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Dividing cells rely on a surveillance mechanism at kinetochores called the spindle 

assembly checkpoint, which emits a diffusible ‘wait’ anaphase signal when kinetochores are 

unattached or improperly attached to microtubules. This results in cell arrest, delaying anaphase 

until stable bioriented kinetochore-microtubule attachments are formed.  

The evolutionarily conserved spindle assembly checkpoint kinase, Mps1, has been shown 

to phosphorylate the core kinetochore component, Spc105, leading to recruitment of the Bub1-

Bub3 checkpoint complex. Further phosphorylation of Bub1 by Mps1 also results in the 

recruitment of the checkpoint protein Mad1 leading to generation of the ‘wait’ anaphase signal.  



 

Attachment of microtubules to kinetochores results in the silencing of the spindle 

assembly checkpoint signal. However, how attachment directly results in checkpoint silencing 

continues to be debated. Studying the checkpoint and how it is silenced has proven a challenge 

due to the difficulty of directly and unambiguously distinguishing the microtubule attachment 

status and levels of checkpoint proteins on individual kinetochores in vivo. In this dissertation, I 

developed a fluorescence-based approach to observe the association of checkpoint proteins with 

single kinetochore particles in vitro, where the kinetochore-microtubule attachment status can be 

controlled and its effect on checkpoint protein levels can be directly observed. 

Mps1 is most upstream of the checkpoint signaling cascade and is localized to the core 

Ndc80 component of the kinetochore. The Ndc80 sub-complex is a major microtubule-binding 

core component of the kinetochore. Recent studies on checkpoint silencing have focused on 

Mps1 and how it responds to kinetochore-microtubule attachment since it is most upstream of 

the signaling cascade and is implicated in the checkpoint. I isolated native budding yeast 

kinetochore particles carrying fluorescent tags on a core Mtw1 kinetochore component and 

Mps1. I then examined the kinetochores in the presence of microtubules using a custom-built 

multi-color Total Internal Reflection Fluorescence (TIRF) microscopy system and single particle 

assays. I show that the spindle assembly checkpoint can be studied in vitro, at the single particle 

level. The assays I develop also set the stage for checkpoint silencing to be understood.  
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Chapter 1. INTRODUCTION TO MITOSIS  

1.1 CELL DIVISION 

“When a cell arises, there must be a previous cell…” 

This statement made by Rudolf Virchow in 1858 was the first to point to the cell cycle in living 

organisms comprising repeated cycles of duplication and division. Eukaryotic cell division is a 

short but exquisite process essential for the faithful inheritance of genetic material. The process of 

mitosis is divided into different phases (Fig. 1.1). During prophase, which occupies about half the 

length of mitosis, the cell’s nuclear membrane breaks down, and the nucleolus disintegrates. The 

centrosome or spindle pole, which acts as the microtubule organizing center of the cell duplicates, 

and the spindle poles migrate to opposite ends of the dividing cell. The chromosomes then 

condense into sister chromatids, which are linked together at the centromere. The mitotic spindle 

begins to form as microtubules, emanating from the spindle poles, form attachments to the sister 

chromatids via kinetochores. As the spindle forms, microtubules begin to form attachments to 

kinetochores, and drive the sister chromatids to the mid-region (metaphase plate) of the dividing 

cell. The kinetochore, a multiprotein complex, mediates the interaction between the chromosomes 

and the microtubules. At metaphase, the sister chromatids align at the metaphase plate. It is 

essential during metaphase to have all the kinetochores stably attached to microtubules from 

opposite spindle poles, which pull the sister chromatids apart during anaphase. Chromosome 

segregation is an extremely accurate process. It is estimated that budding yeast cells lose or gain a 

particular chromosome once in 100,000 divisions (1). This accuracy is a result of several 

checkpoints employed by the cell during the cell cycle. The spindle assembly checkpoint acts as a 

surveillance mechanism that emits a diffusible ‘wait’ signal and arrests cells with unattached or 
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improperly attached kinetochores during metaphase. During this metaphase arrest, error correction 

mechanisms destabilize improper kinetochore-microtubule attachments allowing proper 

attachments to be formed and stabilized. Once proper stable attachments are formed, the ‘wait’ 

signal is silenced and the cell proceeds to anaphase. Shrinking microtubules pull the sister 

chromatids apart, separating them towards the spindle poles during anaphase. In telophase, many 

of the processes that happen during prophase are reversed and cytokinesis results in the formation 

of a constriction at the metaphase plate and splitting of the cell into daughter cells. 

1.2 THE KINETOCHORE 

The kinetochore is central and critical to cell division, and is assembled on the centromere during 

cell division. The centromere is the distinct region of chromosomal DNA that powers chromosome 

movement and regulation during cell division (2). In budding yeast, the most well-studied model 

organism, approximately 125 base pairs of centromeric DNA specifies the kinetochore, unlike in 

other eukaryotic organisms where the centromere can span several megabases (3). Approximately, 

more than 100 kinetochore proteins, each present in multiple copies, have been identified to 

assemble on the centromere to form the kinetochore complex (4). The kinetochore structure, which 

is evolutionarily conserved, can be separated into the inner kinetochore, an intermediate region 

and the outer kinetochore. The inner kinetochore interacts with centromeric DNA. The outer 

kinetochore forms load-bearing attachments to microtubules and the intermediate region contains 

proteins which link the inner to the outer kinetochore (Fig. 1.2). The budding yeast kinetochore 

consists of the core CBF3 complex, which was the first identified kinetochore sub-complex. The 

CBF3 complex together with the constitutive centromere associated network (CCAN) and Cbf1 

protein form the inner kinetochore. The CCAN consists of several sub-complexes including the 

Ctf19-Okp1-Mcm21-Ame1 (COMA) sub-complex, Mif2 and Cse4. The chromosomal passenger 



 16 

complex (CPC), comprising Ipl1, Sli15, Nbl1 and Bir1, also forms part of the inner kinetochore 

but is not considered a core component of the kinetochore. The outer kinetochore components 

consisting of the Ndc80, Dam1 and Spc105 sub-complexes are connected to the inner kinetochore 

via the intermediate Mis12 complex (5–7). All of these identified kinetochore components have 

been shown to exist in multiple copies per kinetochore (8, 9).   

The kinetochore also possesses motor proteins, components of the spindle assembly 

checkpoint, and other microtubule-associated proteins (MAPS). These proteins are transient and, 

mostly, perform regulatory functions. The regulatory motor proteins include Kip1, Kip3, Cin8 and 

Kar3. The spindle assembly checkpoint proteins are recruited to the kinetochore and delay mitotic 

progress to allow the formation of stable microtubule attachments. Components of the checkpoint 

include Mad1, Mad2, Bub1, Bub3 and Mps1 (7, 10).  

1.3 THE MICROTUBULE 

The microtubule is a component of the cytoskeleton in cells and functions primarily to 

provide mechanical support for cell shape and to also aid in the transportation of cellular material 

to and from different cellular compartments. Microtubules are assembled from  and  tubulin 

dimers. The tubulin dimers usually polymerize to form 13 linear protofilaments, which assemble 

into a 25-nm cylindrical structure with a hollow core. Microtubules play a major role in mitosis by 

helping to form the spindle apparatus, which maintains the shape of the cell. Their stable 

attachments to kinetochores and ability to pull apart sister chromatids is also a requirement for 

faithful chromosome segregation.  

 During interphase, microtubules disassemble, which allows tubulin subunits to reassemble 

into the mitotic spindle. The centrosome, which is the microtubule organizing center of the cell 

duplicates and localize to form spindle poles at the opposing ends of the mitotic spindle. Polar 
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microtubules generally grow from the centrosome with the minus end of the microtubule anchored 

at the centrosome and the plus end undergoing dynamic instability (11). Dynamic instability refers 

to the ability of microtubules to switch between assembly and disassembly via guanosine 

triphosphate (GTP) hydrolysis during their lifetime. Dynamic instability is very essential in mitosis 

as it allows rapid reorganization of the spindle when necessary. Furthermore, dynamic instability 

helps to generate the force required to push and pull on chromosomes during mitosis (12).  

 Early in prometaphase, microtubules undergo a period of ‘search and capture’ via dynamic 

instability until they form proper attachment to kinetochores (13). The kinetochore forms different 

types of attachments to microtubules: In a monotelic attachment only one sister kinetochore 

attaches a microtubule. In a syntelic attachment, both sister kinetochores attach to microtubules 

from a single spindle pole. A merotelic attachment results from one or both kinetochores forming 

attachments to microtubules from both spindle poles. In an amphitelic attachment, each 

kinetochore is attached to microtubules from only one spindle pole, usually resulting in 

biorientation (14). Unstable monotelic and syntelic kinetochore-microtubule attachments are 

detected by the spindle assembly checkpoint mechanism (Fig. 1.3). This mechanism arrests the 

cell, and allows time for error correction mechanisms to destabilize these attachments for proper 

stable amphitelic attachments to be formed. Ipl1 kinase has been shown to destabilize improper 

attachments via phosphorylation of its kinetochore component substrates (15, 16). Merotelic 

attachments are not found in budding yeast cells since each kinetochore attaches to only a single 

microtubule (17). Proper error correction and spindle assembly checkpoint function is necessary 

to preserve the fidelity of cell division.    
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1.4 THE SPINDLE ASSEMBLY CHECKPOINT 

The first spindle assembly checkpoint components, Budding Uninhibited by Benzimidazole 

(Bub1, Bub3) and Mitotic Arrest Deficient (Mad1, Mad2, Mad3), were initially discovered via 

genetic screens in budding yeast (18, 19). The Monopolar Spindle 1 (Mps1) component was 

initially discovered as a gene important for spindle pole body duplication (20, 21) and was found 

later to also play a major role in checkpoint signaling (22). Although these highly conserved 

proteins are known to be recruited to form a signaling pathway that results in the arrest of cells in 

mitosis when there are improper or unattached kinetochores, the question of exactly what they 

respond to continues to be debated. One theory proposes that the kinetochore senses tension 

between itself and the microtubule. Early experiments supporting this theory involved using a 

micromanipulator to pull on an unattached chromosome. Applying tension in this manner was 

shown to result in progress to anaphase (23). In a second theory, the checkpoint is believed to 

respond to kinetochore-microtubule attachment alone in the absence of any tension. Similarly, in 

a separate experiment in support of this second theory, the last unattached kinetochore in a 

monotelic PtK1 cell was destroyed using laser ablation. The cell proceeded to anaphase with, 

presumably, no tension in the mono-oriented chrosome  (24). The attachment versus tension 

debate continues due to several reasons. Laser ablation of the kinetochore does not necessarily 

completely eliminate kinetochore-microtubule tension, and in the case of the micromanipulation 

experiment, tension has been shown to increase microtubule occupancy of kinetochores in 

eukaryotic cells, possibly, through stabilization of the microtubule attachments (25). All in all, 

these experiments suffer from an inability to clearly distinguish tension from attachment, since 

the two phenomena are interdependent. The continuing debate will benefit greatly from single 

particle assays that can directly distinguish between the two.  
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 In the current prevailing checkpoint signaling pathway model, lack of microtubule 

attachment and/or tension results in the recruitment of Mps1 kinase to the kinetochore (26–29). 

Mps1 phosphorylates its substrate, Spc105, which results in the recruitment and localization of 

the Bub1-Bub3 complex to the kinetochore (30–32). Mps1 also phosphorylates Bub1 resulting in 

the recruitment of Mad1 to the kinetochore (33).  

 Mad2 has been shown to exist in two conformations: the closed conformation, C-Mad2, 

can bind stably to Mad1. Free Mad2 exists in an open confirmation, O-Mad2, and cannot bind to 

itself but is transformed to C-Mad2 when it binds to another C-Mad2 (34–36). Thus, the 

Mad1/C-Mad2 recruited to the kinetochore through phosphorylation of Bub1 acts as a template 

to cycle Mad2 on and off the kinetochore. Mad2 is converted from the open to the closed 

conformation when it attaches to kinetochore bound C-Mad2 (37). The C-Mad2 also binds to 

Cdc20 (35, 38). 

 Cdc20 is a direct activator of the anaphase-promoting complex or cyclosome (APC/C), 

which is an E3 ubiquitin ligase that regulates the metaphase to anaphase transition of a dividing 

cell. Cdc20 forms part of the mitotic checkpoint complex (MCC), which also consists of C-

Mad2, Bub3 and Mad3. When the MCC binds to the APC/C it prevents it from targeting securin 

and cyclin B for degradation. Securin protects cohesin from being cleaved by separase, while 

cyclin B binds to Cyclin-dependent kinase 1 (Cdk1) to promote cell cycle progression. Thus, 

degradation of securin and cyclin B results in the cleavage of cohesin by separase, which acts as 

molecular scissors cleaving the cohesin complex that holds sister chromatids together and 

promotes their transition from metaphase to anaphase. In the prevailing ‘template’ model the 

spindle assembly checkpoint is activated due to improper kinetochore-microtubule attachment 



 20 

when free O-Mad2 is converted to C-Mad2, which binds to Cdc20, and inhibits the ability of 

Cdc20 to bind to and activate APC/C resulting in mitotic arrest (Figs. 1.4 and 1.5) (37–39).  

