
 

ABSTRACT 

 

BEGLEY, MARCUS. Microtubule Bundle Structure and Mechanics: From Mammals to Yeasts. 

(Under the Direction of Dr. Mary Williard Elting). 

 

The mitotic spindle is a self-assembled cellular machine responsible for segregating 

chromosomes during cell division. Therefore, the ability of the spindle to properly execute this 

function is vital to maintaining generations of healthy cells. Bundles of microtubules, cytoskeletal 

polymers, are central to the structure and function of the mitotic spindle. Here, we mechanically 

damage these bundles and observe their dynamic behavior, as the spindle attempts to repair 

itself. Through these experiments, we aim to examine spindle structure, mechanics, and repair. 

More generally, our research allows us to ask questions about the nature of force production 

during mitosis, as well as the mechanical relationships between cellular structures and the ways 

in which their mechanical properties can be tuned to each other. 

The fundamentals of the data collection and analysis employed in this work is the same 

for both projects detailed here. These include real-time observations of the laser ablation of 

cellular structures and spinning disk confocal fluorescence microscopy. For analysis, we use 

home-written programs to track the structural and dynamic characteristics of spindle features, 

following ablation. On the other hand, much of the necessary benchwork, such as cell culture, 

molecular perturbations, and sample preparation, is different between the two projects. The 

methodology for this research is detailed in Chapter 2. 

Our investigation of k-fiber ablation in mammalian Ptk2 spindles, discussed in Chapter 3, 

revealed that forces promoting cohesion and dissociation of microtubules in k-fibers are 

relatively similar in magnitude, suggesting that microtubule-crosslinking forces are tuned to each 

other in the mammalian spindle. We also find that kinesin-12 Kif15 is important for the 

maintenance of k-fiber cohesion and efficient spindle repair. These experiments demonstrate 

the importance of balancing spindle forces both along the spindle’s long-axis, through molecular 

motor activity, and its short axis, through microtubule-crosslinking. 

In the fission yeast Schizosaccharomyces pombe, spindle ablations show that, unlike in 

Ptk2, ablated spindles typically remain cohesive throughout spindle repair. However, in the 

evolutionary cousin of S. pombe, Schizosaccharomyces japonicus, the spindle loses its 

cohesiveness far more often, suggesting possible structural differences between spindles of the 

two species. Increasing nuclear envelope tension in mitotic S. pombe, via treatment with 

cerulenin, an inhibitor of nuclear envelope synthesis, shows that the spindle and nuclear 



 

envelope can exert force on each other and affect each other's physical shapes. Taken together 

with our experiments comparing S. pombe and S. japonicus, these results suggest a complex 

and critical mechanical relationship between the fission yeast spindle and nuclear envelope, 

with spindle and nuclear envelope forces largely tuned to each other. 

Altogether, we show that the mechanics of microtubule bundles, especially in terms of 

force production, are tuned to optimize their functions within the mitotic spindle. Furthermore, 

the shape and mechanics of cellular structures, namely the spindle and nuclear envelope, can 

depend on their physical interactions with other structures. Of particular interest are the 

apparent ways in which the material properties of these codependent structures seem tuned to 

each other. Overall, this research poses interesting questions which may be explored in future 

studies, primarily the ways in which spindle mechanics vary according to the different physical 

demands placed upon them in various cell types and the mechanical relationship between the 

mitotic spindle and nuclear envelope in fission yeasts. 
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Chapter 1 

Introduction 

 

1.1   Cell division 

Replication is arguably the most fundamental characteristic of life. When anything (biological or 

non-biological) self-replicates, it must necessarily also replicate and distribute its source 

information. For some viruses, this information is encoded in a nucleotide sequence, while for 

others it is lines of code. On the other hand, the genomes of living cells, like ours, function as 

detailed instructions for making creatures as different as bacteria, mold, Fraser firs, ants, 

whales, and us. Essentially, our DNA is who we biologically are. Proper genome replication and 

division is therefore crucial in not only ensuring the viability of the many cells in our bodies, but 

also in reminding them of their biological significance and responsibilities. 

Generally, eukaryotic cells all divide their genomes via the same process, called mitosis 

(Figure 1.1). In short, their DNA replicates itself (in S phase) and condenses into chromosomes, 

which are then segregated into two daughter nuclei by a protein-based machine called the 

mitotic spindle. Remarkably, this machine self-constructs and disassembles every cell cycle and 

is made of basic protein components that are also used as construction materials in other 

cellular structures at other times in the cell cycle [1,2]. Following chromosome segregation, the 

cell must also divide its cytoplasm and contents in half. This task is often, but not always, 

accomplished by the contractile ring, an actomyosin-based structure that has been the subject 

of inquiry for our lab [3], but will not be discussed in any great detail for the remainder of this 

report. 

https://paperpile.com/c/dHe2Ie/MecF+hGys
https://paperpile.com/c/dHe2Ie/9a2q
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Figure 1.1: Diagram showing the timing of mitosis (in M phase) during the cell cycle. 

 

Although the processes triggering the initiation of spindle construction and disintegration 

are of great importance and the subject of much scientific inquiry [4–7], our lab is primarily 

interested in the physical characteristics and performance of the mitotic spindle itself. Especially 

interesting is its ability to generate the force required for chromosome segregation. Force 

generation is a vital contribution from cytoskeletal structures throughout the cell cycle and helps 

cells both change and maintain their shapes [8,9]. Importantly, the strengths and directionality of 

these forces depends not only on the components of cytoskeletal structures, but also the 

configurations of the structures themselves [10–12]. In this way, the basic structure of the 

spindle seems to align nicely with its primary function of segregating chromosomes. With stiff 

microtubule (microtubule) bundles mechanically connecting chromosomes to its geometric 

poles, the spindle seems well-positioned to generate force along its long axis, through, among 

other mechanisms, the elongation and shortening of these microtubule bundles. However, 

research presented here, alongside previous studies, suggests that spindles can generate 

significant and vital off-axis forces, painting a complex and dynamic conceptual mitotic force 

map [13–15]. This highlights the importance of the continued exploration of the mechanisms 

and patterns of spindle force generation. 

Popping the hood on this cellular machine reveals engineering that’s remarkable in both 

its simplicity and versatility. The filaments that form the basis of the spindle, called microtubules 

(microtubules), are nothing more than stiff hollow rods made from tubulin polymers. Other 

molecular spindle components contribute to its mechanical stability and force production, such 

https://paperpile.com/c/dHe2Ie/RFgn+GecB+eiC6+A98f
https://paperpile.com/c/dHe2Ie/ui5M+ZGEs
https://paperpile.com/c/dHe2Ie/Ug6j+T6tZ+lliT
https://paperpile.com/c/dHe2Ie/8QPu+xFVn+sKyC
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as microtubule associated proteins (MAPs), which can bind and organize microtubules [16]. 

Alone, the fact that the spindle can self-construct a machine capable of generating complex and 

intricate cellular-scale forcemaps from a handful of simple constituent proteins is itself an 

impressive engineering feat of active matter. What makes the mitotic spindle truly impressive, 

however, is the way it constantly rearranges these components to make a machine capable of 

dynamically changing its size and shape. For example, in anaphase, near the end of mitosis, 

human spindles elongate by about 7 μm from a metaphase length of 10-20 μm [17,18]. In the 

fission yeast S. pombe, spindle elongation is even more dramatic, with the spindle from about 2 

μm to nearly 10 μm [17,19]. Clearly, while much of the research on the mitotic spindle has 

rightly centered around its relevance to medicine, there are also lessons to be learned in 

studying the spindle from an engineering and physics perspective. 

Interestingly, while vast differences in spindle structure exist among eukarya, it is highly 

conserved in mammals [13,20,21]. Even though higher-order organisms, like us, are made up of 

many different types of cells with great variation in characteristics such as size, shape, and cell 

cycle duration, spindles in cells from all over the body still take the same general form [21,22]. 

Additionally, structurally stereotyped spindles are capable of segregating genomes with 

improper chromosome numbers, albeit with often unpredictable accuracy, an ability with 

particular medical relevance discussed at length in the next section [23]. Chromosome number 

and size vary greatly among mammals and, even in comparing the healthy cells of species that 

condense chromosomes of drastically disparate numbers and sizes, the mitotic spindle 

consistently forms the same basic shape nonetheless (Figure 1.12). The evolutionary 

persistence of mammalian spindle shape suggests the optimization of a structure capable of 

dividing large karyomes in a variety of dynamic cellular environments. 

 

1.2   Mitosis in medicine 

Cell division is one of the most important tasks any and every cell will undertake during its 

lifetime. It is also one of the most critical steps in the cell cycle, with successful cell division, 

called mitosis, resulting in two healthy cells with normal numbers of chromosomes. Mistakes in 

mitosis, however, can have consequences ranging from adverse aneuploidy-related conditions 

to cell death. These effects are all derived from a condition known as aneuploidy, in which cells 

have either missing or extra chromosomes, due to erroneous chromosome segregation at some 

point in their lineage. Inaccurate or incomplete chromosome segregation during meiosis, the 

replication process for sex cells, or during mitosis in early development, can cause miscarriage 

and congenital birth defects, while missegregation has been associated with cancer [24,25]. 

https://paperpile.com/c/dHe2Ie/Tix1
https://paperpile.com/c/dHe2Ie/1jvg+s2nd
https://paperpile.com/c/dHe2Ie/WzbA+1jvg
https://paperpile.com/c/dHe2Ie/8QPu+p1ya+aO6G
https://paperpile.com/c/dHe2Ie/aO6G+Aej2
https://paperpile.com/c/dHe2Ie/eBk7
https://paperpile.com/c/dHe2Ie/R4Fp+taiN
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Proper function of the mitotic spindle, the cellular machine responsible for chromosome 

segregation during mitosis and the primary focus of my graduate research, is crucial for 

accurate chromosome segregation. Therefore, studying the effects of perturbations to the 

structure and function of both the spindle and its component parts could yield valuable 

therapeutic insights [25]. 

