen (EM) Untersuchungen 
und der Fluoreszenzmikroskopie. Aufgrund der geringen Größe des Kinetochors von S. 
cerevisiae konnte dessen allgemeine Architektur erst kürzlich mittels EM in situ visualisiert 
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werden. Allerdings fehlt es der Studie an strukturellen Details und die Identität der meisten 
Kinetochorkomponente wurde nicht festgestellt. Auf der anderen Seite hat die konventionelle 
Fluoreszenzmikroskopie einige Informationen über die Lokalisierung einiger 
Kinetochorkomponenten entlang der Spindelachse bereitgestellt. Dennoch gibt es noch ein paar 
Engpässe in diesem Ansatz. Aufgrund der Lichtbeugung ist die Auflösung der herkömmlichen 
Lichtmikroskopie auf 250nm beschränkt. Deshalb ist dieser Ansatz für die Detektion der 
exakten Verteilung der Kinetochorkomponente innerhalb desselben zu beschränkt. Weiterhin 
sind einzelne Kinetochore in Hefe nicht sichtbar, da das Fluoreszenzsignal des Clusters 
gelabelter Hefekinetochore als ein einzelner Fleck wahrgenommen wird. Zusätzlich können 
feinstrukturelle Details mittels Lichtmikroskopie nicht beobachtet warden. Die hauptsächliche 
technische Strategie, die genannten Schwierigkeiten zu überkommen ist die 
Lokalisationsmikroskopie. Diese Technik verbindet mehrere Vorteile von Fluoreszenz- und 
Elektronenmikroskopie - Lokalisierung mit hoher Präzision (bis auf ca. zehn Nanometer) und 
die Möglichkeit, strukturelle Einsichten zu einem einzelnen beobachteten Molekülen in seiner 
natürlichen Umgebung zu gewinnen. Die Gewinnung von Bildern über die Brechungsgrenze 
hinaus beruht auf der gleichzeitigen Aktivierung nur eines kleinen Bruchteils der Fluorophoren 
in der Probe. Somit kann ein nicht überlappendes Signal jedes Fluorophors mit beispielloser 
Präzision lokalisiert werden. Wiederholende Zyklen von Aktivierung, Lokalisierung und 
Inaktivierung erlauben die Rekonstruktion eines hochaufgelösten Bildes. Das Hauptziel der 
vorliegenden Studie war es, einen Teil der S. cerevisiae Kinetochorproteine zu lokalisieruen und 
deren Kopienzahl mittels Lokalisationsmikroskopie zu bestimmen. Anschließend habe ich 
Zweifarben-Einzelmoleküllokalisationsmikroskopie verwendet, um die sich widersprechenden 
Daten zur Lokalisation der Mehrheit der Kinetochorkomponenten in der Metaphase aus 
Rekonstitutions- und Fluoreszenzmikroskopie-basierten Ansätzen miteinander in Einklang zu 
bringen. Ich habe den Zählreferenz-Assay etabliert, der es möglich macht, die 
Proteinkopienzahl eines Proteins von Interesse in S. cerevisiae abzuschätzen. Schließlich habe 
ich diese Methode verwendet, um die absolute Proteinkopienzahl der wichtigsten 
Kinetochoruntereinheiten in Metaphase und teilweise in Anaphase zu berechnen. Die 
Einfarben-Bildgebung rekapitulierte die Rabl-like Verteilung der Kinetochore in der Interphase. 
Die Metaphasenkinetochore waren zufällig innerhalb des Clusters verteilt. In der Anaphase 
habe ich eine signifikante Reduktion der Abstände zwischen Kinetochoren beobachtet. Mittels 
Zweifarben-Bildgebung habe ich Cnn1 und Mif1 über 20nm vom C-Terminus von Spc105 
lokalisiert. Die COMA-Komponenten Ctf19 und Okp1 konnten zwischen der centromerischen 
Position (definiert durch Cnn1 und Mif1) und dem äußeren Kinetochor lokalisiert werden, ca. 
14,5 nm von Spc105 entfernt. Die vorherige mikroskopiebasierte Studie hat die C-Termini von 
MTW1 ca. 9 nm voneinander entfernt positioniert, was den Ergebnissen widerspricht, die durch 
Kristallisation des Komplexes gewonnen wurden, wobei die C-Termini nur wenige Nanometer 
voneinander entfernt waren. Mein Ansatz hat hat gezeigt, dass die C-Termini nur 3 nm 
voneinander entfernt sind. Weiterhin habe ich die C-Termini von Spc105, MTW1 und Spc25 
nah aneinander lokalisiert, was mit den Rekonstitutionsdaten übereinstimmt. Weiterhin habe ich 
gezeigt, dass der C-Terminus von Ndc80 ca 13,5 nm vom C-Terminus von Spc25 entfernt ist, 
was auf eine leichte Neigung von NDC80 relativ zur Spindelachse hinweist. Ich habe gezeigt, 
dass der Kernporenkomplex eine verlässliche Zählreferenz zur Schätzung der Kopienzahl der 
Kinetochorproteine ist. Meine Messungen deuten auf eine graduelle Zunahme der Proteinmenge 
innerhalb der Kinetochors von Innen nach Außen hin. Ich habe berechnet, dass es 2 Kopien von 
Mif2 und Cnn1, aber 5 von COMA gibt. Im äußeren Kinetochor gibt es 5-6 Kopien von 
Spc105, 6-8 von MTW1 und 10-12 von NDC80. Dies steht im Kontrast zur 
rekonstitutionsbasierten Sicht auf die Kinetochorproteinanzahl. Ich habe nur ein paar der 
Anaphasenproteine analysiert. Meine Untersuchungen deuten darauf hin, dass MTW1 und 
NDC80 ihre Kopienzahl erhöhen, was möglicherweise zur Effizienz des Komplexes beim 
Choromosomentransport am Ende des Zellzyklus beiträgt. In meiner Arbeit habe ich Daten zur 
Lokalisation der wichtigsten Kinetochorkomponenten während der Metaphase gewonnen. 
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Mithilfe der Zählreferenz konnte ich zeigen, dass das Hefecentromer effizient an den 
Mikrotubulus bindet, indem es die zunehmende Proteinkopienzahl des Kinetochors nutzt - von 
2 Kopien der Centromerzugehörigen Proteine bis zu ca. 10 Kopien der mikrotubulusbindenden 
Proteine. Ferner habe ich eine Zunahme der Proteinanzahl des äußeren Kinetochors in der 
Anaphase gefunden. 
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