 Given these discoveries, it has become important in recent years to fully understand the 

role of Mps1 in the spindle assembly checkpoint signaling pathway since it seems to be most 

upstream and its ability to phosphorylate its substrates is crucial to the checkpoint signaling 

cascade.  

1.5 MONOPOLAR SPINDLE 1 (MPS1) 

Mps1 was first discovered in budding yeast as a protein necessary for the assembly and 

duplication of the spindle pole body, and was later shown to be a kinase that demonstrated 

autophosphorylation (20, 21). In recent years, Mps1 has emerged as a critical factor in the 

establishment and maintenance of the checkpoint signal, and has also been shown necessary for 

the silencing of the ‘wait’ signal (22, 40–42). Studies position Mps1 most upstream of the spindle 

assembly checkpoint signaling cascade, and it localizes to the calponin homology (CH) domain of 

the Hec1 component of the Ndc80 sub-complex (29, 43, 44). CH domains are actin-binding regions 

mostly found in cytoskeletal proteins and have also been shown, more recently, to be involved in 

microtubule binding (45, 46).  

 Mps1 kinase phosphorylates threonine residues in the methionine-glutamate-leucine-

threonine (MELT) motifs of Spc105. This phosphorylation regulates the recruitment of Bub1 and 

Bub3 to the kinetochore (30, 32, 47). Furthermore, Mps1 also phosphorylates the middle region 

of Bub1 resulting in the recruitment of Mad1 to the kinetochore (33, 48, 49). It is this recruitment 

of Mad1 coupled with C-Mad2 that acts in the manner of a prion-like template, converting O-

Mad2 to C-Mad2 for Cdc20 binding and subsequent mitotic checkpoint complex formation. 

Understanding the role of Mps1 is critical to understanding checkpoint silencing.  
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 Two models have been proposed to explain the role of Mps1 in checkpoint silencing as 

microtubules form attachments to kinetochores. The direct competition model argues that 

microtubule attachment directly competes with Mps1 for binding to the kinetochore, and thereby 

prevents Mps1 from phosphorylating its substrates (50, 51). The mechanical switch model, on the 

other hand, argues that end-on microtubule binding to kinetochores doesn’t necessarily compete 

with Mps1 for kinetochore binding but renders it inactive, in an ‘off’ state, and prevents it from 

being able to phosphorylate its substrates. Experiments supporting the models have several 

limitations including the use of recombinant protein fragments. Also, bulk assays used in the 

experiments do not address heterogeneity in individual kinetochores nor differentiate between 

different types of kinetochore-microtubule attachments. To overcome these challenges, I utilized 

native yeast kinetochores instead of protein fragments. Using single molecule biophysical 

techniques also enabled me to assess single kinetochore particles, and how lateral, end-attached 

and tip tracking of the single kinetochores affect Mps1 association. Specifically, I leveraged a 

recently developed method of isolating intact native single kinetochores (52) and Total Internal 

Reflection Fluorescence (TIRF) microscopy to provide more direct evidence as to how Mps1 

responds to different modes of microtubule attachment.  
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Figure 1.1: Mitosis occurs in several distinct stages. (A)  Microtubules begin to grow and form 

attachments to kinetochores. The microtubules (red) emanating from the spindle pole body (red 

dot) form initial lateral attachments to the kinetochore (green). The lateral attachments are 

converted to end-on attachments (B &C) as the cell progresses to metaphase. In metaphase, the 

chromosomes are aligned in the middle (metaphase plate) of the dividing cell. (D) Stable 

attachments result in sister chromatid separation as the microtubules disassemble to opposite poles. 
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Figure 1.2: Schematic showing kinetochore components. The kinetochore complex can be 

subdivided into the inner kinetochore, which binds to centromeric DNA and the outer kinetochore, 

which binds to the microtubule. An intermediate region comprising proteins such as the Mtw1 

complex holds the inner and outer components of the kinetochore together.  

 

 

Mtw1 Complex
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Figure 1.3: Microtubules and kinetochores can form different attachments during mitosis that may 

lead to errors. (A) In a monotelic attachment, only one of the sister chromatids is stably attached 

to a microtubule. (B) In a syntelic attachment, both chromatids are attached to microtubules from 

the same pole. This usually results in both chromosomes being pulled towards the same pole during 

anaphase, if uncorrected. (C) Merotelic attachments result from one of the sister chromatids being 

attached to microtubules from both poles. This, however, does not occur in budding yeast cells, 

where each kinetochore attaches to only a single microtubule. (D) Amphitelic attachments result 

from microtubules attaching sister chromatids to opposite poles.  
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Figure 1.4: The spindle assembly checkpoint signaling cascade in a cell with an unattached 

kinetochore. In an unattached kinetochore, Mps1 phosphorylates Spc105, which results in Bub1-

Bub3 recruitment. Mps1 also phosphorylates Bub1, which results in Mad1-Mad2 recruitment. The 

Mad2 recruited is in the closed conformation (C-Mad2). This C-Mad2 acts as a template 

converting O-Mad2 to C-Mad2. The C-Mad2 then binds to Cdc20 to form the mitotic checkpoint 

complex with Bub3 and Mad3. The MCC prevents the activation of the APC/C. The APC/C is, 

thus, enable to degrade securin and cyclin B, which act to protect the cohesin holding together 

sister chromatids from being cleaved by separase.  
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Figure 1.5: The spindle assembly checkpoint signaling cascade in a cell with properly attached 

kinetochores. When microtubules stable bioriented attachments with kinetochores, Mps1 is unable 

to phosphorylate Spc105. This inability to phosphorylate Spc105 results in the silencing of the 

checkpoint as Cdc20 can bind APC/C. APC/C is activated and targets securin and cyclin B for 

degradation. With securin degraded, separase can cleave cohesin to achieve progress to anaphase.  
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Chapter 2. INTRODUCTION TO SINGLE MOLECULE BIOPHYSICS 

Conventional ensemble experimental techniques have been, and continue to be, used to 

provide insight into complex biological and chemical reactions. These techniques, however, 

generally provide wholesale averaged-out information about molecular properties of interest. 

Advances in single molecule techniques have increased further understanding of biological and 

chemical phenomena, allowing properties to be examined one molecule at a time.  

 Unlike in ensemble experiments, single molecule techniques allow the measurement of 

single molecular properties. With single molecule techniques, distributions can be directly 

measured and heterogeneity in samples can be directly observed. Sometimes systems being 

studied may possess multiple states, which may go undetected in ensemble experiments. Single 

molecule experiments also allow the binding and unbinding rates of molecules to be directly 

measured. Furthermore, events that happen simultaneously and are very challenging to 

distinguish in ensemble experiments may also be easily studied using single molecule 

techniques. Molecular forces as well as the response of molecules and systems to mechanical 

manipulation can be measured in single molecule studies. Finally, single molecule experiments 

provide much higher sensitivity than ensemble experiments. This is especially useful in 

experiments where sample concentrations are lower than normal. Molecules that are present at 

low concentrations in vivo can be studied more easily at similar concentrations in single 

molecule studies in vitro (53).  

 Multiple single molecule techniques have been invented over four decades, which 

provide complementary, and sometimes, corroboratory information about important complex 

biological and chemical phenomena.   
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2.1 METHODS AND APPLICATIONS OF SINGLE MOLECULE TECHNIQUES  

One of the pioneering studies in single molecule biophysics was done by Hirschfield, 

where he was able to detect, using an optical microscope, a single fluorescent antibody molecule 

(54). Around the same period, discrete changes in current were recorded from single ionic channels 

from the membrane of denervated frog muscle via patch clamping (55). Since then, several single 

molecule techniques have been developed and continue to be advanced including, but not limited 

to, magnetic tweezers, optical tweezers and atomic force microscopy (AFM). These techniques 

allow molecules to be manipulated and molecular forces to be measured. Other techniques such as 

TIRF, confocal microscopy and Förster Resonance Energy Transfer (FRET) allow properties such 

as particle intensity, lifetimes and movement to be measured and tracked.  Each of these methods 

brings with it unique characteristics that allows it to be used for studying very different systems 

and answering myriad scientific questions.  

 Magnetic tweezers utilize magnetic fields to manipulate and characterize single molecules. 

Magnetic tweezers not only provide the means to apply forces in a linear fashion to single 

molecules, but also provide the advantage of applying torque to individual single molecules (56–

58). This has been especially useful in the study of DNA structure and function as well as proteins 

related to DNA (59). Magnetic tweezers can also be useful in studying mitosis since they can be 

used to generate force. In a recent experiment, magnetic tweezers were used to determine the force 

required to maintain the spindle in the middle of intact nematode cells (60). 

 Optical tweezers were first introduced through seminal work by Arthur Ashkin and 

colleagues, when they observed the optical trapping of dielectric particles in water using a single-

beam gradient force trap (61). The technique was further improved to trap and cool neutral atoms, 

which eventually led to Steven Chu being awarded the 1997 Nobel Prize in Physics. Further 
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provements in optics and microscopy have led to the implementation of optical tweezers in 

answering complex biological, chemical and biophysical questions ranging from characterizing 

molecular motors to determining the force required to stabilize a kinetochore-microtubule 

attachment (52, 62). When a highly focused laser beam is directed at a nano or micron-sized 

dielectric particle, the particle experiences light-scattering and gradient forces as it encounters the 

laser. The scattering forces exert in the direction of light propagation, while the gradient forces 

pull along the spatial gradient of the intensity of the light. When the gradient forces exceed the 

scattering forces, the dielectric particle is attracted to the highest intensity region of the focused 

beam, causing it to be trapped in this position. Subsequently, by changing the position of the laser 

beam, the dielectric particle can be manipulated. In modern single molecule experiments, the 

dielectric particles act as handles to which molecules of interest can be attached (63–65). When 

coupled with a piezo, stage nanometer precision manipulation can be achieved.  

 The Atomic Force Microscope (AFM) is a type of scanning probe microscope with very 

high resolution on the order of up to fractions of a nanometer. Since its invention in 1986 by Binnig 

and colleagues, the AFM has become a mainstay in studying molecular structure and processes at 

the single particle level (66). The main components of an AFM, generally, include a piezoelectric 

stage, a cantilever with a narrow tip, and a detector. By pushing the cantilever into a sample of 

interest, the height of the sample can be measured. The force between the cantilever tip and the 

sample can also be measured by pulling the cantilever up. The pushing and pulling of the cantilever 

can be detected through various means including optical deflection using a photo-detector, current 

measurement and other methods (67). Recent developments in instrumentation as well as image 

acquisition and sample preparation have propelled the used of AFM in studying mitosis. AFM has 
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been, especially, useful in determining the surface tension and internal pressure generated by round 

dividing cells (68, 69).  

 Single molecule fluorescence methods aim to eliminate noise from the focal plane, and 

confocal microscopy is one of the methods that enables this to be achieved. Singe molecule 

confocal microscopy is performed either through a continuous wave or a pulsed laser. Confocal 

microscopy has been used extensively in single molecule studies to study cell biological 

phenomena (70). Other single molecule fluorescence methods used include FRET and TIRF, 

which have been used extensively in single molecule biological experiments. FRET allows 

molecular distance measurement. The transfer of energy from a molecule with a fluorescent donor 

attached to a specific site to a second molecule with a fluorescent acceptor can be measured using 

FRET (71). I used TIRF microscopy in my assays due to its outstanding signal-to-noise ratio, 

which proved to be very important in single particle counting. The technique is further described 

below.    

2.2 TOTAL INTERNAL REFLECTION FLUORESCENCE (TIRF) MICROSCOPY 

TIRF microscopy is very useful for limiting the excitation and detection of fluorophores to 

a thin section. It allows selective visualization of particles within a region of approximately 200 

nm within the specimen. Restricting the depth in which fluorophores can be excited in a specimen 

results in high signal-to-noise ratio and high contrast. Essentially, sources of illumination outside 

of this region, including those from the buffer and other particles, is eliminated. Furthermore, 

photobleaching and photodamage of fluorescently particles that are out of the focal plane are 

greatly reduced.  

 When a laser encounters an interface with two different refractive indices, some of the light 

is partially reflected and partially refracted through the interface. At a critical angle, the refracted 
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light travels parallel along the plane of the interface. When the light travels from a material with 

high refractive index to a material with low refractive index (such as from glass to water) at an 

angle slightly past the critical angle, it undergoes total internal reflection. The basis for TIRF 

microscopy rests on the fact that at this boundary, an evanescent wave is generated that penetrates 

the low refractive index material up to about a thickness of 200 nm. This evanescent wave can be 

used to selectively excite fluorophores that are very close to this boundary while simultaneously 

avoiding any background noise from outside this slice (Fig. 2.1). The evanescent wave is an 

electromagnetic field that decays exponentially with perpendicular distance from the interface. 

This allows it to  reach the small depth that is necessary to excite fluorophores close to the interface 

(72).   

 TIRF provides researchers the ability to directly observe biochemical events, including 

interactions between molecules and kinetic rates. Unlike ensemble biochemical experiments that 

provide average properties of molecules and tend to require larger samples, TIRF has provided a 

way to study the stoichiometry of cellular molecules and proteins with minute amounts (73–75). 

Other cell biological questions that have benefited greatly from TIRF include molecular assembly 

and disassembly, cargo transport, and molecular movements in cells. The technique has allowed 

direct observation of these events in real time (76–78). 