 

1.2.1   Organismal results of chromosome missegregation 

Most cells in the human body are somatic, having a diploid genome of 2N chromosomes 

(2N=46 for healthy human cells) and divide mitotically (Figure 1.2) [26]. Here, N is the number 

of chromosome pairs, each of which contains two nearly identical chromosomes, with the 

exception of the sex chromosome pair. On the other hand, the reproductive germline cells (eggs  

and sperm) have only N chromosomes and divide via meiosis, a process specific to sex cells, 

but broadly analogous to mitosis [2]. When a germline cell containing an inappropriate number 

of chromosomes, resulting from a meiotic error, participates in fertilization, the first cell in the 

newly formed organism will have the wrong chromosome set. This aneuploidy is then 

maintained throughout development, making the upstream defective meiosis especially 

consequential. Gamete aneuploidy is far more prevalent in humans than in most other species 

[27], with estimates of the frequency of aneuploidy in all conceptions ranging from 5-40% 

[24,27]. Resulting from dysfunctional meiosis, aneuploidy is in fact considered the most 

common cause of both miscarriages and congenital birth defects. While only found infrequently 

in newborns and more frequently in stillborn fetuses, aneuploidy is coupled with around one-

third of spontaneous abortions (Table 1.1) [24]. Unfortunately, the aneuploid fetuses that survive 

through birth still face challenges from their atypical karyotypes. 

 

Table 1.1: The frequency of aneuploidy during development shows that aneuploidy is quite 

common in spontaneously aborted conceptions, compared to newborns. Reproduced from 

Hassold and Hunt (2001) [27]. 

 
 

One of the more well-understood of these birth defects is Down syndrome, the most 

prevalent human genetic disease, in which the individual possesses an extra copy of 

https://paperpile.com/c/dHe2Ie/taiN
https://paperpile.com/c/dHe2Ie/w9Sn
https://paperpile.com/c/dHe2Ie/hGys
https://paperpile.com/c/dHe2Ie/R36O
https://paperpile.com/c/dHe2Ie/R36O+R4Fp
https://paperpile.com/c/dHe2Ie/R4Fp
https://paperpile.com/c/dHe2Ie/R36O
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chromosome 21 (Figure 1.2 - red circle). Most other aneuploid conditions result in either 

unviable conception or infant mortality [28,29]. Sex chromosome aneuploidy, on the other hand, 

has been linked to autism. Although no causal mechanism has been uncovered, males with 

cells containing an extra X or Y chromosomes are more likely to be autistic, suggesting sex 

chromosome aneuploidy as an autism risk factor (Figure 1.2 - green ellipse) [30,31]. 

 

 

Figure 1.2: A typical somatic human karyotype, showing the locations of aneuploidies relating to 

Down syndrome (red circle) and sex chromosome aneuploidy (green ellipse). Adapted from 

https://www.genome.gov/genetics-glossary/Karyotype. 

 

In somatic cells, an unusually high rate of aneuploidy, known as chromosome instability 

(CIN), is a hallmark of cancer (Table 1.2) [32]. Furthermore, unlike most mitotic errors 

associated with birth defects, aneuploid somatic cells often contain many copies of individual 

chromosomes or even the full genome (Table 1.2) [32]. While much study has been given to 

deciphering this correlation, the exact nature of the relationship between aneuploidy and 

tumorigenesis is still somewhat unclear. For instance, while CIN and aneuploidy are associated 

with unfavorable prognoses, it does not always promote tumorigenesis, but can actually inhibit 

cancer progression in some cases. It has been suggested that the tissues may respond 

differently to CIN based on a number of factors such as cell type, number of extra/lost 

chromosomes, and extracellular environment [23,25,33]. 

 

 

 

https://paperpile.com/c/dHe2Ie/8oaS+T7DR
https://paperpile.com/c/dHe2Ie/AMHh+toQe
https://paperpile.com/c/dHe2Ie/FHqc
https://paperpile.com/c/dHe2Ie/FHqc
https://paperpile.com/c/dHe2Ie/taiN+q1BB+eBk7
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Table 1.2: Aneuploidy can be found in most human tumors, shown by the high percentage of 

aneuploid tumors (84.8%) [32]. 

 
 

1.2.2   Mitosis-targeted therapies 

Because cancer cells divide far more frequently and chromosome segregation is such a critical 

part of the cell cycle, therapeutic agents that target mitosis may hold particular value, especially 

in the realm of chemotherapy. A number of drugs targeting cytoskeletal function already have 

established uses in cancer treatment (Figure 1.3). For example, one of the most commonly 

used chemotherapy drugs is paclitaxel (Taxol), a microtubule-stabilizing agent that was first 

approved for ovarian cancer, but has since been used to treat many other forms of cancer as 

well [34]. A number of others, such as a number of molecules that target the colchicine binding 

domain of tubulin (Figure 1.3), are not currently used in chemotherapy, but remain potential 

future therapeutic agents [35]. Nocodazole, a microtubule-destabilizing drug used in 

experiments discussed in Chapter 3, is an example of an agent that inhibits the colchicine 

binding site and has been found to limit cancer proliferation [35,36]. Although the impacts of 

treatment with paclitaxel and nocodazole seem opposites, the pertinent actions of both can be 

similarly described. Essentially, both of these drugs perturb microtubule polymerization 

dynamics, making the construction of viable spindles difficult, leading to widespread mitotic 

arrest or dysfunction and eventually cell death [34,36]. Unfortunately, all cells, not just cancer 

cells, use microtubules throughout their lifetimes, meaning that these drugs also act 

indiscriminately on healthy cells and can often induce fairly severe side effects in patients [37]. 

 

https://paperpile.com/c/dHe2Ie/FHqc
https://paperpile.com/c/dHe2Ie/vwgj
https://paperpile.com/c/dHe2Ie/TOM0
https://paperpile.com/c/dHe2Ie/TOM0+fyNO
https://paperpile.com/c/dHe2Ie/vwgj+fyNO
https://paperpile.com/c/dHe2Ie/pqTO
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Figure 1.3: Diagram showing the tubulin dimer and the binding sites associated with 

microtubule-target agents, including the taxane (paclitaxel) and colchicine (nocodazole) binding 

sites. Reproduced from Shuai et al. (2001) [38]. 

 

 Disrupting necessary microtubule-associated proteins (MAPs) has been seen as a 

potential workaround to the adverse side effects of microtubule polymerization perturbations. Of 

particular interest to our research are the numerous and ongoing attempts to effectively utilize 

inhibition of Eg5, an important mitotic kinesin, in chemotherapy [37]. In short, Eg5 is required for 

bipolar spindle assembly [39] and, therefore, cell division. It is overexpressed in cancer cells, 

suggesting that its inhibition may have a weaker impact on healthy tissues than indiscriminately 

perturbing microtubule polymerization with drugs like paclitaxel and nocodazole [37]. 

Unfortunately, many Eg5 inhibitors have failed to progress beyond clinical trials, as tumors often 

developed drug resistance over the course of treatment [40]. One factor that may allow for the 

development of drug-resistant tumors is the compensation of lost Eg5 function by other MAPs. 

For example, kinesin-12 Kif15, which is overexpressed in many cancers [41–47], is capable of 

rescuing bipolar spindle formation in the absence of functional Eg5 [12,48]. This highlights the 

importance of understanding the MAP landscape of the mitotic spindle, one of our primary foci 

in the work presented here, for synthesizing and employing MAP-perturbing drugs in medicinal 

contexts. 

 

https://paperpile.com/c/dHe2Ie/4Fax
https://paperpile.com/c/dHe2Ie/pqTO
https://paperpile.com/c/dHe2Ie/I58o
https://paperpile.com/c/dHe2Ie/pqTO
https://paperpile.com/c/dHe2Ie/8IUM
https://paperpile.com/c/dHe2Ie/cS2V+Id0Y+nG7z+drly+XOW2+9W66+G46t
https://paperpile.com/c/dHe2Ie/DdQI+lliT
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1.3   Microtubules across biological scales 

The research described below centers around the manipulation and observation of microtubule 

bundles in the mitotic spindle. These bundles are composed of numerous mechanically 

crosslinked microtubules, which are themselves tubulin polymers. As all the experiments 

discussed in this thesis examine the mechanics of microtubule-based machines, it is worthwhile 

exploring these structures from the molecular to cellular scales (Figure 1.4). 

 

 

Figure 1.4: Cylindrical lattices of tubulin dimers, called microtubules (microtubules), can form 

bundles, which are held together by crosslinking proteins (magenta and orange). Microtubules, 

microtubule bundles, and free tubulin dimers are all important integral components of the mitotic 

spindle. 