 One of the questions that remains debated in the field of mitosis, and more specifically the 

spindle assembly checkpoint, is whether it responds to attachment or tension between kinetochores 

and microtubules. This is because in ensemble experiments and in in vivo cell biological studies it 

is virtually impossible to separate tension from attachment. However, native yeast kinetochore 

isolation in recent years has opened the field to allow this question to be answered using single 

molecule techniques (52). My goal is to isolate these native kinetochores and build assays that 
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allow these fundamental questions about the kinetochore and checkpoint proteins to be explored. 

Combining TIRF and isolated kinetochores allows specific kinetochore proteins to be tagged and 

studied through direct observation and manipulation.   

2.2.1 Fluorescent Probes for TIRF Microscopy 

One of the most important factors to consider when planning single molecule fluorescence 

studies is the type of fluorescent probe to use. Fluorescent probes allow the structure and dynamics 

of a molecular target to be explored. when the target molecule is tagged with the fluorescent probe.  

Fluorescent proteins such as GFP and mCherry are commonly used in labeling molecular targets 

for biochemical assays, and although they have properties that make attachment to any target 

protein easy, poor photophysical properties such as poor photon output and  photoblinking, and 

slightly larger size make them not the most ideal for single molecule studies (79). Fluorescent 

dyes, which are small, bright and photostable organic molecules are often used in TIRF 

microscopy. They usually rely on thiol groups of single cysteines or reactive moieties of unnatural 

amino acids for incorporation into a target molecule, and include those from the ‘Cy’ and ‘Alexa’ 

family (80). In our study of the spindle assembly checkpoint in budding yeast, we tagged 

kinetochore protein targets with SNAP- and CLIP-tags, which allowed the incorporation of organic 

Alexa Fluor dyes.  

2.2.2 Use of SNAP- and CLIP-Tags for TIRF Microscopy 

We began our spindle assembly checkpoint studies with GFP and mCherry, but 

eventually switched to organic dyes due to low photon count and difficulty in clearly 

distinguishing signal from background noise. To incorporate these organic fluorescent probes, 
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we used SNAP- and CLIP-tags, which allow covalent attachment of the probes to the 

kinetochore proteins.  

The SNAP-tag is a modified form of the DNA repair enzyme, human O6-alkylguanine-

DNA-alkyltransferase (AGT). The ~20-kDa SNAP-tag undergoes a self-labeling reaction with 

O6-benzylguanine derivatives to form a covalent bond (81). The SNAP-tag can, therefore, be 

fused to any protein target of interest and, subsequently, labeled with a specific organic dye via 

covalent interaction. 

 The ~20-kDa CLIP-tag  was engineered from the SNAP-tag to react specifically with O2-

benzylcytosine derivatives in a similar covalent reaction (82). These two tags allow simultaneous 

labeling of proteins with two different probes due to orthogonal and complementary substrate 

specificities (Fig. 2.2). In our assays, we used a polymerase chain reaction (PCR) technique to 

integrate the CLIP- and SNAP-tags into the endogenous loci of the Mtw1 protein and a 

checkpoint protein, respectively.  CLIP-Surface Alexa Fluor 647 and SNAP-Surface Alexa Fluor 

549 dyes were then added to label the CLIP- and SNAP-tagged proteins in solution, respectively. 

The fluorophores were very distinguishable from background noise when compared to GFP- and 

mCherry-labeled proteins (Fig. 2.3). 

2.2.3 Surface Preparation and Particle Immobilization for TIRF Microscopy 

Immobilizing particles onto a coverslip is paramount to single particle observation, and can 

be very time consuming. Coverslips used in TIRF microscopy must be thoroughly cleaned to 

eliminate impurities that tend to be auto-fluorescent. This is especially important if fluorophores 

with low photon count are being used because the impurities make it extremely hard to distinguish 

noise from actual signal. Once the coverslip is cleaned, the next step is to ensure that its surface is 

sufficiently passivated. This prevents non-specific adsorption of particles onto the glass surface. 
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Preventing non-specific adsorption helps to avoid protein malfunction or denaturing induced by 

the coverslip surface (83). Most organic fluorophores used in single molecule fluorescence assays 

tend to be hydrophobic and will readily adsorb to glass slide surfaces non-specifically. Surface 

passivation also helps to thoroughly remove any unbound dye that may be left over from the 

protein labeling reaction. To prevent this from happening, the coverslip surfaces are usually coated 

with a protective layer. Bovine serine albumin (BSA) is a common protective layer used for 

coverslip surfaces. When pre-adsorbed to a coverslip surface, it acts as a blocker, preventing non-

specific binding of particles. Polyethylene glycol (PEG) is the most common surface blocking 

agent used in TIRF studies. One approach to generating a PEG protective layer involves, first, 

amino-silanizing the coverslip surface. This process results in the deposition of primary amines 

onto the coverslip surface which react to ester groups on the PEG (84–86).  

 A third approach which has gained popularity in recent years is phospholipid bilayer 

deposition. This procedure is easier to handle, and mimics a more natural environment for cellular 

particles (87). The bilayer is developed by resuspending dehydrated phospholipids in an aqueous 

solution. This is followed by sonication, which in the formation of small unilamellar vesicles. The 

phospholipids, when fed into a flow chamber, form a bilayer that coats the coverslip surface.  

 Most of these protective layers are usually doped with biotin, a small and stable protein, 

which does not interfere with any of the actual reactions of interest in the system. Biotin forms the 

strongest known non-covalent interaction with avidin, and this interaction is exploited for specific 

adsorption of particles in single molecule fluorescence assays (88, 89).  
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Figure 2.1: TIRF microscopy allows direct observation of fluorophores within a thin slice. When 

a laser beam reaches a coverslip-buffer boundary, it undergoes total internal reflection past a 

critical angle. An evanescent wave reaching depths of approximately 200 nm is generated, which 

TIRF microscopy relies upon to excite fluorophores that reside within this depth. Background 

fluorescence from the buffer and other particles are eliminated, resulting in high contrast and high 

signal-to-noise ratio.  
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Figure 2.2: SNAP- and CLIP-tags allow covalent labeling of proteins with bright, photostable 

organic dyes. SNAP- and CLIP-tags are small proteins derived from a DNA repair enzyme that 

react with benzylguanine and benzylcytosine residues, respectively. They can be tagged to a 

protein of interest. Addition of Alexa Fluor dyes results in the covalent interaction between the 

residues. Since they bind to different residues, they offer the advantage of complementarity in 

labeling the same complex for TIRF observation.    
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Figure 2.3: SNAP- and CLIP-tagged kinetochores produce bright and photostable particles that are 

clearly distinguishable from background noise. Images collected and analyzed showed that, 

compared to GFP and mCherry, the SNAP- and CLIP-tagged kinetochores exhibited bright spots 

that showed clear separation from background fluorescence.  
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Chapter 3. DEVELOPMENT OF IN VITRO ASSAYS TO STUDY THE 

SPINDLE ASSEMBLY CHECKPOINT 

Our understanding of cell division has grown by leaps and bounds since the days of 

Walther Flemming (90). The various stages a cell goes through are well understood. The 

organization of the spindle apparatus and the role of microtubules and kinetochores in cell 

division have been identified, and continue to be explored (91).  The various checkpoints 

employed by the cell during its cycle to ensure the fidelity of chromosome segregation have been 

well established. Knowledge about the spindle assembly checkpoint proteins that were first 

discovered in the 1950s have expanded to a point where its signaling pathway has been mapped 

out to the molecular level (39, 92). Advancements in instrumentation and molecular techniques 

have been greatly beneficial to understanding the spindle assembly checkpoint. How the 

checkpoint is silenced at the molecular level is advancing and needs more studies at the 

molecular level. One of the main advantages that single molecule TIRF brings to this field is its 

ability to isolate specific events in the checkpoint cascade and allow direct visualization.  

My goal was to develop a combination of specific single molecule pull down (SiMPull) 

assays that will allow the interaction between kinetochores and microtubules to be probed at the 

level of single kinetochores (93). To do this, we first isolated functional native yeast 

kinetochores that were doubly tagged with SNAP- and CLIP-tags for observation in TIRF. I also 

developed assays for the kinetochores and microtubules to be specifically pulled down onto a 

coverslip. I then developed specific assays that included microtubule attachment under different 

conditions. Kinetochores can bind laterally to microtubules. They can also bind end-on, and tip-

track with dynamic microtubules. I designed in vitro experiments to mimic all these 

physiological scenarios of kinetochore-microtubule binding. Finally, we developed a way to 
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properly analyze all the images and data that were collected from these assays. These are all 

highlighted below.  

3.1 ISOLATION OF KINETOCHORE PARTICLES WITH FLUORESCENT TAGS 

Kinetochore particles were isolated via affinity-purifying the Dsn1-6His-3Flag protein, 

similar to previously described methods (52, 75, 94). We firs grew specific budding yeast cell 

strains at a 2 L volume overnight. Once an optical density (OD) of 2 was reached, the cells were 

centrifuged and then resuspended in buffer with protease inhibitors (65 mL H2O, 130 µL 

phenylmethylsulfonyl fluoride (PMSF)) at a smaller volume. After a second round of 

centrifugation, the cells were again resuspended in lysis buffer (25 mM HEPES pH 8.0, 2mM 

MgCl2, 0.1 mM EDTA, 0.5 mM EGTA, 0.1 % NP-40, 15 % glycerol, 150 mM KCl) with 

protease and phosphatase inhibitors. The cells were then frozen overnight, and lysed in a 

Freezer/Mill (SPEX SamplePrep) while submerged in liquid nitrogen. The lysed cells were 

then ultracentrifuged at 98,500 g for 90 minutes at 4 oC to obtain cell lysates. Dynabeads that had 

been previously conjugated with -Flag antibodies were then added to the extract and incubated 

for 3 hours, with constant rotation at 4 oC. After the immunoprecipitation, the Dynabeads were 

washed three times in buffer with 2 mM dithiothreitol (DTT), and then twice in BH buffer 

without the DTT. The Dynabeads were then suspended in buffer containing 30 M SNAP-

Surface 549 and CLIP-Surface 647 dyes (New England BioLabs) for 25 minutes at room 

temperature with gentle agitation. After the labeling incubation, the Dynabeads were again 

washed twice in buffer. Kinetochore proteins were then eluted from the Dynabeads by gentle 

agitation in an elution buffer (0.5 mg/mL 3Flag peptide in buffer) at room temperature for 30 

minutes. Each sample preparation was run on an SDS-PAGE gel and imaged via typhoon scan 
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for analysis of fluorescent bands. The gels were also silver stained to observe components of the 

isolated kinetochores.   

3.2 DYE LABELING OF KINETOCHORES AND COMPARISON BETWEEN MITOTIC & 

MEIOTIC KINETOCHORES 

SNAP- and CLIP-tags were used to label the isolated kinetochores. For the purposes of 

our experiments, the SNAP- and CLIP-tags were integrated into the endogenous loci of the 

checkpoint protein and core kinetochore protein, respectively. The SNAP- and CLIP-tags enable 

specific covalent binding of fluorophores of interest. For my specific case, SNAP-Surface 549 

Alexa and CLIP-Surface 647 Alexa dyes were used for labeling the checkpoint protein and core 

kinetochore protein, respectively. To proceed with my experiments, I needed to ensure that the 

kinetochore proteins were efficiently and fully labeled with the dyes of interest. I performed two 

separate titration experiments using Mtw1-CLIP-647 and Nuf2-SNAP-549 kinetochores to 

determine the concentration of Alexa dyes that were required to saturate SNAP- and CLIP-

tagged kinetochore molecules.  

 During the kinetochore purification for the titration experiment, I split the Dynabeads 

into 6 equal volumes after immunoprecipitation. SNAP-Surface 549 and CLIP-Surface 647 

Alexa dyes were added to the Dynabeads at the following concentrations: 0 µM, 2 µM, 10 µM, 

15 µM, 30 µM and 60 µM. I incubated the Dynabeads for 25 minutes at room temperature with 

gentle agitation. After the incubation period, I eluted the kinetochores and separated the 

kinetochore components on an SDS/PAGE gel. I scanned the gel for fluorescent signal on a 

typhoon scanner, and also silver stained the gel to identify the kinetochore components (95). I 

quantified the fluorescent typhoon scan by calculating the integrated pixel square density for 

each band. I found that for the SNAP-Surface 549 Alexa dye, SNAP-tagged molecule saturation 
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was reached at ~2 µM. On the other hand, saturation for the CLIP-Surface 647 Alexa dye was 

reached at ~30 µM. Saturation of SNAP- and CLIP-tagged kinetochore components is useful for 

answering several scientific questions, especially, when protein count is necessary (Fig. 3.1).  

 One such example of the importance of saturating tagged molecules with the organic 

dyes was evident in our efforts to determine if kinetochores in the first stage of meiosis had more 

microtubule binding elements than mitotic kinetochores. This was the first test-case where we 

successfully used quantitative fluorescence to estimate numbers of labeled molecules per 

kinetochore particle, and to compare these estimates across different experimental conditions.  

 Meiosis is an essential type of cell division in sexually reproducing organisms that 

generates sperm and eggs with haploid chromosomes. Two rounds of cell division, meiosis I and 

meiosis II, occur during the process of meiosis even though the DNA is replicated only once. 

The second cell division, meiosis II, is similar to mitosis. However, meiosis I is a distinct type of 

cell division, which results in homologous chromosome pairing and segregation (96, 97).  

During meiosis I, sister chromatids co-migrate to the same spindle pole, as homologous 

chromosomes segregate. It has been proposed that meiosis I depends on fusion of sister 

kinetochores (98–101). If this hypothesis were true, then kinetochores purified from budding 

yeast cells undergoing meiosis I would possess more microtubule binding elements than mitotic 

kinetochores. If the microtubule binding elements are, thus, SNAP- and CLIP-tagged and 

saturated with dye, then the fluorescence levels could be compared to determine if the hypothesis 

were true. To confirm this hypothesis, we purified kinetochore particles doubly-labeled with 

SNAP-Surface Alexa 549 dye on Nuf2 and CLIP-Surface Alexa 647 dye on Mif2 (an inner 

kinetochore component) at the right dye concentrations required for tagged molecule saturation. 

The kinetochores were then visualized using TIRF microscopy. Using particles that exhibited 
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single-step photobleaching behavior as a baseline, we determined that kinetochore particles 

isolated from meiosis I cells contained more Nuf2 molecules than those from mitotic cells. We 

counted 6.5 ± 2.8 molecules for meiosis I Nuf2 molecules, and 3.8 ± 1.3 for mitotic Nuf2 

molecules (95).  

3.3 SLIDE PREPARATION FOR SINGLE MOLECULE FLUORESCENCE ASSAYS 

As mentioned earlier, slide cleaning and passivation are very essential to TIRF assays. 

All the experiments I performed were done in flow chambers made of a glass slide and a 24 mm 

x 40 mm glass coverslip, which were held together by double-sided tape. The double-sided tape 

strips used as spacers were separated by about 3 mm in width to create the flow chamber. At this 

width, I estimated that each flow chamber contained approximately 5 µL volume of fluid at any 

point in time (Fig. 3.2).   

Prior to creating the flow chamber, the glass coverslips and slides needed to be 

thoroughly cleaned. I placed the coverslips on a glass rack and cleaned them in a benchtop 

plasma cleaner for 5 minutes. Rows of double-sided tape were then laid on the glass slide, 

perpendicular to its long edge. The coverslip was then placed on the glass slide and pressed to 

create the flow chambers with the double-sided tape acting as spacers. The tape also created a 

seal necessary to prevent leakage of buffer from the flow chambers during experiments. The 

slides were, next, placed on a 60 oC hot plate for ~30 minutes and pressed again to create an even 

tighter seal between the coverslip and glass slide. In experiments where multiple chambers were 

created on the same slide, nail polish was used to seal the flow chambers. The nail polish acted 

as barriers to prevent buffer overflow into adjacent chambers during pipetting. At this stage, the 

glass slide flow chambers were ready for passivation and experiments.  



 43 

3.4 MICROTUBULE PREPARATION AND POLYMERIZATION 

For our experiments to be successful, they required both dynamic as well as stabilized 

microtubules that could be detected at the single particle level using TIRF microscopy. The 

microtubules I used in my experiments were purified from bovine brain. Bovine tubulin 

purification was performed as previously described (102). Briefly, calf brains were extracted, 

cleaned and homogenized at 4 °C. This process allowed microtubules from the samples to 

depolymerize, and was followed by ultracentrifugation to clarify the lysate. Glycerol and GTP 

were added to the lysate at 37 oC to promote re-polymerization, followed by ultracentrifugation. 

The pellets formed from ultracentrifugation were resuspended under cold treatment and 

ultracentrifuged again. This cycle of polymerization and depolymerization was repeated one 

more time, and the harvested tubulin after the last cycle was aliquoted and stored at -80 °C. 

To grow taxol-stabilized microtubules, I first mixed 2 µL of Alexa-Fluor-488 labeled 

tubulin in 98 µL of unlabeled tubulin obtained from bovine brain at a concentration of 1 mg/mL. 

Next, I mixed 6.4 µL of the premixed tubulin with 24.4 µL of microtubule polymerization buffer 

(7 µL dimethyl sulfoxide (DMSO), 24 µL 5x BRB80, 5 µL MgCl2, 12 µL 10 mM GTP, 74 µL 

H2O). This mixture was then incubated at 37 oC for an hour. After the incubation period, I added 

200 µL of warm BRB80 with 10 µM taxol to the solution, and centrifuged at 37 oC at 100,000 g 

for 10 minutes in an ultracentrifuge machine. I discarded the supernatant, and resuspended the 

pelleted microtubules in BRB80 with 10 µM taxol, making sure to avoid clumps. The method 

described here was used to generate all the fluorescent microtubules required in my experiments 

that required taxol-stabilized microtubules. In the other says, I grew dynamic microtubules off 

seeds that were anchored to a coverslip surface.   
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3.5 LIPID PREPARATION FOR FLOW CHAMBER SURFACE PASSIVATION 

To ensure that the fluorescent particles I imaged during my experiments were specifically 

tethered to the coverslip surface, I utilized a phospholipid-based passivation surface. These 

phospholipids form unilamellar vesicles that spontaneously form supported bilayers on the 

plasma-cleaned coverslip surface. The bilayer prevents non-specific adsorption of soluble 

proteins and small molecules. However, with the addition of biotinylated head groups in the 

phospholipid, molecules of interest such as the kinetochores or microtubules can be specifically 

anchored to the lipid surface via a biotin-streptavidin interaction.  

To do this, 12 L of 25 mg/mL 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC) was added to 4 L of 0.1 mg/mL 1,2-dieoleoyl-sn-glycero-3-phosphoethanolamine-N-

(cap biotinyl) sodium salt (biotinyl-cap-PE). This was then dissolved and thoroughly mixed in 84 

L of chloroform in a glass test tube. The lipid mixture was then dried in the test tube by 

blowing nitrogen over the mixture for about 5 minutes, while simultaneously rotating the test 

tube. The phospholipid mixture was further dried via a vacuum desiccator overnight. Prior to 

use, I added 300 L BRB80 buffer (80 mM PIPES, 1 mM MgCl2, 1 mM EGTA pH 6.9) to the 

test tube. I then rehydrated the dried lipid in the aqueous solution by vigorously vortexing the 

test tube. I, next, sonicated the rehydrated phospholipid at 50 % duty cycle and low power setting 

using a tabletop sonic dismembrator with a probe. The sonication converted the rehydrated 

phospholipid (milky color) into a clear liquid made of small unilamellar vesicles (Fig. 3.2). The 

clear phospholipid mixture, at this stage, to be fed into the coverslip flow chamber for 

kinetochore tethering. 
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3.6 SPECIFIC ATTACHMENT OF KINETOCHORES TO PHOSPHOLIPID SURFACE & 

SINGLE PARTICLE CONFIRMATION 

The initial experiments I performed were to determine if I could detect doubly-labeled 

single kinetochore particles in an in vitro assay. This required specifically anchoring the 

kinetochore particles to the surface of a biotinylated phospholipid bilayer in the glass slide flow 

chamber. Once anchored, the slide was set up on the piezo stage of our custom-built TIRF 

microscope, and image acquisition was performed. I acquired multiple snapshots of different 

fields of view for each experiment using a raster sequence algorithm.  

First, I fed 10 L of BRB80 into the coverslip flow chamber to wet the glass surface, and 

followed this step by feeding in 10 L of the sonicated phospholipid mixture. After 

approximately 4 minutes of incubation at room temperature, I washed the flow chamber to rid it 

of any impurities with 50 L of BRB80. I followed this step with 10 L of 0.25 mg/mL 

Streptavidin (Sigma-Aldrich) in BRB80 in the flow chamber, and allowed a 4-minute incubation 

reaction period. After the incubation, I washed the flow chamber again with 50 L BRB80, and 

then introduced 20 M Penta-His Biotin Conjugate (Qiagen) in BRB80 into the flow chamber. 

After a 5-minute incubation, I introduced kinetochore particles diluted in BRB80 at a 

concentration equal to ~140 pM Dsn1 (usually 1 L kinetochore stock solution in 99 L) into the 

flow chamber. After an incubation period of 5 minutes, which allowed the kinetochore particles 

to adsorb to the coverslip surface through the Penta-His Biotin Conjugate, I washed the flow 

chamber with 50 L of BRB80 and set up the slide on the microscope for image acquisition (Fig. 

3.3). A raster algorithm was developed to rapidly acquire images for each sample, using custom 

LabView software. The raster occurred while the image was maintained in the same focal plane. 
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For every experiment I performed, I also determined how effective the specific 

adsorption of particles to the biotinylated phospholipid bilayer was. I confirmed passivation by 

comparing four flow chambers under different conditions. In the first flow chamber, I fed in only 

kinetochores onto the plasma-cleaned glass surface, without a phospholipid bilayer or linkers 

(biotin-streptavidin). In the second flow chamber, I created the biotinylated phospholipid bilayer 

and then fed the kinetochores into the flow chamber without the Streptavidin or Penta-His 

antibody. I also set up a third flow chamber, where I fed in all the components of the assay minus 

the Penta-His antibody. I compared all three flow chambers above to a normal experiment (Fig. 

3.4). In these assays, I found that the biotinylated phospholipid bilayer, when devoid of 

impurities, was effective in preventing non-specific adsorption, and that the linkers (biotin, 

Streptavidin & Penta-His antibody) were required to specifically anchor the kinetochores onto 

the phospholipid surface.   

Each glass slide I used for every experiment, contained 3 flow chambers. The first two 

chambers served as control. In the first control chamber, I always fed in the phospholipid bilayer 

and kinetochores only. The second chamber contained the phospholipid bilayer with streptavidin 

and kinetochores, but no Anti-Penta-His antibody. This helped to ensure that for each experiment 

I was only looking at a majority of specifically tethered kinetochores. Seldom, the control flow 

chambers would fail. I defined a failed passivation as one where I could detect more than ten 

kinetochore particles non-specifically adsorbed. Passivation, was one of the main crutches of 

these assays, and if passivation worked, an experiment was highly likely to be successful. 

Problems in passivation were mostly due to impurities in the lipid or buffer. Also, the coverslips 

were, sometimes, not properly cleaned. This would usually result in defective phospholipid 

bilayer formation. Holes sometimes formed on the in the bilayer, resulting in the kinetochores 
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being directly adsorbed to the glass. This was sometimes evident as clumps of kinetochore 

particles in various fields of view. The advantage, however, of using the system described above 

was that defective phospholipid mixtures or unclean coverslips could be easily discarded and 

remade, unlike other passivation procedures that require tedious and time-consuming 

preparation. 

3.7 ATTACHMENT OF KINETOCHORES TO MICROTUBULES 

3.7.1 Lateral Attachment of Kinetochores to Microtubules 

During cell division, microtubules initially make lateral attachments to kinetochores 

through a ‘search and capture’ mechanism, which involves assembly and disassembly of the 

microtubules. Once these lateral attachments are made, they are subsequently converted to end-

on attachments, which are then pulled to the spindle poles as the cell transitions from metaphase 

to anaphase. I wanted to confirm that the checkpoint-labeled kinetochores we isolated could 

make lateral attachments to microtubules in vitro and that these attachment events could be 

directly observed using TIRF microscopy.  

To do this, I first fed 10 L of BRB80 buffer into the flow chamber, and followed that 

with 10 L of the phospholipid mixture. After 4 minutes of incubation at room temperature, I fed 

50 L of BRB80 into the flow chamber to wash it. I then introduced 10 L of 0.25 mg/mL 

Streptavidin (Sigma-Aldrich) in BRB80 into the chamber and let it incubate for 4 minutes. After 

the incubation period, I washed the chamber again with 50 L BRB80, and then fed 10 L of 

0.05 mg/mL biotin anti-Tubulin- Antibody (BioLegend) into the chamber. After a 5-minute 

incubation period, I performed another chamber wash with 50 L BRB80 plus 0.1 mg/mL -

casein. Next, I immobilized 10 L of the fluorescent taxol-stabilized microtubules diluted in 



 48 

BRB80 (with 0.1 mg/mL -casein) unto the flow chamber surface, and allowed an incubation of 

5 minutes. After the 5 minutes, I washed the flow chamber again and fed kinetochore particles 

diluted in BRB80 plus 0.1 mg/mL -casein at a concentration equal to ~140 pM Dsn1 into the 

chamber. The kinetochores were allowed 5 minutes to bind to the immobilized taxol-stabilized 

microtubules. After the incubation, I performed a last chamber wash with 50 L BRB80 (with 

0.1mg/mL -casein), and performed image acquisition on the microscope.  

3.7.2 End Association of Kinetochores to Microtubules (‘Flip’ Assay) 

We developed an assay called the ‘flip’ assay to mimic the end-on attachment that 

kinetochores make with microtubules after they transition from an initial lateral attachment. I 

specifically anchored fluorescent kinetochores to the biotinylated phospholipid surface via the 

biotin-streptavidin-biotin-(Anti-His)-(Dsn1-His) linkage. I then obtained fluorescent 

microtubules, and vortexed them gently to obtain appropriate microtubule lengths suitable for this 

experiment. In this experiment, it was essential to use microtubules that were between the lengths 

of 5 µm and 10 µm. This is because the longer the microtubules, the more likely they were to make 

lateral attachments instead of end-on attachments. The gently-vortexed microtubules were then 

introduced into the flow chamber and allowed to bind to the specifically anchored kinetochores. 