 

1.3.1   Microtubules 

Tubulin, a dimeric protein, serves as the fundamental protein building block of all microtubule 

structures and comprises an α subunit and a β subunit (Figures 1.4 and 1.5A). The asymmetry 

of the dimer yields the geometric polarization of polymers, known as protofilaments, with an 

exposed β subunit at the plus-end. Each subunit houses a single nucleotide binding site and, 
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while the α subunit can only bind GTP, the β subunit is capable of binding either GTP (GTP-

tubulin) or GDP (GDP-tubulin) [49]. Although only GTP-tubulin is recruited to growing 

protofilament plus-ends, exposed GTP will eventually hydrolyze to GDP after the recruited 

dimers bind to plus-ends. The rate at which this hydrolysis transpires, versus the binding rate of 

GTP-tubulin, determines the polymerization state of the protofilament. A protofilament will 

continue growing while its “GTP cap” is maintained, with GTP bound to the exposed 

protofilament plus-ends, but will rapidly depolymerize once the exposed GTP is hydrolyzed 

(Figures 1.4 and 1.5B) [49–51]. 

 While tubulin dimers bind head-to-tail to form protofilaments, these protofilaments 

collectively bind each other laterally to form cylindrical tubulin lattices, called microtubules 

(microtubules) (Figures 1.4 and 1.5B). These lateral bonds are between matching subunits (α-α 

and β-β), except at the seam of the microtubule, where lateral bonds are α-β [52]. A microtubule 

can be geometrically likened to a hollow cylinder (hence “-tubule”) whose side wall is formed by 

13 tubulin protofilaments [53]. Interestingly, while the individual protofilaments are straight, the 

microtubule as a whole is helical (Figures 1.4 and 1.5B) [52]. Despite being hollow, microtubules 

are quite rigid, with a persistence length on the order of millimeters [54]. Therefore, microtubules 

can be employed to support the maintenance of cell shape, similar to the bones of an animal, in 

changing and stressful extracellular environments. 

 

 

Figure 1.5: (A) Ribbon diagram of the tubulin dimer showing the α and β subunits, establishing 

the geometric polarity of polymers. Reproduced from Nogales, Wolf, and Downing (1998) [55]. 

(B) Schematic showing the structure and polymerization dynamics of microtubules. Reproduced 

from Kaur et al. (2014) [56]. 

 

https://paperpile.com/c/dHe2Ie/gdVZ
https://paperpile.com/c/dHe2Ie/Ir1n+gdVZ+Gfxq
https://paperpile.com/c/dHe2Ie/IUAy
https://paperpile.com/c/dHe2Ie/xgVY
https://paperpile.com/c/dHe2Ie/IUAy
https://paperpile.com/c/dHe2Ie/owL7
https://paperpile.com/c/dHe2Ie/aUw0
https://paperpile.com/c/dHe2Ie/Ocn2
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 Microtubules can not only help cells maintain their shape, but the dynamic nature of 

microtubule polymerization provides cells with a tool to actually modify their shapes and even 

crawl by directing microtubule growth and shrinkage [57,58]. The constant polymerization of 

cytoplasmic tubulin dimers into microtubules and simultaneous depolymerization of other 

microtubules back into dimers is called dynamic instability and is a critical trait of the 

microtubule cytoskeleton (Figure 1.5B) [59]. This is a stochastic process, characterized by 

tubulin binding on- and off-rates and weighted by the available tubulin and free energy within the 

cell [52,59], which can therefore be controlled biochemically by the cellular environment. In 

microtubule polymerization, energy is consumed in the form of GTP-hydrolysis. Summarily, a 

tubulin dimer containing GTP (GTP-tubulin) binds to the plus-end of a growing microtubule, 

forming what is known as an ‘GTP cap’ that stabilizes the microtubule and prevents catastrophic 

depolymerization. However, after binding, this GTP will hydrolyze to GDP. If the rate of GTP-

hydrolysis exceeds that of the tubulin on-rate, leaving the microtubule without a GTP cap, the 

microtubule may rapidly depolymerize [59]. While microtubule polymerization can generate 

pushing force through GTP-hydrolysis, depolymerization events can also release this energy 

and produce significant pulling forces, since much of the energy from GTP-hydrolysis is stored 

within the microtubule lattice. This mechanism likely aids in transporting chromosomes to the 

spindle poles during anaphase [52,60]. 

Another quite interesting way that microtubule dynamic instability can be tuned is with 

changes to temperature. Specifically, because temperature is an important factor in the 

equation for free energy, changes in the temperature of the cytoplasm will, by definition, change 

the tubulin polymerization and depolymerization rates. As a result, exposing cells to low (0-

10oC) temperatures can trigger the depolymerization of unstable single microtubules in the 

mammalian mitotic spindle, while more stable microtubule bundles are more resistant to this 

stress [61,62]. We were able to see this effect in our own experiments, in which Ptk2 spindles 

were imaged after incubation on ice (Figure 1.6). Consistent with the literature, a substantial 

reduction in non-k-fiber microtubules was apparent, after 10 or more minutes on ice, leaving 

spindles comprising almost exclusively k-fibers. 

 

https://paperpile.com/c/dHe2Ie/czjK+sxbh
https://paperpile.com/c/dHe2Ie/Drs3
https://paperpile.com/c/dHe2Ie/Drs3+IUAy
https://paperpile.com/c/dHe2Ie/Drs3
https://paperpile.com/c/dHe2Ie/UTBe+IUAy
https://paperpile.com/c/dHe2Ie/U6Cr+8iQ9
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Figure 1.6: Example images of GFP-tubulin Ptk2 mitotic spindles following incubation on ice for 

2 (A), 5 (B), 10 (C), and 15 minutes (D), showing the depolymerization of single spindle 

microtubules. The intensity scaling of all images is the same. 

 

Microtubule-associated proteins (MAPs), which are discussed in greater detail later in 

this chapter, are motor and non-motor proteins capable of binding to tubulin. These proteins 

help facilitate the formation and dynamic rearrangement of microtubule networks and can 

modulate some of the physical properties of microtubules, such as stiffness and compaction 

[51]. To this end, exterior to the hollow microtubule center, running along its length exists a 

protein binding site at each tubulin dimer [55], allowing a wide variety of proteins to localize to 

microtubules and perform a number of important tasks. For example, this allows microtubules to 

act as “tracks” on which motor proteins can bind and walk, allowing for efficient cargo transport 

throughout the cell [2]. 

 

1.3.2   Microtubule bundles 

Within cells, microtubules are often found in bundles, since these bundles, despite the 

significant stiffness of single polymers, are still much stiffer and more stable [15,61–63]. These 

characteristics make microtubule bundles a useful tool for generating significant and persistent 

directional forces within the cell. In general microtubules in these bundles are bound together by 

proteins that mechanically bridge neighboring microtubules, known as crosslinkers. These 

crosslinkers differ from cell to cell and can be either motile or static, but all have at least two 

microtubule binding domains. Importantly, binding and unbinding of microtubule crosslinking 

proteins modulates bundle stiffness, as a higher crosslinker density will result in greater bundle 

stiffness and inter-microtubule cohesion [64]. Although this thesis examines microtubule 

bundles in the mitotic spindle, cells employ microtubule bundles in a variety of contexts, such as 

to dictate cell shape and locomotion. For instance, cilia and flagella, which are protrusions used 

in cell movement, share the same basic microtubule bundle structure. With some exceptions, 

such as nodal cilia, these bundles consist of a circle of nine microtubule doublets with a single 

https://paperpile.com/c/dHe2Ie/Gfxq
https://paperpile.com/c/dHe2Ie/aUw0
https://paperpile.com/c/dHe2Ie/hGys
https://paperpile.com/c/dHe2Ie/8iQ9+U6Cr+sKyC+biMm
https://paperpile.com/c/dHe2Ie/kvHd
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microtubule doublet that runs along the center (Figure 1.7). [65,66]. Bundles of this form are 

quite common and can be found throughout eukaryotes. Another example of microtubule bundle 

diversity comes from neuronal axons and dendrites. These neuron extensions are much longer 

than any of the individual microtubules that comprise them and their cross-sectional 

organization of microtubules is less strict than that of cilia and flagella (Figure 1.7) [67]. The 

scale of these axons can be enormous. In fact, squid have a single axon that runs the length of 

their entire body that can be up to 1mm in diameter [68]. Neurons are able to maintain these 

massive axons, due to the aforementioned stiffness of microtubule bundles [64]. 

 

 

Figure 1.7: (A) Cross-sectional electron microscopy images, along with corresponding 

diagrams, show a generally conserved structure among cilia and flagella. Reproduced from 

Gilpin, Bull, and Prakash (2020) [65]. (B) Schematic of a neuron showing microtubule bundles in 

the axon (long, red crosslinkers) and dendrites (short, blue crosslinkers). Reproduced from 

Peter and Mofrad (2021) [67]. 