Through thermal diffusion, most of the microtubules that were introduced into the flow chamber 

formed end-on attachments to the already adsorbed kinetochores. The other ends of the 

microtubules freely swiveled in solution until they eventually made attachments with other 

tethered kinetochores. I then imaged the end-associated particles after a 5-minute incubation 

period. 
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3.7.3 Attachment of Kinetochores to Disassembling Microtubules (‘Disassembly’ Assay) 

During cell division, stable end-on attached kinetochores are pulled towards the spindle 

poles as the cell progresses from metaphase to anaphase and the spindle assembly checkpoint is 

satisfied. During this period, the kinetochores track processively with disassembling 

microtubules in vivo. I wanted to test the fluorescently labeled isolated kinetochores to ensure 

that they could track with dynamic microtubules in my in vitro assay.   

To test this, I first fed 10 L of BRB80 into a plasma-cleaned flow chamber to wet the 

glass surface, and then followed with 10 L of the sonicated biotinylated phospholipid mixture. 

Next, I introduced 10 L of 0.25 mg/mL Streptavidin in BRB80 into the chamber. After an 

incubation period of 5 minutes, I introduced 10 L of unlabeled biotinylated Guanosine-5’-[( 

α,β)-methyleno]triphosphate (GMPCPP) seeds diluted in BRB80 into the flow chamber. As the 

GMPCPP seeds bound to the chamber surface via its biotin heads I prepared a buffer consisting 

of 0.1 mg/mL -casein, 1 mM GTP, 250 g/mL glucose oxidase, 25 mM glucose, 30 g/mL 

catalase, 1 mM DTT, and 1.5 mg/mL fluorescent tubulin in a total volume of 49 L. I also added 

1 L of fluorescent kinetochores to the buffer, and fed 30 L of the prepared buffer into the flow 

chamber. I let the slide incubate at room temperature for 10 minutes as fluorescent microtubule 

extensions grew from the specifically anchored GMPCPP seeds. After the 10-minute incubation, 

I set up the slide on the TIRF microscope and proceeded to induce disassembly of the 

microtubules via buffer exchange using 15 L BRB80 plus 0.1 mg/mL -casein. Microtubule 

disassembly was induced while simultaneously acquiring images on the microscope.  
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3.8 TOTAL INTERNAL REFLECTION FLUORESCENCE (TIRF) IMAGE ACQUISITION 

AND ANALYSIS 

3.8.1 Custom-built Multi-color TIRF Microscopy 

Total internal reflection fluorescence microscopy allowed imaging of the fluorescent 

kinetochore particles within a thin focal plane with nanometer precision, essentially reducing 

background noise from the specimen sample. Our TIRF system was built on an inverted Nikon 

microscope with three solid-state diode lasers at 488 nm, 561 nm and 647 nm for excitation. The 

lasers had a maximum power of 100 mW. Photon emission was collected on three highly 

sensitive electron multiplying charge coupled device (EMCCD) cameras. The lasers were set up 

with an adjustable incident angle allowing easy TIRF alignment and possible switch between 

TIRF, epi-fluorescence and oblique illumination. TIRF alignment was done using a CCD 

camera. The camera was mounted at a view port and images observed from the eyepiece were 

used for the alignment.   

3.8.2 Image Registration 

Since our experiments require multiple fluorescence color channels (488 nm, 561 nm, 

647 nm lasers), it was very important to have accurate image registration across all three 

channels. Image registration errors tend to occur mostly because of the differences in the optical 

paths of the different lasers that are used. For example, the doubly tagged kinetochore 

components when excited are split into two images per their respective wavelengths, and 

recorded separately on their respective cameras. The two channels will invariably map onto 

different positions due to their different imaging paths. In my experiments, image registration 
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was especially important because our analyses required position determination for colocalization 

calculation. 

Image registration was done as previously described (103–105). I made a 1 in 1000 

solution of 0.2 m TetraSpeck microspheres (ThermoFisher) and fed 10 L of it into a plasma-

cleaned flow chamber. The bright and photostable TetraSpeck microspheres were visible across 

all three color channels. Following this, I identified a single microsphere without any 

neighboring microsphere in a field of view as a fiducial marker on the TIRF microscope. I then 

raster-scanned the microsphere using a custom LabView algorithm (Fig. 3.5). At each position of 

the raster scan, I collected images in each of the three channels. Control points for each of the 

image spots in each of the channels were then determined by fitting each spot with a two-

dimensional Gaussian function. A mapping was calculated using control points from one of the 

channels, which was designated as fiducial. The mapping that was calculated was then applied to 

the other channels to align them with the fiducial (106). Each time I performed an image 

registration, I also tested the registration data generated and calculated the accuracy of the 

registration by determining a target registration error. Given the custom nature of our 

instrumentation and temperature fluctuations, it was essential to perform image registration 

routinely during the year to ensure accuracy in colocalization calculations.  

3.8.3 Image Analysis 

To analyze the data, I calculated the colocalization of the particles. Here, I defined 

colocalization as the number of identified fiducial Mtw1 spots above background noise that also 

had corresponding checkpoint protein (Mps1) spots above background noise. For each 

experiment, I plotted all the spots identified from all fields of view (FOVs) on a scatter dot plot 

as shown in Figure 3.6. I used histograms to distinguish background noise from actual spots. The 
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histograms I generated allowed thresholds to be set for both the Mtw1 and checkpoint particle 

brightnesses (Fig. 3.6). Next, I determined for each FOV in the sample dataset, the number of 

Mtw1 particles that had a checkpoint particle in the same location. This was done after the image 

registration was performed. Once an Mtw1 particle above threshold was identified, I recorded 

the corresponding checkpoint particle brightness.  A checkpoint brightness level above threshold 

was recorded as an uncolocalized spot and vice versa.  

I performed a titration experiment to ensure that the data I was collecting were from 

single kinetochore particles (Fig. 3.7). To do this, I prepared 6 plasma-cleaned flow chambers, 

and specifically anchored kinetochores onto biotinylated phospholipid bilayers on the flow 

chamber surfaces using linkers, as described before. I fed a different concentration of 

kinetochore particles into each flow chamber. This resulted in densities per FOV of between 50 

and 400 particles. I then calculated the mean colocalization for each flow chamber after 

performing image acquisition, and showed that the colocalization did not change.  

I collected large amounts of images for each experiment with the help of a modified 

focus detection system. We utilized a 1064 nm laser for the focus detection. The incident beam 

from the laser was reflected at the coverslip-buffer interface of our flow chamber, reflected back 

to the objective lens, and translated due to a shift in the position of the sample. The shift in the 

sample was detected by a position-sensitive detector (PSD). The focus detection allowed a raster 

acquisition of multiple FOVs, while the focal plane was kept in focus (107). In all, I collected 

approximately 160 FOVs and 200 spots per field for each experiment. I estimate that on average, 

the results from each experiment were determined from 96,000 colocalized or uncolocalized 

Mtw1 particles. I determined an overall mean colocalization across FOVs for each experiment. 

 



 53 

 

 

Figure 3.1: SNAP and CLIP maximal labeling with Alexa dyes. Alexa-Fluor-549 and Alexa-

Fluor-647 dyes were used to label the SNAP- and CLIP-tagged proteins, respectively. To obtain 

maximal labeling of the kinetochores, a titration experiment using increasing concentrations of 

the dyes. Maximal labeling for the SNAP- and CLIP-tags were reached at 2 M and 30 M, 

respectively.  
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Figure 3.2: The experimental assay developed allows direct observation and analysis of single 

kinetochore particles. We development an experimental assay that included making a glass slide 

with flow chambers. The flow chambers were plasma-cleaned and coated with a phospholipid 

bilayer for passivation. Isolated kinetochores were specifically anchored to the surface of the 

phospholipid bilayer via a biotin-streptavidin linkage, and directly observed using TIRF 

microscopy. Image registration allowed colocalization levels of particles to be calculated with 

high precision.  

 



 55 

 

Figure 3.3: Glass slide flow chamber setup for particle visualization using TIRF. To visualize 

fluorescent kinetochores using TIRF, the flow chamber was plasma-cleaned and passivated using 

a phospholipid bilayer doped with biotin. The kinetochores were then linked through a biotin-

Streptavidin-biotin-(Anti-His)-(Dsn-His) interaction. The glass slide was then placed on the 

microscope piezo stage and the kinetochores were directly visualized.  
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Figure 3.4:  The phospholipid bilayer passivates the coverslip surface effectively and increases 

specific adsorption of kinetochore particles. In (A) the isolated kinetochores were immobilized 

unto a plasma-cleaned coverslip surface without a phospholipid bilayer or linkers. The 

kinetochores were non-specifically bound to the surface. To test the passivation, the kinetochores 

were immobilized onto a phospholipid bilayer in (B), and onto a bilayer with Streptavidin in (C). 

In both cases, since there was no Anti-His antibody the kinetochores were unable to bind, 

demonstrating good passivation of the coverslip surface. In (D) when the Anti-His antibody was 

included before addition of the kinetochores, the kinetochores were specifically adsorbed 

through the Dsn1-His tag.  
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Figure 3.5: Image registration ensures particle colocalization is correctly calculated. A 

TetraSpeck bead that could be excited in all three laser channels was raster-scanned across an 

entire field of view, as shown. The center of each spot generated from the raster scan was 

determined, and used to generate a map that was applied to all the images. This process 

eliminated registration errors from the imaging system, enabling colocalization calculation.  
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Figure 3.6: A scatter plot is generated to calculate colocalization of the kinetochore particles. To 

calculate the colocalization, all the fluorescent spots that were detected during TIRF image 

acquisition were plotted on a scatter plot as shown, with the Mtw1 (fiducial marker) signal 

intensity on the X-axis and the checkpoint protein of interest on the Y-axis. Histograms were 

plotted for each channel and used to generate thresholds to identify signal above background 

noise. The top-right quadrant of the scatter plot contains all the spots (actual particles above 

noise) that were colocalized. The colocalization was calculated by dividing all the spots in the 

top-right quadrant of the scatter plot by all the Mtw1 spots above noise (bottom-right quadrant). 
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Figure 3.7: Single kinetochore particles are specifically adsorbed to the phospholipid bilayer. To 

ensure that single particles were being observed in the experiments, a dilution series experiment 

was performed. Flow chambers with increasing concentrations of specifically adsorbed 

kinetochore particles were imaged and analyzed. The mean colocalization percentage calculated 

did not change within a range of 50 to 400 particles per field of view. This confirmed single 

particle observation in the assays.  
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COMPETITIVE WITH MICROTUBULE 

ATTACHMENT 

Adapted from manuscript in preparation 

 
Kwaku N. Opoku, Lori B. Koch, Yi Deng, Sue Biggins, Charles L. Asbury 

 

4.1 ABSTRACT 

Accurate mitosis depends on a surveillance system called the spindle assembly checkpoint.  The 

checkpoint acts at kinetochores, which attach chromosomes initially to the sides of spindle 

microtubules and later to dynamic microtubule ends.  When a kinetochore is unattached or 

improperly attached, the checkpoint kinase Mps1 phosphorylates various kinetochore 

components, catalyzing the generation of a diffusible ‘wait’ signal to block anaphase 

chromosome segregation.  When a kinetochore becomes properly attached, this signal is 

somehow silenced to allow anaphase to proceed.  Several models have been proposed to explain 

how Mps1 is selectively silenced at microtubule-attached kinetochores.  In competitive binding 

models, Mps1 and microtubules compete for binding to the kinetochore, either directly or 

allosterically, such that proper microtubule attachment is sufficient to release Mps1 from the 

kinetochore.  Alternatively, microtubule attachment could affect the kinase activity of Mps1 or 

its access to substrates, without necessarily causing its release.  Here we describe an in vitro 

approach that enables unambiguous assessment of the attachment status of individual 

kinetochore particles while simultaneously monitoring their levels of associated Mps1.  We find 

that fluorescent, active Mps1 is stably retained on native kinetochores purified from budding 



 61 

yeast.  Mps1 levels are not reduced when a kinetochore binds laterally to the side of a 

microtubule, nor when it tracks processively with a disassembling end.  Thus, association of a 

kinetochore with Mps1 is not strictly competitive with microtubule attachment.  In the future, our 

approach could be combined with fluorescent biosensors to test directly for attachment-

dependent changes in Mps1 kinase activity or substrate access. 

 

4.2 INTRODUCTION 

Chromosome missegregation during mitosis causes aneuploidy, a hallmark of cancer and 

chromosomal birth defects (108–110).  To prevent missegregation, cells rely on a surveillance 

system called the spindle assembly checkpoint, which acts at kinetochores, the specialized 

multiprotein complexes that attach chromosomes to spindle microtubules.  When a kinetochore 

is unattached or improperly attached, a hierarchy of checkpoint proteins is selectively recruited 

to the kinetochore, where they generate a diffusible ‘wait’ signal that prevents anaphase 

chromosome segregation.  A kinetochore may cycle between unattached, laterally attached to the 

sides of microtubules, or end-attached to growing or shortening microtubule tips before a proper 

attachment is established.  The checkpoint proteins are then released to silence the ‘wait’ signal 

and allow anaphase to proceed (23, 24, 92).  The biochemical steps underlying wait-signal 

generation are becoming clearer (92).  However, it remains unclear how the checkpoint 

distinguishes unattached versus properly attached kinetochores.  A major impediment has been 

the difficulty of directly and unambiguously determining the microtubule attachment status and 

the level of checkpoint proteins on individual kinetochores in dividing cells. 