 

 While cilia, flagella, and neuronal extensions are found in specific species and cell types, spindle MT 

bundles are found in most eukaryotic cells. However, even just among mitotic spindles, microtubule 

bundle structure is quite diverse. For example, the S. pombe spindle, presented thoroughly in 

Chapter 4, is fairly simple. It consists of a single microtubule bundle, with 10-20 microtubules 

[69]. At the spindle poles and, during early mitosis, at the midzone, there is little order in the 

microtubule bundle lattice. To promote spindle elongation in anaphase, however, the midzone of 

the bundle takes the cross-sectional form of a square lattice with alternating microtubule polarity 

(Figure 1.8) [69]. This allows the bundle to internally produce an elongating force, via 

microtubule sliding, as a result of the plus-end-directed procession of molecular motors [70,71]. 

https://paperpile.com/c/dHe2Ie/dpwG+kjqY
https://paperpile.com/c/dHe2Ie/zPyG
https://paperpile.com/c/dHe2Ie/iX9S
https://paperpile.com/c/dHe2Ie/kvHd
https://paperpile.com/c/dHe2Ie/dpwG
https://paperpile.com/c/dHe2Ie/zPyG
https://paperpile.com/c/dHe2Ie/eYyJ
https://paperpile.com/c/dHe2Ie/eYyJ
https://paperpile.com/c/dHe2Ie/8frp+Ype9
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As a result, the spindle, which is about 2-4μm long prior to elongation, can extend to a length of 

7-10μm during anaphase [19]. 

 

 

Figure 1.8: Electron microscopy images of a late mitotic S. pombe spindle near the pole (A) and 

at the spindle midzone (B), as well as a diagram showing the directionality of the microtubules 

at the midzone (B’) and an image showing microtubule crosslinks (C), highlight the highly 

organized microtubule lattice at the S. pombe anaphase spindle midzone. Figure reproduced 

from Ding, McDonald, and McIntosh (1993) [69]. 

 

On the other hand, the microtubule bundles of the mammalian spindle, called 

kinetochore-fibers (k-fibers), contain many more microtubules than the S. pombe spindle and 

are more disordered. In metaphase Ptk cells, such as those used for the experiments described 

in Chapter 4, these 100-150 microtubule k-fibers include a number of microtubules that are 

bound at one end to the kinetochore, most of which extend to the proximal spindle pole, but are 

primarily composed of interdigitating microtubules that do not. These non-k-fiber microtubules 

are instrumental in anchoring k-fibers to the rest of the spindle, providing k-fibers with 

mechanical stability and reducing the likelihood of chromosome missegregation due to a 

defective or damaged k-fiber [13,14]. Similar to S. pombe spindles, metaphase Ptk spindles 

show no strongly preferred spacing for microtubule arrangement, whereas the microtubules of 

https://paperpile.com/c/dHe2Ie/WzbA
https://paperpile.com/c/dHe2Ie/eYyJ
https://paperpile.com/c/dHe2Ie/xFVn+8QPu
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opposing polarity are preferentially spaced 40nm apart at the midzone during anaphase [72]. 

Presumably, this is intended to promote greater microtubule sliding in the k-fiber, thereby driving 

anaphase spindle elongation, as it does in S. pombe spindles [73]. However, unlike S. pombe 

spindles, mammalian spindles contain numerous microtubule bundles (at least one per each 

chromosome). These k-fibers mechanically link the spindle poles to the chromosomes, by way 

of the kinetochores, forming a 3D (American) football-shaped array (Figure 1.4). This structure 

is far larger and more complex than the fission yeast spindle, with a metaphase length of 10-

20μm and a vast microtubule network that includes both k-fibers and other non-k-fiber 

microtubules (Figure 2.2) [15,17]. 

Another class of mitotic spindle, which is not explored in any great length in this report, 

but is still worth mentioning, is one in which the many chromosomes are connected to the 

spindle poles through a highly-interconnected network of single microtubules, rather than stiff 

microtubule bundles. An example of this is the C. elegans mitotic spindle, which contains 

holocentric kinetochores, meaning that microtubules can bind to any location on the surface of 

the chromosomes. In C. elegans, microtubules bound to a chromosome at the kinetochore 

(kinetochore-microtubules), typically terminate far from the centrosome [74]. One possible 

mechanism for the generation of force necessary to move chromosomes is the direct physical 

linkage between the kinetochore and centrosome via a series of intermediate spindle 

microtubules, connected to kinetochore-microtubules and each other by crosslinking MAPs. 

Alternatively, force may be generated in the form of viscous drag, resulting from local cytoplasm 

flows induced by neighboring microtubules [74]. 

 

1.4   Microtubule-associated proteins (MAPs) 

The cytoskeleton can be thought of as the physical infrastructure of the cell. It comprises three 

filament types (microtubules, actin filaments, and intermediate filaments), and yet it functions in 

many different processes, such as cell shaping, cargo transport, and cell division. Obviously, 

being mere polymers, the cytoskeleton cannot perform these complex tasks alone, but rather it 

works in concert with protein partners. For the microtubule cytoskeleton, these consist of 

tubulin-binding proteins and are called microtubule-associated proteins (MAPs). In general, 

MAPs can be categorized into two groups based on their activity. 

Motor proteins, once bound to a filament, can walk along the length of the filament, 

although their stepping rates and patterns vary, as does their direction of movement. 

Macroscopic motors all perform the basic task of converting electrical or chemical energy into 

mechanical energy and yet the power they generate can be used to perform a wide range of 

https://paperpile.com/c/dHe2Ie/9vuk
https://paperpile.com/c/dHe2Ie/ZoAO
https://paperpile.com/c/dHe2Ie/1jvg+sKyC
https://paperpile.com/c/dHe2Ie/vgAt
https://paperpile.com/c/dHe2Ie/vgAt
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different tasks, depending on the machine that motor is a part of. Similarly, the basic action of 

molecular motors is fairly simple and consistent, yet they are necessary equipment for a wide 

range of cellular processes, such as cargo transport and cell division. The precise tasks 

performed by molecular motors in any given cellular process depends largely on their 

cytoskeleton environment. For instance, motors are the operative components of cargo 

transport during interphase. On the other hand, during mitosis, the microtubule cytoskeleton 

becomes highly reorganized, forming the mitotic spindle. Here, motors can generate extension 

and compression forces within the spindle by actually carrying a microtubule as cargo along its 

track microtubule [70,75,76]. This is referred to as microtubule sliding, as it appears to the 

observer as though the two microtubules are sliding either together or apart. In Chapter 3, we 

discuss the importance of three of these motors, two kinesins and one dynein, in mammalian 

cell division (Figure 1.9). 

 

 

Figure 1.9: In the mitotic spindle, the dynein adaptor and microtubule crosslinking protein NuMA 

(magenta) is recruited to microtubule minus-ends, near the poles, whereas dynein itself is found 

primarily at the minus-ends of microtubules. The static microtubule crosslinker PRC1 and the 

kinesins Eg5 and Kif15 are recruited to adjacent microtubules and are therefore largely localized 

along the lengths of k-fibers. Cartoon made using protein localization images from [77–79]. 

 

 Different molecular motors can produce force through a number of different ways, with 

one of these mechanisms being procession. Although the dynamic properties of processive 

motors vary somewhat, their basic mechanism can be described in terms of two patterns of 

‘walking’: hand-over-hand and inchworm (Figure 1.10). Kinesin-1, for example, moves hand-

https://paperpile.com/c/dHe2Ie/X7cF+8frp+PSMfa
https://paperpile.com/c/dHe2Ie/vx81+jNjN+pZmD
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over-hand along microtubules with ~8nm steps [80,81]. This procession is similar to that of 

humans, with the front head remaining bound to the filament track, while the rear head 

detaches, swings forward, and reattaches to the filament ahead of the bound head (Figure 

1.10A). With each step, the stepping head moves forward by ~16nm, displacing the cargo 

domain of the motor by ~8nm [80]. On the other hand, an inchworm gate involves the detaching, 

stepping, and reattaching of the leading head to the filament track, followed by the detaching, 

stepping, and reattaching of the trailing head (Figure 1.10B). An example of a motor that can 

process via the inchworm mode is dynein, which can actually walk using both gates, with a wide 

range of available step sizes [82]. 

 

 

Figure 1.10: Schematics showing the hand-over-hand (A) and inchworm (B) gates for molecular 

motors. 

 

 Because microtubules are geometrically polar, another method of categorizing motors is 

by their directionality. While all motors can move in both directions when subjected to enough 

force, each motor protein has a preferred direction of locomotion, toward either the microtubule 

plus-end or minus-end [83,84]. Most kinesins are plus-end-directed, with their motor domain on 

the heavy chain N-terminus. A small number of kinesins have their motor domain at the C-

terminus, however and are minus-end-directed [85,86]. Stranger still, Cut7, the S. pombe 

kinesin-5 (Eg5 homolog), can walk in both the plus- and minus-end directions [87,88]. On the 

other hand, dynein is a minus-end-directed motor that is well-conserved throughout eukarya 

[89]. The direction of motor stepping can be generally described as a biased random walk, with 

https://paperpile.com/c/dHe2Ie/JIYt+wnCt
https://paperpile.com/c/dHe2Ie/JIYt
https://paperpile.com/c/dHe2Ie/PK48
https://paperpile.com/c/dHe2Ie/xt07+ChoM
https://paperpile.com/c/dHe2Ie/22nz+a9bo
https://paperpile.com/c/dHe2Ie/z4k7+RG1V
https://paperpile.com/c/dHe2Ie/iLDH
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unequal forward and backward stepping rates. Essentially, motor stepping is a function of its 

free energy landscape. Therefore, the probabilities governing the frequency and direction of 

stepping are affected by factors that shape the motor’s free energy, such as its load and the 

local ATP concentration [90]. For example, kinesin-1 velocity along a microtubule increases with 

greater available ATP and lower load [91,92]. 

In order to transport cargo and slide filaments, motor proteins must generate force. The 

strengths of kinesins have been estimated using optical tweezer experiments, with a motor 

pulling either a trapped bead or a microtubule bound to the bead along a filament track. These 

tests reveal that single kinesin motors are capable of carrying piconewton-scale loads for 

hundreds of nanometers. The weight of a motor’s cargo does affect its mechanics, however, as 

motors carrying heavier loads have both shorter run lengths and lower processive velocities 

[75,91,93,94]. One available solution for transporting large cargo is to have a collection of 

motors working in concert, in which they can generate forces much greater than those produced 

by a single protein. This can be an effective strategy for the sliding of microtubules, since 

potential binding sites exist for the cargo domains of numerous motors along the length of the 

cargo microtubule [94]. While understanding the force production and motility of individual motor 

proteins provides insight into their mechanics at a molecular scale, the mitotic spindle is a 

complex environment with various unique and often competing motors, as well as dynamic 

arrangements of tracks and cargo. Here, teams of motors can not only generate significant 

forces to change and repair microtubule structures, but can in other cases work to stabilize 

these structures [13,75,95]. 

On the other hand, microtubule-bound non-motor MAPs are incapable of locomotion, but 

nonetheless serve many different functions in the cell. Some are adaptor proteins, allowing 

cargo to bind to motors whose cargo binding domain would otherwise be unsuitable or 

insufficient. For instance, in Chapter 3, we treat NuMA as a minus-end-directed force producer, 

even though it is not actually a motor. Rather NuMA is an adaptor protein, needed for the 

attachment of microtubule minus-ends to dynein’s cargo binding domain [95–97]. Other non-

motor MAPs function as static microtubule-microtubule crosslinkers, increasing the stiffness and 

dynamic stability of microtubule bundles or organizing them into more complex structures. An 

example of a static crosslinking MAP is Ase1, which is found in fission yeasts and discussed at 

greater length in Chapter 4 (Figure 1.13) [98,99]. 

With nearly all of my graduate research involving the study of microtubule bundles, the 

microtubule-bundling activities of MAPs are obviously of great interest to us (Figure 1.4). As 

mentioned above, this is an important function of many non-motor MAPs, however molecular 

https://paperpile.com/c/dHe2Ie/yJPK
https://paperpile.com/c/dHe2Ie/dLOS+PCkm
https://paperpile.com/c/dHe2Ie/dLOS+lQ0k+X7cF+ZsfA
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https://paperpile.com/c/dHe2Ie/JXyT+X7cF+8QPu
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motors can also crosslink microtubules, so long as they can bind tubulin to their cargo binding 

domains. In fact (spoilers), in Chapter 3 we show that, while primarily considered a force-

generator, the mammalian molecular motor Kif15 is essential to the maintenance of spindle 

structure as a crosslinker. Basically, crosslinkers, either alone or in multi-protein complexes, 

mechanically tether two neighbor microtubules together. In order for a single protein to tether 

two microtubules, it must have at least two tubulin binding domains. Non-motor crosslinkers do 

not directly contribute to force production along the spindle axis, since they cannot slide parallel 

microtubules. However, they can be instrumental in organizing and stabilizing the spindle. For 

example, by preferentially crosslinking antiparallel microtubules, PRC1 promotes the formation 

of the antiparallel overlapping spindle midzone [79,100,101]. While non-motor MAPs do not 

slide microtubules themselves, the architectures they help create can provide the opportunity for 

biased force production. In the case of PRC1, extensile forces are created in the antiparallel 

overlaps they help stabilize through the motor activity of kinesins, such as Eg5 and Kif15 

[100,102]. Contrarily, the fission yeast PRC1 homolog, Ase1, can counteract these forces, 

slowing spindle elongation [103,104]. 

 

1.5   Biological systems 

One of the very first and most important steps to any cell biology experiment is to select the 

appropriate model system. For cytoskeleton work, there exists a trove of well-studied options, 

spanning much of the tree of life. Each system has its own pros and cons, so choosing a model 

is about weighing these factors in the context of the goals and apparatus of the experiment. The 

two projects described in this thesis are based on two very different model organisms. A 

mammalian cell line, Ptk2, was used for the experiments discussed in Chapter 3 (Figure 1.12A), 

whereas the work in Chapter 4 was performed in members of the fission yeast family 

Schizosaccharomyces (Figure 1.15). 

 

1.5.1   Model system considerations 

One of the most important steps to any biological study is selecting an appropriate model 

system. Although this choice is at the discretion of the researcher, there are some important 

factors to consider. First, it is critical that the model matches the goals of the project. For 

example, while the two projects detailed later in Chapters 3 and 4 are both studies of spindle 

mechanics, consider the juxtaposition of the physics investigated with the systems used. In 

Chapter 3, we probe the significance of molecular motors and crosslinkers in spindle repair via 

poleward transport. The conceptual model for this mechanism, put forth by us and others, 

https://paperpile.com/c/dHe2Ie/pZmD+vsKL+mdwd
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implies a highly complex three-dimensional mammalian spindle, comprised of both dense 

microtubule bundles and a vast network of interdigitating single microtubules [13,14,95]. Here, 

we use the rat kangaroo kidney epithelial cells, Ptk2, as a model system. This cell line strikes a 

balance between being similar enough to human cells to be more medically relevant, well-

developed as a model system, and relatively easy to mechanically manipulate. In contrast, as a 

sole microtubule bundle, the mechanics of spindle repair following laser ablation would be 

fundamentally different in the one-dimensional fission yeast spindle, which we employ as our 

model system in the research discussed in Chapter 4, compared to mammalian cells. In those 

experiments, we explore the mechanical partnership between the mitotic spindle and the 

nuclear envelope. This study is made possible by the closed mitotic program executed by S. 

pombe. At the onset of mitosis in mammalian cells, the nuclear envelope breaks down 

completely [2]. It would therefore be impossible to study the mechanical impacts of the nuclear 

envelope on the spindle in mammalian cells, since it no longer exists during mitosis. 

Another crucial consideration in the selection of a model system is ease of use. 

Determining the usability of a system for a given project is rarely easy. For instance, some may 

be readily genetically tunable, but difficult to effectively manipulate chemically or mechanically, 

whereas others may respond better to chemical perturbations, and still others more easily 

physically manipulated. As discussed in more detail in the next subsection, while many available 

human cell lines are well-established in the literature and are, therefore, relatively easy to 

genetically and chemically manipulate, it would have been quite challenging to analyze the 

effects of mechanical perturbations in these cells, leading to our selection of the rat kangaroo 

Ptk2 cells as our mammalian model system. On the other hand, while physical manipulations of 

fIM (deer) cells would have not likely been greatly challenging, this is a relatively new model 

system for studying the spindle [20,105,106], meaning that chemical and especially genetic 

alterations would have presented a far greater challenge (Figure 1.12). 

In the experiments described in Chapter 4, we chemically perturb S. pombe by cerulenin 

(drug) treatment, yielding cells with increased nuclear envelope tension (Figures 4.4 and 4.6A). 

However, instead of employing similar chemical perturbations to produce cells with decreased 

nuclear envelope tension, we simply add another model system, S. japonicus, a phylogenetic 

relative of S. pombe, to our experiments [107,108]. A benefit of this approach is that we can 

explore structural and mechanical differences between the mitotic apparatuses between cells of 

the two species, without subjecting them to the stress of chemical perturbations, such as drug 

treatment. It also bypasses the long and arduous task of forming new strains by genetic 

alteration. 
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When expanding an experiment to incorporate numerous model systems, it is worth 

bearing in mind that this can open a whole new can of worms, especially if any of them are not 

yet well-established in the literature. In the case of S. japonicus, a model system that is both 

newer and less frequently studied than S. pombe, its mitotic apparatus and program have 

nonetheless been studied in some depth [109–111]. Much of this work was performed in the last 

decade by members of the Oliferenko Lab at the Francis Crick Institute and has focused on the 

morphological changes to the nuclear envelope during mitosis [107,112–114]. While their work 

has been immensely significant in both our selection and implementation of S. japonicus as one 

of our model systems, the results of our experiments suggest potential differences between the 

S. pombe and S. japonicus mitotic spindles. The basic spindle structure and dynamics of the S. 

pombe spindle was established long ago, through data from a number of imaging techniques 

[69,115,116]. As a model less discussed in the literature, there has been minimal similar 

research exploring the S. japonicus spindle. While this demands additional work from our lab, 

often using techniques with which we are fairly inexperienced, such as electron microscopy, it 

also presents the exciting opportunity to get in on the ground floor with characterizing the 

fundamental science of important biological structures and processes in a fresh model system. 

Altogether, there are many factors to ponder when selecting a model system for any cell 

biology project. Here, we have utilized very different models for projects with very different 

objectives, all with the throughline of exploring the structure and mechanics of microtubule 

bundles. Our selections represent choices we made, based on the goals, resources, and 

experience of our lab at the undertaking of these projects, but are by no means the only path we 

could have taken. For example, as challenging as it may prove, it could still be quite interesting 

and worthwhile to perform future experiments similar to those described in Chapter 3 with fIM or 

U2OS (human osteosarcoma) cells. 