The checkpoint kinase, Mps1, is vital for establishing and maintaining the wait signal 

(20, 22, 40–42, 111).  Mps1 initiates the checkpoint signaling cascade by phosphorylating key 
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threonine residues in a core kinetochore protein, Knl1Spc105, thereby recruiting Bub1-Bub3 to the 

kinetochore (30, 32, 112).  Further phosphorylation of Bub1 by Mps1 promotes recruitment of 

Mad1, which acts as a platform for catalytic generation of the wait signal (33, 48, 49).  Mps1 

itself associates directly with the Ndc80 complex, a primary microtubule-binding element of the 

core kinetochore (29, 43, 44, 50, 51).  Overexpressing Mps1 in cells or tethering it constitutively 

to kinetochores is sufficient to induce a checkpoint-dependent delay, even in the absence of 

obvious defects in kinetochore-microtubule attachment (41, 42, 113, 114).  Thus, Mps1 is a 

signal initiator that associates directly with a major microtubule-binding element of the core 

kinetochore, making it a strong candidate for modulating the output of the checkpoint in 

response to kinetochore attachment status (92, 115–117). 

Several classes of models have been proposed to explain how Mps1 could be selectively 

silenced at properly attached kinetochores.  In competitive binding models, Mps1 competes with 

microtubules for binding to the kinetochore (51, 118).  This view is supported by the recent 

discoveries that N-terminal fragments of Mps1 interact directly with microtubule-binding 

surfaces on the Ndc80 complex and that the Mps1-Ndc80 interaction is inhibited by taxol-

stabilized microtubules (50, 51).  It is unknown, however, whether such competition can 

significantly reduce the levels of Mps1 on whole kinetochores, which contain numerous copies 

of the Ndc80 complex (estimates suggest 8 to 20 copies per kinetochore (119–122)). Also 

unknown, is how full-length Mps1 would respond in the published competition model assays. 

Some of the Ndc80 complexes could bind microtubules while others simultaneously retain 

Mps1.  Alternatively, structural rearrangements occurring within a kinetochore upon proper 

attachment to a microtubule could modulate Mps1’s kinase activity (41, 123), or prevent it from 
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accessing its substrates (114), without necessarily causing its release. It is important to note that 

in this model Mps1 was seen present on the kinetochore during metaphase.  

To test models for checkpoint silencing, we developed a new approach based on direct 

observation of Mps1 levels on individual yeast kinetochores in vitro.  Here, we show that native 

yeast kinetochore particles can be isolated carrying high levels of stably associated, fluorescent-

tagged Mps1 kinase.  The individual particles are readily attached to the sides of taxol-stabilized 

microtubules and, using a new inverted assay, they can be specifically attached to the 

microtubule ends.  Persistent tracking of the particles with disassembling ends can also be 

reconstituted.  In all three scenarios, the particles retain high levels of Mps1 kinase, suggesting 

that Mps1 and microtubules do not compete directly for binding to these kinetochore particles.  

With the addition of fluorescent biosensors we anticipate that the single particle approach could 

be used in the future to test directly for attachment-dependent changes in the kinase activity or 

substrate access of Mps1 and other kinetochore-associated kinases. 

 

4.3 RESULTS 

4.3.1 Microtubule binding is not sufficient to release Mps1 from kinetochores in a bulk 

biochemical assay 

Previous work has shown that active Mps1 kinase co-purifies with native kinetochores isolated 

from budding yeast (30).  Given the recent discovery that microtubules competitively inhibit the 

binding of human Mps1 fragments to the CH domain of truncated human Ndc80 complex (50, 

51), we hypothesized that a similar competition might occur in the context of native yeast 

kinetochore particles. For an initial test for competitive binding versus microtubules, we 

immunoprecipitated native kinetochores via affinity purification of the Dsn1 protein under 
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physiological concentrations of salt, as previously described (52), incubated them with taxol-

stabilized microtubules, washed, and then analyzed the resin-bound material.  Consistent with 

previous findings, the purification yielded large assemblies including the majority of kinetochore 

subcomplexes except CBF3 (data not shown).  Mps1 was retained on the kinetochores, as 

expected (30), and the microtubules bound specifically to the kinetochores, but their binding did 

not reduce the level of kinetochore-associated Mps1 detected by Western blotting (Fig. 1A).  The 

lack of a detectable reduction suggested a lack of competition between Mps1 and microtubules 

for binding to the kinetochores.  However, neither the fraction of microtubule-bound 

kinetochores nor the stoichiometry of Mps1 associated with them were monitored in this 

experiment, so the possibility that competition went undetected due to low occupancy could not 

be ruled out.  We therefore sought a fluorescence-based single particle experiment that could 

enable a more definitive test. 

 

4.3.2 Isolation and imaging of single kinetochore particles retaining fluorescent-tagged 

Mps1 

For direct observation of Mps1 levels by fluorescence, we isolated kinetochore particles from 

yeast strains in which Mps1 and a core kinetochore protein, Mtw1, were tagged with SNAP and 

CLIP, respectively (Fig. 4.1).  These tags allowed the proteins to be efficiently labeled with 

bright, photostable fluorescent dyes, CLIP-Surface 647 and SNAP-Surface 549, during the 

purification.  In addition to wild-type, we also purified particles carrying a pair of 

phosphomimetic serine-to-aspartic acid substitutions in the Dsn1 protein, S240D and S250D 

(Dsn1-2D), which mimics Aurora B phosphorylation at these sites and helps stabilize the 

association of inner and outer kinetochore components (124, 125).  Quantification of 

fluorescence after SDS-PAGE confirmed the specificity of labeling (Fig. 4.1) and that both tags 
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became saturated with dye by the labeling protocol (75).  Laser trap assays confirmed that the 

dual-labeled kinetochore particles were fully mechanically functional, forming attachments to 

growing microtubule tips with normal rupture strength (Fig. 4.2). 

To observe individual fluorescent-tagged kinetochores, the particles were tethered 

sparsely to a coverslip surface and then viewed by multicolor total internal reflection 

fluorescence (TIRF) microscopy (Fig. 4.3).  Non-specific adsorption was prevented by 

passivating the coverslip with a supported lipid bilayer.  The particles were then tethered 

specifically to the bilayer through a 6xHis tag on the Dsn1 protein, an arrangement that preserves 

kinetochore function (87, 107).  Using Mtw1-CLIP-647 as a fiducial marker, the concentration of 

kinetochore particles was adjusted to achieve surface densities between 50 and 300 particles per 

1475 μm2 field of view.  An automated procedure was used to collect up to 600 images 

containing over 100,000 particles for each sample. 

The purified kinetochore material contained a mixture of dual-color particles carrying 

both Mps1 and Mtw1, plus particles lacking Mps1 (Figs. 4.3 & Fig. 4.6).  The fraction of wild-

type particles that retained Mps1 was modest, 19.6 ± 0.05 % (Fig. 4.6), whereas the fraction of 

phosphomimetic Dsn1-2D particles retaining Mps1 was higher, 48.7  7.6 % (Fig. 4.3).  Higher 

Mps1 colocalization with the Dsn1-2D particles is consistent with previous work showing that 

these phosphomimetic mutations stabilize the core kinetochore structure (124, 125).  It is 

unlikely to arise from differences in checkpoint function, because cells carrying the Dsn1-2D 

mutations enter and exit a checkpoint arrest normally, with kinetics that are indistinguishable 

from wild-type cells (Fig. 4.2).  Dsn1-2D also increases colocalization of Ndc80 with the 

particles (data not shown), indicating a general stabilization of core kinetochore structure.  

Subcomplexes with just one detectable Mps1 or one Mtw1, identifiable by their single-step 
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photobleaching behavior served as internal controls, allowing normalization of particle 

brightnesses and estimation of molar ratios of Mps1 to Mtw1.  High occupancy particles, 

carrying one or more Mps1 molecules per Mtw1, made up a substantial fraction of the 

population. These results confirm that endogenous Mps1 kinase remains stably associated with 

the isolated kinetochores and that it is detectable at the single particle level. 

 

4.3.3 Mps1 is retained on individual kinetochores bound to the sides of microtubules 

Yeast Mps1, like its human homolog, associates directly with the microtubule-binding CH 

domain of the Ndc80 complex (43). Although microtubules were not directly observed, the 

competition seen in the experiments with human protein fragments almost certainly occurred via 

lateral binding of Ndc80 complex to the sides of the microtubules, since purified Ndc80 complex 

alone shows no preference for the ends of taxol-stabilized filaments (126).  Thus, for 

comparison, we first examined kinetochore particles bound laterally to taxol-microtubules. 

 Taxol-stabilized microtubules were anchored to a lipid-passivated coverslip and then 

kinetochores were introduced and allowed to bind sparsely to the sides of the microtubules 

(Fig. 4.3) (52, 75).  Direct competition would imply that association of individual Ndc80 

complexes to Mps1 or to microtubules is mutually exclusive – Ndc80 complexes carrying Mps1 

should not bind microtubules until they have released their Mps1.  However, many of the 

isolated kinetochore particles are oligomeric, like kinetochores in vivo, carrying multiple Mtw1 

molecules and likely a similar number of Ndc80 complexes (8).  If some of these bind 

microtubules, others could retain Mps1, potentially producing a graded rather than a binary 

relationship at the whole kinetochore level.  Nevertheless, in a competitive binding scenario the 

particles carrying high levels of Mps1 should be inhibited from binding microtubules and, 
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conversely, particles lacking or carrying lower levels of Mps1 should be enriched among those 

that do bind microtubules.  Just the opposite was observed.  The average molar ratio of Mps1 to 

Mtw1 for the microtubule-bound Dsn1-2D particles, 1.36  0.01, was much higher than for the 

control population, 0.45  0.01 (i.e., the coverslip-tethered case).  The fraction of microtubule-

bound Dsn1-2D particles retaining Mps1 was 94.2  3.8 % (Fig. 4.3), roughly double that of the 

control population.  Even the dimmest microtubule-bound particles, carrying just one Mtw1, 

were very likely to retain one or more Mps1 molecules.  These observations indicate that the 

isolated yeast kinetochore particles can associate simultaneously with Mps1 and with the 

microtubule lattice in a non-competitive manner. 

 

4.3.4 Mps1 is retained on individual kinetochores bound to microtubule ends 

Kinetochores initially make lateral attachments to the sides of microtubules (127, 128), but these 

lateral attachments are converted to end-attachments before proper, biorientation is achieved 

(129–134).  Silencing the checkpoint might require kinetochores to attach specifically to 

microtubule ends (135, 136).  To test for competition specifically between microtubule ends and 

Mps1 for binding to the kinetochore particles, we developed a ‘flipped’ assay in which coverslip-

tethered kinetochores capture the ends of free, taxol-stabilized microtubules.  Kinetochores were 

tethered to a lipid-passivated surface as described above and then free microtubules (5 – 10 m 

in length) were introduced into the flow chamber.  Through thermal diffusion, the microtubules 

tended to attach to the kinetochores primarily by their ends.  End-captured microtubules swiveled 

freely, occasionally also becoming attached via their sides to additional surface-tethered 

kinetochores (Fig. 4.4).  Surface-tethered kinetochores in the same fields of view that had not 

captured a microtubule served as internal controls.  Most of the kinetochore particles that bound 
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microtubule ends, 93.4  21.4 %, retained Mps1.  A smaller fraction of the control particles that 

did not bind microtubules retained Mps1, 35.2  13.6 %, similar to the retention seen earlier in 

our experiments without microtubules.  

4.3.5 Mps1 is retained on individual kinetochore particles tracking with disassembling 

microtubule tips 

For proper chromosome segregation to occur, kinetochores must attach to the tips of 

disassembling microtubules. The kinetochore first attaches laterally to the side of the 

microtubule, which is then converted to an end-on attachment as the microtubule shrinks (134). 

Given this evidence, we hypothesized that the more physiologically relevant attachment to the tip 

of a dynamic microtubule might be required for Mps1 release. We therefore wanted to determine 

if Mps1 would release from kinetochores attached to disassembling microtubule tips in our in 

vitro assay. To do this, we first immobilized biotinylated lipid onto a coverslip surface in a flow 

chamber. Next we introduced Streptavidin, followed by biotinylated GMPCPP seeds. We then 

introduced a mixture of fluorescent tubulin and isolated fluorescent kinetochores and allowed the 

tubulin to polymerize off of the tethered guanylyl 5'-α,β-methylenediphosphonate 

(GMPCPP) seeds. The isolated kinetochores also made attachments to the polymerized 

microtubules during this incubation period. The assay was performed while maintaining a 

concentration of free tubulin in the flow chamber. The free tubulin ensured that the polymerized 

microtubules had a low probability of disassembling.  