 

1.5.2   Mammalian cell lines 

Overall, the goal of the project described in Chapter 3 is to examine the forces both promoting 

and antagonizing the cohesion of microtubule bundles and the mechanics through which the 

spindle is able self-repair. As a question of medical relevancy, it is optimal to select a model 

system in which the mitotic spindle has both structure and component parts similar to that of the 

human spindle. Also, it is vital that we be able to perturb the spindle, both mechanically and 

molecularly. This means that k-fibers must not be so sturdy that k-fiber ablation requires a laser 

power capable of frequently rupturing cells and that resources exist to readily perform molecular 

perturbations on cells, such as inhibiting proteins or labeling proteins of interest with 

https://paperpile.com/c/dHe2Ie/8axM+ErQd+3sgU
https://paperpile.com/c/dHe2Ie/a0Zj+6Exr+ESpY+5WgI
https://paperpile.com/c/dHe2Ie/eYyJ+ppCa+PAM5
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fluorophores. Finally, the data yielded from these experiments should make analysis as simple 

and reliable as possible. For example, the ability to easily distinguish spindle features from 

background and the rest of the spindle throughout videos greatly improves our analysis pipeline. 

In short, by weighing all of these considerations alongside the pros and cons of each potential 

model system, we selected the rat kangaroo kidney epithelial cell line, Ptk2, for our mammalian 

cell experiments. 

The selection of mammalian cells for biophysical research is one of choosing biological 

significance over physical simplicity. Essentially, the primary motivation for specifically studying 

mammalian cells is evolutionary proximity. Because structure and function are more similar for 

phylogenetically similar species and we are mammals (unless the reader is a drosophila or 

zebrafish), discoveries made using mammalian cells are often more directly relevant for future 

medical research and/or applications. For instance, many MAPs are conserved in various 

mammalian model systems, meaning that these models can be used for not only studying those 

proteins, but also for the design and development of targeted perturbation agents, such as 

small-molecule inhibitors [37,40]. 

In terms of the mitotic spindle, mammalian spindles all follow the same general 

principles for structure and function. Mammalian cells all undergo open mitosis, with the 

complete dissolution of the nuclear envelope in early mitosis [2]. Microtubule minus ends are 

focused at the centrosomes, serving as the spindle's two geometric poles. DNA is condensed 

into chromosomes, which are later captured by microtubule bundles, called k-fibers, at 

chromosome-microtubule interface protein structures, called kinetochores. The cell’s 

chromosomes are then aligned at the metaphase plate, halfway between the two spindle poles. 

Subsequently, the chromosomes separate, the k-fibers shorten, and the cell’s DNA is 

segregated into what will become two daughter nuclei [2]. Finally, the actomyosin contractile 

ring divides the cell itself in two, completing mitosis and cytokinesis [3]. 

 

https://paperpile.com/c/dHe2Ie/pqTO+8IUM
https://paperpile.com/c/dHe2Ie/hGys
https://paperpile.com/c/dHe2Ie/hGys
https://paperpile.com/c/dHe2Ie/9a2q
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Figure 1.11: Schematic of a mammalian spindle at the five stages of mitosis. 

 

Although the general mitotic processes and machinery are conserved across 

mammalian species, different cells face different challenges nonetheless. For instance, normal 

human cells must divide 2N=46 chromosomes during mitosis [26], whereas Ptk2 cells typically 

contain 2N=12/13/14 chromosomes during cell division [117]. For these two cell types, 

chromosome number is not necessarily indicative of a difference in DNA content, but rather in 

DNA organization, with Ptk2 cells housing larger chromosomes (Figure 1.6). This is especially 

apparent when juxtaposing either of these cell types with fIM cells, which divide 2N=6 

chromosomes (Figure 1.6B) [105]. Furthermore, cancerous human cells, such as U2OS cells, 

are often highly polyploidal, containing far more DNA than healthy cells and, therefore, must 

divide many more chromosomes than the usual 46 (Figure 1.6C). These stark differences 

between chromosome size and number present the spindles of various species with different 

challenges and constraints. This is evident by comparing the tubulin distributions in the three 

aforementioned cell types. Whereas k-fibers are so thin and numerous that they can be almost 

hard to resolve in U2OS cells (using fluorescence microscopy), fIM k-fibers are bright and thick, 

while Ptk2 k-fibers appear to be structurally intermediate of the other two (Figure 1.6). 

Differences in spindle architecture and responsibilities between these cell lines, suggest that 

comparisons of microtubule bundle structure and dynamics across mammalian species may 

prove a valuable avenue of future investigation. 

 

https://paperpile.com/c/dHe2Ie/w9Sn
https://paperpile.com/c/dHe2Ie/0gJH
https://paperpile.com/c/dHe2Ie/faj6
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Figure 1.12: Spindles of different cell lines used for researching mammalian mitosis, including 

Ptk2 (Potorous tridactylus) (A), fIM (Muntiacus muntjak) (B), and U2OS (Homo sapiens) (C). 

Images adapted from Drpic et al. (2018) [20] (B) and Novak et al. (2018) [21] (C). Picture of 

Mike Begley (C) courtesy of Matthew Begley. Photographs of the other two animals (A and B) 

from Wikipedia. 

 

For the purposes of the project discussed in Chapter 3 however, we plan to compare 

spindle response to mechanical and molecular perturbations, while maintaining consistency in 

our cell type. This means we must thoughtfully select a single model system that can both be 

easily manipulated using our methodology and produce reasonably analyzable data. Compared 

https://paperpile.com/c/dHe2Ie/p1ya
https://paperpile.com/c/dHe2Ie/aO6G
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to the two other mammalian cell lines stored in our lab, Ptk2 cells presented us with the ability to 

consistently laser ablate readily resolvable k-fibers. The apparently thicker k-fibers of fIM 

spindles would have likely required a higher ablation laser power for predictable severance, 

making successful ablation far less reliable, with more incomplete k-fiber cuts and ruptured 

cells. Additionally, Ptk2 cells have a more developed genetic toolkit for perturbations such as 

RNAi than fIM cells [118]. 

The human osteosarcoma cell line, U2OS, certainly represents a more medically 

relevant system than the rat kangaroo kidney epithelial line, Ptk2 [119]. Unfortunately, these 

cells would very likely complicate our mammalian experiments greatly. Primarily, it was 

impossible to track microtubule bundles in Ptk2 cells, in many of the videos collected. Therefore, 

tracking the thinner individual k-fibers and ablated k-fiber stubs in much more crowded U2OS 

spindles seemed unreasonably challenging (Figure 1.6C). Furthermore, it may also prove 

challenging to observe changes to the coherence of bundles in these cells, based on their 

reduced thickness. Laser ablations of microtubule bundles in both U2OS and fIM cells, while 

certainly more challenging, may still be worthwhile and could provide additional insight into 

mitotic spindle structure and mechanics. 

The donor of our selected mammalian model is the long-nosed potoroo, Potorous 

tridactylus, a member of the rat kangaroo family. These little ~1kg marsupials are designated as 

‘vulnerable’ by the Australian Government and are found in the dense forests on Australia’s 

south-eastern coast (https://www.dcceew.gov.au/). The Ptk2 cell line itself was developed from 

the kidney epithelium of a male potoroo [117] and has since become a staple for mammalian 

mitosis research [72,120–122]. For our mammalian work, we use wild-type Ptk2 cells and Ptk2 

cells stably expressing GFP-α-tubulin (both a gift of Sophie Dumont, UCSF). 

 

1.5.3   Fission yeasts 

The selection of fission yeasts over mammalian cells as a model for mitosis is one of choosing 

physical simplicity over medical relevance. The initial purpose behind this selection was to 

reduce the spindle’s dimensionality and number of components, for a more fundamental 

investigation of some of the structural and dynamic characteristics revealed in the ablation 

experiments performed in Ptk2 cells. Whereas the mammalian spindle is a three-dimensional 

structure, the fission yeast spindle is essentially one-dimensional, consisting of a single 

microtubule bundle [69]. The absence of other spindle microtubules, both individual and 

bundled, not only limits the complexity of force generation, but also ensures that specific spindle 

features remain readily resolvable and do not get lost in the crowd, as they often do when 

https://paperpile.com/c/dHe2Ie/fBRf
https://paperpile.com/c/dHe2Ie/XkJ0
https://www.dcceew.gov.au/
https://paperpile.com/c/dHe2Ie/0gJH
https://paperpile.com/c/dHe2Ie/aYMl+fg9E+9vuk+TB4V
https://paperpile.com/c/dHe2Ie/eYyJ
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moving through dense microtubule networks. This makes tracking the splaying and repair of 

ablated bundles much easier. Furthermore, the simplicity of the spindle means greater 

uniformity in structure and predictability in ablation response, across cells of the same species 

and molecular conditions, compared to that of mammalian cells. Altogether, spindle ablation 

videos in fission yeasts are both easier to process and more often usable than those of 

ablations in mammalian spindles. 

On the other hand, the differences between mitotic machinery and progression between 

yeasts and mammalian cells are stark. Aside from differences in the architectural complexity of 

the spindle, cells from the two kingdoms have two different sets of proteins. While both rely on 

tubulin as the primary spindle building blocks, they synthesize and employ unique microtubule-

associated proteins (MAPs). Although many yeast MAPs have mammalian homologs and vice 

versa, this nonetheless raises an important caveat to any generalization of MAP function in 

yeasts to mammalian cells. For instance, in the work discussed in Chapter 4, we explore the 

effects of the deletion of Ase1, a yeast homolog of the mammalian PRC1 [98], on yeast spindle 

structure and mechanics (Figure 1.13). While we can use these results to postulate as to the 

roles of static microtubule crosslinkers in microtubule bundles, in both cell types, verification by 

PRC1 perturbation in mammalian spindles would be needed before extending conclusions 

about Ase1 function in yeasts to PRC1 in mammals. 

 

 

Figure 1.13: Diagrams showing the localization of Ase1 in a model fission yeast spindle (A) and 

PRC1 in a model mammalian spindle (B). Reproduced from Thomas, Ismael, and Moore (2020) 

(A) and Polak et al. (2017) (B) [104,123]. 

 

Another big difference between mammalian and yeast mitosis is in the structure of the 

nucleus. As described in the previous subsection, mammalian nuclei divide through a process 

called open mitosis where the nuclear envelope disassembles in early mitosis and the spindle 

https://paperpile.com/c/dHe2Ie/cjz9
https://paperpile.com/c/dHe2Ie/u7sX+qf5z
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operates in the cytoplasm (Figure 1.14A). On the other hand, the fission yeast S. pombe 

undergoes closed mitosis, in which tubulin is pumped into the nucleus and spindle construction 

occurs in the cell’s nucleoplasm (Figure 1.14B). Closed mitosis, in its entirety, is completed 

within the nuclear envelope, terminating with the pinching of the center of the nuclear envelope 

to create two closed daughter nuclei [111]. Still yet, Schizosaccharomyces japonicus, an 

evolutionary cousin of S. pombe, completes nuclear division via a third procedure, known as 

semi-open mitosis (Figure 1.14C). Semi-open mitosis is generally similar to closed mitosis, 

minus the requirement of maintaining completeness of the nuclear envelope throughout. Here, 

the envelope can puncture and tear without disrupting the cell’s mitotic progression [107,108]. 

The exact causes of nuclear envelope breakdown in semi-open mitosis, as well as the reasons 

for the two Schizosaccharomyces species to follow different mitotic rules, remain unclear and 

are discussed and investigated further in Chapter 4. There, we explore the differences in spindle 

forces between the two species, in order to uncover the nature of the mechanical relationship 

between the spindle and nuclear envelope in fission yeasts. While the extension of the 

understanding gained in those experiments to mammalian (open) mitosis is limited, future 

experiments could yield significant insight into the physical properties and growth/repair 

mechanisms of the nuclear envelope more broadly. 

 

 

Figure 1.14: In open mitosis (A), the nuclear envelope dissolves and mitosis is completed in the 

cytoplasm, whereas a complete nuclear envelope is preserved throughout in closed mitosis (B). 

Semi-open mitosis (C) is generally similar to closed mitosis, but without the requirement for 

nuclear envelope enclosure. 

 

Most of the data presented in Chapter 4 was collected using the fission yeast model S. 

pombe (Figure 1.15A). Fellow beer-lovers will appreciate the application of fission yeasts, 

including S. pombe, in fermentation, however the more commonly utilized species in food and 

beverage production is the budding yeast Saccharomyces cerevisiae [124–126]. For this 

reason, S. cerevisiae was first to gain traction as a well-studied model organism among yeasts, 

however the study of S. pombe began to pick up through the second half of the twentieth 

https://paperpile.com/c/dHe2Ie/3sgU
https://paperpile.com/c/dHe2Ie/ROhY+a0Zj
https://paperpile.com/c/dHe2Ie/4Uqk+AenJ+m0Zi
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century. It garnered interest as a model for cell cycle progression, due to the predictable 

physical changes of individual cells as they aged, and two decades ago S. pombe became just 

the sixth eukaryote to have its complete 13.8Mb genome sequenced [124,127]. Knowing the full 

genome provides a deep understanding of the species’ proteome and greatly accelerates 

genetic manipulations and strain development, making S. pombe an excellent choice for 

experiments in fission yeasts. 

While not as widely-used as S. pombe, the fission yeast S. japonicus has gained traction 

as a model organism in recent years (Figure 1.15B). Broadly, S. japonicus is similar to its fission 

yeast cousin S. pombe, however there are some important differences between the two that 

researchers must keep in mind. Important to our research are the differences to mitotic 

procedure discussed previously, but equally as disparate are the collective organizations and 

growths of cultures. Namely, S. japonicus is able to transition from a unicellular colony to 

multicellular hyphae, in response to environmental cues, such as stress or resource availability 

[128,129]. Compared to unicellular S. japonicus, cells in the hyphal growth mode are longer and 

asymmetric, with one end of the cell highly vacuolated. Therefore, mitosis in hyphal cells is also 

asymmetric. In this case, cell division is directional, with one daughter cell inheriting the large 

vacuoles and the other inheriting the growing hyphal tip [128]. Due to the enormous structural 

differences between yeast and hyphal S. japonicus, it is important that all cells in our samples 

be of the unicellular yeast form. Treacherously, the switch to hyphal growth can be triggered by 

nothing more than periodic changes in light and temperature [130]. It is therefore recommended 

that S. japonicus cultures be kept at constant lighting and temperature for best results. 

 

 

Figure 1.15: Examples of S. pombe (A) and S. japonicus (B) mitotic spindles.  

https://paperpile.com/c/dHe2Ie/4Uqk+Nw7a
https://paperpile.com/c/dHe2Ie/4uSh+qDqZ
https://paperpile.com/c/dHe2Ie/4uSh
https://paperpile.com/c/dHe2Ie/KbFY
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Chapter 2 

Methods 

 

2.1   Biological techniques for mammalian cell culture 

 

2.1.1   Cell culture 

Wild type Ptk2 cells and Ptk2 cells stably expressing GFP-α-tubulin (both a gift of Sophie 

Dumont, UCSF) were cultured in MEM (Genesee 25-504 or Fisher 11095080) supplemented 

with non-essential amino acids (Genesee 25-536), sodium pyruvate (Genesee 25-537), 

penicillin/streptomycin (Genesee 25-512), and heat-inactivated fetal bovine serum (Genesee 

25-514H) (Figure 2.1A). For live cell imaging, cells were plated in 9.6 cm2 glass-bottom dishes 

treated with poly-D-lysine (MatTek P35GC-1.5-14-C) in 2 mL of MEM-complete (described 

above) and left in an incubator at 37oC and 5% CO2 until time for imaging (Figure 2.1B). All live 

cell imaging was conducted on a closed stagetop incubator (Okolab), which maintains 

conditions of 30oC, 5% CO2 and humidity (Figure 2.1C). For immunofluorescence experiments, 

cells were plated on #1.5 25 mm coverslips (HCl cleaned and treated with poly-L-lysine) in a 6-

well plate. 
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Figure 2.1: (A) Flasks of Ptk2 cells cultured in MEM-complete. (B) Image of the mammalian cell 

culture hood and incubators. (C) Picture of a glass-bottom dish used for imaging mammalian 

cells (green arrow) in the stagetop incubator. A probe, used to monitor the temperature, CO2 

levels, and humidity inside the stagetop incubator, is placed in the dish on the right side of the 

incubator (purple arrow) containing 2 mL dH20. 

 

2.1.2   Treatment with small molecule inhibitors 

We found that effective dosages for small molecule inhibitors KIF15-IN-1 and GW108X varied 

somewhat between batches, and so we screened each new batch for the minimum effective 

dose where we could observe a phenotype. For treatment with KIF15-IN-1 (Apex Bio), inhibitor 

was added to plated cells at a final concentration 12.5-50 μM (from 5-10mM stock in DMSO) 

and imaging was performed 1-3 hours after treatment. For treatment with GW108X (custom 

synthesis as previously described [131]), inhibitor was added to plated cells at a final 

concentration 25-100 μM (from 10mM stock in DMSO) and imaging was performed within 1 

hour of treatment. For treatment with S-trityl-L-cysteine (STLC) (Sigma-Aldrich 164739-5G), 

inhibitor was added to plated cells at a final concentration 5 μM (from 20mM stock in DMSO) 

and imaging was performed within 1 hour of treatment. For treatment with nocodazole 

(MilliporeSigma 48-792-910MG), inhibitor was added to plated cells at a final concentration 20-

40 nM (from 2 mM stock in DMSO) and imaging was performed within 1 hour of treatment. 

Using these conditions, morphological signs of inhibition were detectable in the presence of all 

inhibitors. In the case of KIF15-inhibition such signs included shortened spindles (Figure 2.2). In 

the case of both GW108X and KIF15-IN-1, we also observed qualitative increases in the 

https://paperpile.com/c/dHe2Ie/Cbig
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number of non-bioriented chromosomes and of k-fibers that were not fully integrated into poles. 

However, for these studies, we selected spindles that were as morphologically normal as 

possible. In the case of STLC, we observed many monopolar spindles, although we selected 

bipolar spindles (which had presumably formed before addition of inhibitor) for these studies. In 

the case of nocodazole, similar to Ki15-inhibition, we verified inhibition using morphological 

changes in spindle structure, particularly shortened spindles. 