 Next, we induced disassembly of the microtubules via buffer exchange by introducing a 

low-concentration-tubulin buffer into the flow chamber. The buffer exchange was done on the 

microscope stage, while simultaneously recording movies of disassembling microtubules with 

kinetochores attached to their disassembling tips (Fig. 4.5). After collecting several movies over 
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several experiments, we compared the Mps1 colocalization of the end-associated disassembling 

kinetochores to kinetochores that were laterally attached to microtubules in the fields of view 

observed. We calculated a colocalization of 92.9  11.2 % for kinetochores attached to the sides 

of microtubules and a colocalization of 95.2  21.8 % for kinetochores attached to the ends of 

the disassembling microtubules (Fig. 4.5). Together, our data indicates that attachment of 

kinetochores to not just the ends of stable microtubules but also to the ends of disassembling 

microtubules is insufficient to release Mps1 from the kinetochore. 

 

4.4 DISCUSSION 

The spindle assembly checkpoint plays an essential role in maintaining genomic integrity, 

and understanding the activity of Mps1 and how it responds to microtubule attachment is critical 

to understanding checkpoint activity. Mps1 recruitment to the kinetochore and phosphorylation 

of kinetochore components initiates the checkpoint and ‘wait’ signal. Its release from the 

kinetochore is also essential to silencing the checkpoint and shutting off the ‘wait’ signal during 

cell division. Microtubule attachment is linked to checkpoint silencing in vivo. However, direct 

release of Mps1 through competition with microtubules remains unclear. Currently, there are two 

models that describe Mps1 response to microtubule attachment. The direct competition model 

argues that Mps1 and microtubules compete for binding to the kinetochore (51, 118). In a second 

mechanical switch model, end-on microtubule binding to kinetochores switches Mps1 to an ‘off’ 

state by physically separating it and preventing it from phosphorylating its substrate, without 

necessarily releasing it form the kinetochore (114).  

 Our work sheds more light on this topic by using in vitro assays based on single 

kinetochore particles and fluorescence microscopy. This allows direct observation of the 
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interaction between kinetochores and microtubules under various physiologically relevant 

scenarios. In our study, we use kinetochores isolated from budding yeast carrying fluorescent 

tags on Mps1 and test them directly by observing the response of Mps1 when bound laterally to 

the sides, or attached to and tracking the ends of shrinking microtubules.   

   Although prior experiments provide evidence for direct competition between peptide 

fragments of Mps1 and Ndc80 for microtubule binding (51, 118), we find that at the level of 

more intact kinetochore particles microtubules and Mps1 do not strictly compete for kinetochore 

binding. We can test the mechanical switch model using a fluorescence kinase sensor that allows 

detection of conformational changes in the presence of microtubules. We propose a third model 

that involves phosphorylation of Mps1. Mps1 autophosphorylation has been shown to increase 

the kinase activity of Mps1 and is also required for mitotic progression (123, 137, 138). In a 

separate experiment, microtubule binding has also been shown to augment Mps1 kinase activity 

(139). Phosphorylation of Mps1 triggers its release (unpublished), and kinetochores have been 

shown to contain much higher levels of kinase-dead Mps1(41, 123). We propose that end-on 

attachment of microtubules and, possibly, tension increases the kinase activity of Mps1 and 

consequently its release via autophosphorylation.  

 This model can be tested both at the single particle level using the assays that we have 

generated to test direct competition between kinetochores and microtubules. In summary, 

kinetochores can be isolated from yeast with Mps1 and the kinetochores bind to microtubules 

both laterally and end-on without releasing Mps1. Mps1 release from kinetochores may require 

autophosphorylation that is enhanced by end-on attachment and tension.   
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Figure 4.1: Mps1 is not released from kinetochores in a bulk binding assay. (A) Mps1 was 

detected using a binding assay in the presence of taxol-stabilized microtubules. The lanes in the 

SDS/PAGE gel from left to right show a microtubule input, a mock immunoprecipitation with 

and without taxol-stabilized microtubules and kinetochore immunoprecipitation with and without 

taxol-stabilized microtubules. (B) The relative abundance of core kinetochore proteins that co-

purified with Dsn1-His-Flag was similar for both wildtype (WT, SBY12571) and Dsn1-2D 

(SBY15285) strains. Proteins were separated by SDS/PAGE and detected by silver staining. (C) 

Typhoon scanning shows that the isolated kinetochore proteins were properly labeled with SNAP 

on the Mps1 protein and CLIP on the Mtw1 protein. 
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Figure 4.2: Dsn1-2D phosphomimetic mutant strains support normal silencing of the checkpoint 

‘wait’ signal. (A) Wildtype and Dsn1-2D cells were arrested in nocodazole-containing medium 

and then subsequently released from the checkpoint arrest. Samples were then taken to analyze 

Pds1 levels by immunoblotting with Anti-myc antibodies at every 20-minute timepoint. (B) 

Wildtype and Dsn1-2D kinetochores with Mtw1 and Mps1 labeled with CLIP-647 and SNAP-

549 dyes were released from checkpoint arrest after a 3-hour incubation in nocodazole-

containing medium. Pds1 levels then analyzed by immunoblotting with Anti-myc antibodies. 

Both sets of cells enter and exit the checkpoint normally. (C) Laser trap assay shows that the 

Dsn1-2D kinetochores are mechanically functional and rupture at the same force as wildtype 

kinetochores (n=12). 
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Figure 4.3: Individual kinetochores bound to the side of microtubules retain Mps1. (A) Image 

showing individual kinetochores specifically linked to a coverslip. The Mps1 protein labeled 

with SNAP-549 is indicated in cyan and the Mtw1 fiducial protein labeled with CLIP-647 is 

indicated in red. (B) Schematic of the assay set up for lipid-tethered kinetochores. The 

kinetochores are immobilized through linkers to a coverslip surface with biotinylated lipid in a 

flow chamber. (C) Image showing kinetochores linked directly to the side of a microtubule. (D) 

Schematic of the assay setup in (C). (E) Mean Mps1 colocalization of coverslip-bound 

kinetochores compared to laterally-bound kinetochores. (F) Probability density comparison 

between laterally-bound and coverslip-bound kinetochores. (G) Mean Mps1 colocalization 

compared over increasing Mtw1 particle sizes 
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Figure 4.4: Individual kinetochores bound to the ends of microtubules retain Mps1. (A) 

Schematic of the assay setup for end-associated kinetochores. (B) Image showing end-associated 

kinetochores. The microtubules have free-flowing ends. (C) Mean Mps1 colocalization of 

coverslip-bound kinetochores compared to end-bound kinetochores. (D) Probability density 

comparison between end-associated and coverslip-bound kinetochores 
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Figure 4.5: Kinetochore particles tracking with disassembling microtubule tips retain Mps1. (A) 

Schematic of assay setup for tip-tracking kinetochores. (B) Kymograph from a disassembly 

movie showing disassembling microtubule with end-associated kinetochores. (C) Selected 

frames from the disassembly movie showing disassembling microtubule with end-associated 

kinetochore. (D) Mean Mps1 colocalization of side-bound kinetochores compared to tip-tracking 

kinetochores. (E) Probability density comparison between side-bound kinetochores and tip-

tracking kinetochores 
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Figure 4.6: Individual wildtype Dsn1 kinetochores bound to the side of microtubules retain 

Mps1, similar to Dsn1-2D kinetochores. (A) Image showing individual kinetochores specifically 

linked to a coverslip. The Mps1 component labeled with SNAP-549 is indicated in cyan and the 

Mtw1 fiducial component labeled with CLIP-647 is indicated in red. (B) Schematic of the assay 

set up for lipid-tethered kinetochores. The kinetochores are immobilized through linkers to a 

coverslip surface with biotinylated lipid in a flow chamber. (C) Image showing kinetochores 

linked directly to the side of a microtubule. (D) Schematic of the assay setup in (C). (E) Mean 

Mps1 colocalization of coverslip-bound kinetochores compared to laterally-bound kinetochores. 

(F) Probability density comparison between laterally-bound and coverslip-bound kinetochores. 

(G) Mean Mps1 colocalization compared over increasing Mtw1 particle sizes. 
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Table 4.1: All yeast strains used in this study. SBY 15285 is the is the yeast strain from which 

the Mtw1-CLIP-647, Mps1-SNAP-549 kinetochores were isolated for most of the 

experimentation in this study. 
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Chapter 5. CONCLUSIONS & FUTURE DIRECTIONS 

Briefly, I have shown that I can purify native functional budding yeast kinetochores with 

detectable checkpoint proteins. I have also developed a system to analyze the particles after 

TIRF image acquisition. Finally, I showed that the Mps1 kinase does not directly compete with 

microtubules for binding to kinetochores at the single particle level using the purified 

kinetochores. The assays that I have developed can be further altered to answer other scientific 

questions relating to mitosis in the future.  

5.1 THE PATH TO THE SUCCESSFUL MPS1 KINASE ASSAY 

The first checkpoint protein genes, Bub1, Bub3, Mad1 and Mad2, were discovered via 

genetic screens in budding yeast cells (18, 19). The MAD and BUB proteins are recruited to 

unattached kinetochores early in mitosis and disappear from the kinetochores when they form 

attachments to microtubules (26). My first efforts to study the spindle assembly checkpoint were 

focused on successfully purifying dual-labeled kinetochores that could be detected at the single 

particle level using a TIRF assay. Once that was successful, I turned my attention towards Bub1. 

My goal was to purify kinetochores with fluorescent labels on Mtw1 and Bub1. I chose to focus, 

first, on Bub1 because it had been extensively studied. Also, at the time the checkpoint signaling 

cascade was not as well understood. The dependence of Bub1 and Mad1 recruitment on Mps1 

phosphorylation had not been fully realized.  

I purified kinetochores with the SNAP- and CLIP-tags on Bub1 and Mtw1, respectively. I 

then measured the Bub1 colocalization when kinetochores were bound to a coverslip surface, and 

when they were attached to taxol-stabilized microtubules. I determined a colocalization that 

ranged from anywhere between 3% to 10% when the kinetochores were coverslip-tethered, and 
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10% to 40% when attached to taxol-stabilized microtubules (Figs 5.1 & 5.2). However, at the 

time we thought the particles I was purifying had too much heterogeneity. The heterogeneity in 

the particles is evident in acquired images, as well as in the analysis of the brightness of the 

particles (Figs. 3.4 and 3.6). Also, the colocalization measured for the particles was very low. 

Our initial hypothesis was that Bub1 and Mad1 colocalization would be lower for microtubule-

bound particles based on evidence that the checkpoint proteins are released from kinetochores 

when they go from being unattached to attached to microtubules. However, we saw an increase 

in colocalization of microtubule-bound particles, which was the exact opposite of what we 

expected based on our initial hypothesis. Due to the very low colocalization levels I measured, 

we worried that the increase in microtubule-bound colocalization could simply be an artefact of 

microtubules selecting for more complete kinetochore particles. The very low baseline 

colocalization, combined with the heterogeneity in purified particles, made interpretation of the 

data quite challenging. The implication of the observed increase in colocalization with respect to 

our hypothesis was unclear. Given the heterogeneity in the purified kinetochores, we devoted a 

considerable amount of effort to purifying more stable kinetochores. I also devoted some effort 

to ensuring that the kinetochores were not falling apart in buffer during the experiment. 

Kinetochores are kept in buffer with 15% glycerol during the purification process to help keep 

the kinetochores stable in solution, and especially during the multiple freeze-thaws they undergo. 

However, during the assays I developed for TIRF imaging, there was no glycerol in the buffer. 

To ensure that lack of glycerol was not the cause for the low colocalization, I tested the 

kinetochores in a 15% glycerol buffer. I did not observe any increase in colocalization (Fig. 5.3). 

We also tried to increase the number of larger and more stable kinetochore particles by passing 

them through a size-exclusion column after purification. I tested this in Mtw1 and Nuf2-labeled 
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kinetochores, and saw very minimal increase in the level of colocalization (Fig. 5.4). One other 

disadvantage with using the column was that it resulted in reduced concentration of the 

kinetochore particle samples. Attempts to increase the population of brighter, stable particles by 

running the kinetochores through a sucrose gradient also yielded minimal effect on 

colocalization, and resulted in dilution. 

Mad1 was the second checkpoint protein I focused on. I purified kinetochores with a 

SNAP-tag-dependent fluorescent label on Mad1 and a second label on Mtw1. Mad1 exhibited 

even lower and more variable colocalization when bound to the coverslip surface. I measured 

colocalization levels between <1% and 10% for these kinetochores, over a wide range of 

experiments. Another idea we developed to generate brighter particles was a dual purification 

procedure using two different tags. Briefly, the kinetochores were purified through a FLAG tag 

on Dsn1. We also endogenously engineer a V5 tag on Spc24, which is a component of the Ndc80 

protein. We could, thus, first pull down kinetochores using the FLAG epitope and then re-purify 

them via the V5 epitope tag on the Spc24 protein. This would, in principle, select kinetochores 

with more microtubule-binding elements from the already FLAG-tag purified kinetochores. 

Again, I saw some increase in the colocalization level, but not high enough to continue to pursue 

this purification method for my assays (Fig. 5.6). The other disadvantage with this dual 

purification method was that it took longer, which usually results in more kinetochores falling 

apart. The above-mentioned strategies were used to try to improve the measured kinetochore 

colocalization levels early in the project, with little to no success. The success that I eventually 

saw on this project can be attributed to several specific alterations in the kinetochore purification 

process and the single particle assays.  
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First, work done by several labs that identified Mps1 upstream of the checkpoint 

signaling cascade was very critical to the success of this project. Mps1 kinase phosphorylation is 

what recruits and localizes Bub1 and Mad1 to the kinetochore (30–33). These findings allowed 

me to switch focus from trying to purify stable Mad1 and Bub1-labeled kinetochores to Mps1, 

and proved to be a major turning point in this project. Second, we decided to test Dsn1-2D 

kinetochores. As mentioned earlier in this document, the mutation in the two sites in Dsn1 results 

in more stable particles. Third, I switched from using a blender to using the Freezer Mill to lyse 

frozen harvested cells during kinetochore purification. Using the blender involved stopping the 

blender and adding dry ice to the frozen yeast cells in time intervals to reduce the heat generated 

from the machine. This helped to prevent the cells from completely melting. The Freezer Mill, 

however, does not require any interference when grinding cells. The frozen cells are ground 

while simultaneously submerged in liquid nitrogen. This prevents any temperature fluctuations 

that may be detrimental to the proteins being purified. Fourth, the development of the 

phospholipid bilayer for surface passivation helped to remove the tediousness and time 

consumption associated with blocking surfaces with PEG. Poorly passivated coverslips could be 

easily remade using the phospholipid bilayer. Finally, the introduction of the focus detection lock 

allowed large amounts of data to be collected on the TIRF system. This gave us a lot of 

confidence in our data. 

I believe these improvements in the purification and TIRF assay were the most important 

in driving this project forward. It would be very interesting to test Bub1 and Mad1-labeled 

kinetochores with the purification process and assays as currently established. I mentioned 

earlier that our hypothesis was that colocalization would be reduced in microtubule-bound 

kinetochores. In retrospect, it is quite possible that the increased colocalization in Bub1-labeled 
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kinetochores when attached to taxol-stabilized microtubules is true, given how our Mps1 results 

turned out. 

 

5.2 FUTURE DIRECTIONS 

5.2.1 In vitro Measurement of Mps1 Separation 

I have shown, through my in vitro assays, using isolated kinetochores that Mps1 and 

microtubules do not directly compete for binding to kinetochores. This is contrary to evidence 

provided in bulk assays using recombinant fragments of Mps1 and Ndc80 (51, 118). Other 

evidence suggests that microtubule binding doesn’t directly compete off Mps1 from 

kinetochores. Per an alternative model, end-on microtubule attachment to the kinetochore results 

in the CH domain of Ndc80 being pulled outward. Since Mps1 binds to the CH domain of 

Ndc80, the model argues that Mps1 is separated from Spc105 rendering it unable to 

phosphorylate Spc105. This results in the silencing of the spindle assembly checkpoint (114). I 

propose that this model could be tested in vitro using our assay system.  

The assays I have developed can be used to measure intermolecular distances between 

Mps1 and other core kinetochore components. The architecture of the kinetochore has already 

been mapped out in several experiments with nanometer accuracy (140–142). Kinetochores 

carrying SNAP- and CLIP-tags on Mps1 and a core kinetochore component, respectively, can be 

isolated. The kinetochores can, then, be tethered specifically to a phospholipid bilayer as 

described previously using linkers. The distance between Mps1 and the core kinetochore 

component can be measured with nanometer precision using the TIRF system. The distance 

measurements can also be repeated in the presence of microtubules.  
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In the first experiment, taxol-stabilized fluorescent microtubules could be tethered to the 

phospholipid bilayer. The kinetochores could be attached laterally to the microtubules. The 

intermolecular distance could then be measured for kinetochores that are attached to the 

microtubules with detectable Mps1 and core components. During cell division, kinetochores first 

attach laterally to microtubules. Lateral attachments are converted to end-on attachments as 

dynamic microtubules go through cycles of assembly and disassembly (131, 132, 134). Thus, the 

intermolecular distance between Mps1 and a core inner kinetochore protein in two 

physiologically relevant attachment conformations in the absence of tension, could also be 

determined. Changes in distance when kinetochores are bound to the ends of taxol-stabilized and 

when they are bound to and tracking progressively with the end of shrinking microtubules could 

also be determined. Movies of end-associated kinetochores, as well as kinetochores tracking 

processively with dynamic microtubules can be collected. 

Changes in the intermolecular distance between Mps1 and the corresponding core 

kinetochore protein when the kinetochores is bound to the side of the microtubule, and when it is 

bound to and tracking processively with the dynamic microtubule tip could be measured and 

compared. Such experiments could provide a clear and direct observation of singe molecule 

events, and help determine if kinetochore-microtubule attachment causes spatial separation of 

Mps1. Mps1 kinase phosphorylates MELT motifs in Spc105. Therefore, it would be ideal to 

endogenously engineer the CLIP-tag into the Spc105 core kinetochore protein.  

5.2.2 Release of Mps1 from Kinetochore via Autophosphorylation 

We discovered in our in vitro assays that Mps1 is not released from kinetochores when 

they are bound to microtubules. We, therefore, proposed a model that relies on phosphorylation-

mediated Mps1 release. Mps1 autophosphorylation has been shown to increase the kinase 
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activity of Mps1 and is also required for mitotic progression (123, 137, 138). The kinase activity 

of Mps1 has also been shown to be enhanced by the presence of microtubules (139). In the 

model I am proposing, stable bioriented end-on microtubule binding to kinetochores enhances 

the kinase activity of Mps1, resulting in the release of Mps1 from the kinetochore via 

autophosphorylation. This model can be tested via a series of experiments.  

First, the response of Mps1 to phosphorylation can be tested by adding kinase in a bulk 

biochemical assay. Kinetochores carrying SNAP- and CLIP-tags on Mps1 and Mtw1, 

respectively, can be purified as previously described (52). After the 30-minute dye-labeling step 

during the kinetochore purification, Mps1 kinase buffer (500 L of 1 M HEPES-KOH pH 8.0, 

100 L of 1 M MgCl2, 100 L of 50% glycerol, 20 L of 100 mM ATP, 30 L of distilled H2O) 

can be added to the Dynabeads with the kinetochores. The kinase can be allowed to react with 

the kinetochores for 30 minutes at a temperature of 30 oC. After the 30-minute incubation period, 

the supernatant can be aspirated, and the kinetochores eluted from the Dynabeads. Based on our 

model, if Mps1 is released from the kinetochore via autophosphorylation then the supernatant 

should contain more Mps1 than in the eluate. In preliminary experiments, I have shown that 

Mps1 kinase does indeed release from the kinetochore when phosphorylated in a bulk reaction. I 

ran the proteins in comparison to a control experiment without ATP on an SDS/PAGE gel, and 

then performed a typhoon scan to determine the level of Mps1 and Mtw1 in the proteins (Fig. 

5.1). I then took the kinetochores from the bulk assay and specifically tethered them to a 

biotinylated phospholipid surface in a coverslip flow chamber. I imaged the kinetochores, 

determined the level of Mps1 colocalization and compared that to the kinetochores that did not 

undergo a kinase reaction. I found that the colocalization was reduced in the kinetochores as 
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expected from the typhoon scan (Fig. 5.1). The Mps1 release in the bulk assay via kinase 

addition was detectable at the single particle level using TIRF. 

An analogous assay can also be performed at the single particle level, by first tethering 

kinetochores to the phospholipid surface, and then flowing in Mps1 kinase buffer. Image 

acquisition and analysis can then be performed to measure the colocalization of the kinetochore 

particles. In a preliminary experiment, I have seen a small reduction in the level of colocalization 

of specifically tethered kinetochores that have undergone a 30-minute kinase buffer incubation 

(Fig. 5.1). As mentioned earlier, microtubule binding enhances the kinase activity of Mps1. I 

have proposed in our model that this enhanced kinase activity could result in Mps1 release from 

the kinetochore. Thus, in a separate experiment, Mps1 kinase buffer can be added to 

kinetochores that are already bound to microtubules. This assay can be performed for 

kinetochores bound to the sides of microtubules as well as kinetochores that are attached to the 

ends of microtubules. The differences can be assessed to determine if the level of Mps1 release 

correlates with how kinetochores are attached to microtubules.  

5.2.3 Determining the Role of Tension in Mps1 Release 

For proper chromosome segregation to occur there must be proper and stable kinetochore 

attachment and, possibly, tension. As the body of knowledge on checkpoint activation and 

silencing continues to grow there continues to be an attachment versus tension debate (14). There 

is evidence to show that attachment of kinetochores to microtubules is sufficient to turn off 

checkpoint activity during cell division (24). There is also other evidence that indicates that lack 

of tension at the kinetochore leads to checkpoint activation and, thus, tension is a requirement for 

‘wait’ signal silencing (23). One of the major reasons for this debate is the inability of in vivo 

assays to unambiguously distinguish between the attachment status of kinetochores and levels of 
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tension, due to both phenomena happening almost simultaneously. I believe that an in vitro 

single particle biophysical assay that allows attachment status and levels of tension to be 

independently measured provides the best solution to this problem. To this end, a dual 

instrumentation system that combines optical tweezers with multi-color TIRF imaging has been 

developed to address this problem (107). The system allows fluorescent single kinetochores to be 

monitored with nanometer precision, whilst simultaneously applying mechanical tension to 

kinetochore-microtubule attachments. It also incorporates video-enhanced differential 

interference contrast (VE-DIC) microscopy to allow the use of unlabeled microtubule in assays. 

This helps to reduce the risk of photobleaching and photodamage during image acquisition.  

Dual-tagged kinetochores with fluorescent labels on Mps1 and Mtw1 can be specifically 

tethered to a biotinylated phospholipid surface in a coverslip flow chamber. Polymerized taxol-

stabilized microtubules can then be fed into the chamber and allowed to make end-on 

attachments with the tethered kinetochores. Kinesin-functionalized polystyrene beads can be 

introduced into the flow chamber gently. After a brief period of incubation, the slide can then be 

mounted onto the microscope stage and a ‘search’ can be done to identify end-on attached 

kinetochores carrying both fluorescent tags. Next, the bead can be trapped and the VE-DIC can 

then be used to help guide the bead to the microtubule. After attachments on both ends of the 

microtubule are established, a customized LabVIEW program can be used, through the piezo 

stage, to apply pico-Newton level forces to the kinetochore-microtubule attachment. While 

tension is being applied through the optical tweezers, TIRF images and movies can be acquired 

to determine if the level of Mps1 is reduced during the application of tension. This will provide a 

direct measurement of the effect of tension on Mps1 release. Intermolecular spatial distance 

changes between Mps1 and Mtw1 can also be monitored using the images collected.  
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Figure 5.1: Summary of early data from coverslip-tethered Nuf2 and Bub1-labeled kinetochores. 

Several experiments were performed using Nuf2 kinetochores and Bub1 kinetochores attached to 

coverslip surfaces. The kinetochores used in these experiments were prepared using a blender to 

grind harvested cells. Also, the kinetochores were immobilized on the coverslip surface without a 

phospholipid bilayer. The Nuf2 data is shaded grey. The kinetochore colocalization levels were 

very low in the Bub1 experiments.  
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Figure 5.2: Summary of early data from taxol-stabilized microtubule-attached Nuf2- and Bub1-

labeled kinetochores. Several experiments were performed using Nuf2 kinetochores and Bub1 

kinetochores attached to microtubules. The kinetochores used in these experiments were prepared 

using a blender machine to grind harvested cells. The microtubules were attached to the coverslip 

surface using rigor kinesin on. The Nuf2 data is shaded grey. 
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Figure 5.3: Addition of glycerol to TIRF assay buffer does not improve colocalization. 

Kinetochores are purified in a 15% glycerol buffer. However, using the same glycerol 

concentration in the TIRF assay buffer did not show any improvement in Nuf2-Mtw1 

colocalization when the kinetochores were immobilized on a coverslip surface.  
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Figure 5.4: Column separation does not significantly increase kinetochore colocalization. To help 

generate more stable kinetochores, Nuf2-labeled kinetochores were ran through a size exclusion 

column after purification. This process did not increase the level of colocalization of the 

kinetochore particles.  
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Figure 5.5: Dual purification of the kinetochores does not significantly increase colocalization 

levels. A 3V5 tag was endogenously engineered into the Spc24 core component of the kinetochore 

to help improve purification. These kinetochores were purified via FLAG first, and then a second 

purification was done on the immunoprecipitation kinetochore sample using the V5 epitope. The 

resulting Mad1- and Bub1-labeled kinetochores did not show significant increase in colocalization. 
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 Figure 5.6: Preliminary experiments indicate that Mps1 is released from kinetochores upon 

addition of ATP. (A) The resultant supernatant and bound kinetochores from a kinase buffer 

treated kinetochore preparation indicated that the Mps1 upon ATP treatment were released from 

the kinetochore as seen in the typhoon scan. A shift in the Mps1 band is also seen in the scan. (B) 

the kinetochores from this experiment were then observed in TIRF and showed a significant 

decrease in colocalization. (C) Preliminary experiments showed very moderate decrease in level 

of colocalization when kinetochores already specifically adsorbed to a phospholipid bilayer were 

treated with ATP. This experiment needs to be further explored in the future.  
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