 

 

Figure 2.2: Inhibition of microtubule polymerization (by nocodazole), of Eg5 (by STLC), and of 

Kif15 (by KIF15-IN-1 and GW108X) all result in shortened spindles, whereas NuMA siRNA 

spindles are normal in length. Shaded regions represent average +/- standard error on the 

mean and numbers at the top of the plot represent p-values. 

 

 For those wishing to perform similar treatments in the future, it is vital to take thoroughly 

detailed notes and standardize your protocol as much as possible. Unfortunately, this was a 

lesson I had to learn the hard way. Due to the COVID-19 pandemic, more than a year passed 

between when I finished collecting the first half of the data from Kif15-inhibited cells and when I 

began collecting the remainder of this data. Initially, the results of this new data did not remotely 

align with our previous results. I worked on (and worried about) deciphering the source of this 

inconsistency for many months before finally concluding that there were a couple of issues in 
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my experimental methods and apparatus, including the deterioration of the cartridge in our 

micropoint ablation laser. The main source of incongruency, however, was the pipetting pattern 

used to mix the drug in media during treatment. Specifically, after the long pandemic-induced 

break from experiments, I had unknowingly changed the pattern I used to mix the inhibitor, 

something I had not thought worthy of noting in the protocol. Even though both mixing patterns 

should have worked equally well in theory, about three times as much drug was required, using 

my post-pandemic method, to produce the same effect in cells. Furthermore, even these very 

minor inconsistencies in the method made it more difficult to evaluate any potential changes in 

other aspects of the experiment, such as difference in efficiency between batches of drug. 

Eventually, this difference in mixing was discovered and we were able to reproduce the drug-

induced behavior we previously observed, although at a great time and energy cost. In short, 

this unfortunate episode should serve as a cautionary tale to myself and other performing work 

of this nature in the future. 

 

2.1.3   Transfections & siRNA 

For NuMA siRNA experiments, GFP-α-tubulin expressing Ptk2 cells were transfected with 

siRNA for NuMA as previously described [14,118]. The sequence for our siNuMA was 5’-

GCATAAAGCGGAGACUAAA-3’, designed based on the Ptk2 transcriptome, and 

Oligofectamine (Invitrogen 12252-011) was used for transfection reagent [14,118]. Transfected 

plates were either fixed or imaged live 48-96 hr following treatment, with most experiments 

conducted on the third day after transfection. We verified knockdown by observing NuMA 

expression and localization in fixed cells via immunofluorescence assay (Figure 2.3). In live 

cells, we also frequently observed spindle abnormalities, such as splayed or multiple poles, 

further verifying successful NuMA knockdown. However, we chose cells with bipolar spindles for 

ablation experiments, in order to focus on a direct effect of NuMA rather than effects of 

perturbing overall spindle architecture. 

 

https://paperpile.com/c/dHe2Ie/fBRf+xFVn
https://paperpile.com/c/dHe2Ie/fBRf+xFVn
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Figure 2.3: In immunofluorescence experiments, NuMA siRNA reduces NuMA k-fiber 

localization, particularly near the poles. All scalebars are 5 μm. While this example shows a 

bipolar spindle, typical of those that we use for ablation experiments, we also saw many 

spindles with splayed poles or multipolar spindles when we treated with siRNA for NuMA. 

 

 For timelapse imaging of post-ablation NuMA recruitment in Kif15-inhibited cells, plates 

were cotransfected with mCherry-tubulin (human α-tubulin in pmCherry-C1, Takara Bio Inc; 

constructed by Michael Davison; gift of Sophie Dumont) and GFP-NuMA (human NuMA in 

pEGFP-N1, Takara Bio Inc.; constructed by Duane Compton group, [132]; gift of Sophie 

Dumont) 48-96 hr prior to imaging live, using ViaFect Transfection Reagent (Promega) [95]. 

Before imaging, cells were treated with either Kif15-IN-1 or GW108X as described in the section 

“Treatment with small molecule inhibitors.” Imaging procedures and conditions are outlined in 

the section “Live cell imaging and laser ablation.” Here, we used 240 ms exposures for both the 

488 nm (GFP) and 561 nm (mCherry) diode lasers. Ablations were performed in spindles 

https://paperpile.com/c/dHe2Ie/OoQf
https://paperpile.com/c/dHe2Ie/JXyT


33 

strongly expressing GFP at their poles and whose morphology suggested successful Kif15 

inhibition, as detailed in the section “Treatment with small molecule inhibitors.” 

 

2.1.4   Immunofluorescence 

Immunofluorescence was used to verify knockdown by siRNA of NuMA. For fixation, cells were 

treated for three minutes with a solution of 95% methanol and 4.8mM EGTA. The following 

antibodies were used for these experiments: mouse anti-α-tubulin DM1α (1:500, Invitrogen 

62204), rabbit anti-NuMA (1:400, Novus Biologicals NB500-174SS), human anti-centromere 

protein (CREST; 1:25, Antibodies Inc 15-234) (stained but not shown), fluorescent secondary 

antibodies (1:500, Invitrogen), and Hoechst 33342 (Invitrogen H3570). Coverslips were 

mounted on slides using Prolong Gold. Following fixation, cells were imaged using the confocal 

fluorescence microscope described below. For verifying knockdown, identical conditions (for 

fixation, staining, and imaging) were used to compare knockdown and control cells. 

 

2.2 Biological techniques for yeast cell culture 

 

2.2.1   Cell culture 

For all experiments involving yeasts, cells were taken from stocks of stable strains and no new 

strains were created for use in the work described here. For long-term storage, all yeast stocks 

consisted of cells suspended in YE5S liquid media with 25% glycerol and were kept at -80oC. 

The first step in preparing cultures for any experiment, is to scrape cells from the top of the 

frozen stock, using a sterile loop, and streak them onto YE5S agar plates. These plates are 

incubated at 25oC for 2-3 days, until the plate contains readily visible colonies. Once the plate 

shows ample colony growth, it is removed from the incubator and left on the benchtop to reduce 

proliferation. After cells are thawed, they will remain experiment-ready for approximately 1-2 

weeks. Because of the frequency with which new cells must be thawed and the requisite 

incubation duration for new colony growth, plates are typically streaked weekly on Fridays. 

The afternoon prior to imaging, cells are plucked from the plate with a sterile loop and 

swirled in glass tubes containing 3-5 mL YE5S liquid media. These tubes are then placed in the 

rotator inside the incubator and left overnight to grow. For the experiments described here, it is 

not critical that all cells be from the same single colony, although more care is required when 

collecting cells for more genetically sensitive work. The following morning, liquid cultures are 

measured for cell growth using the spectrophotometer. For the work detailed in this report, our 

target optical density at 595 nm (OD595) is 0.1-0.2 to maximize presence of dividing cells. If 
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cultures have grown beyond this point, dilutions should be made and placed back on the rotator 

for at least 1 hour to allow for cells to stabilize and resume growth. If cell growth is already 

optimal, samples may be prepared for imaging. 

 

2.2.2   Sample preparation 

Prior to imaging, samples were placed onto gelatin pads on microscope glass slides. For gelatin 

pads, 125 mg gelatin was added to 500 μL EMM5S and heated, in a tabletop dry heat bath at 

90oC for at least 20 min. A small sample volume (~5 μL) of the gelatin mixture was pipetted onto 

each slide, covered with a coverslip, and given a minimum of 30 min to solidify. For each 

microscope slide, 1 mL volume of cells suspended in YE5S liquid growth media were 

centrifuged (enough to see a pellet), using a tabletop centrifuge. Nearly all the supernatant was 

decanted and the cells were resuspended in the remaining supernatant. Next, 2 μL of 

resuspended cells were pipetted onto the center of the gelatin pad, which was immediately 

covered with a cover slip. Finally, the coverslip is sealed using VALAP (1:1:1: 

Vaseline:lanolin:paraffin). All samples, sealed between the gelatin pads and coverslips, were 

imaged at room temperature (~22oC). 

 

2.2.3   Drug treatment 

As a method of increasing nuclear envelope tension in S. pombe and S. japonicus, cells were 

treated with 1mM cerulenin (Figure 2.4). Cerulenin is a fatty acid synthesis inhibitor that 

prevents the addition of phospholipids to the nuclear envelope during nuclear envelope 

expansion and shape change [107,133]. In S. pombe, cerulenin treatment has previously been 

shown to greatly increase nuclear envelope tension, which itself can lead to bending in 

anaphase spindles (Figures 4.4 and 4.6A) [107]. Here, we treat cells with 1mM cerulenin 

dissolved in dimethyl sulfoxide (DMSO). Some of the data presented in Chapter 4 was collected 

from cells treated with 1mM cerulenin mistakenly dissolved in EMM liquid media. This led to 

visibly grainy drug aliquots with powdered cerulenin that appeared to fail to properly dissolve. A 

qualitative high-throughput screening comparing spindle shape in S. pombe treated with drug 

from both solutions showed no significant difference between DMSO and EMM aliquots in the 

promotion of spindle curvature. Due to the ease with which cerulenin dissolves in solution with 

DMSO, this is our recommendation for making aliquots. After pipetting cerulenin into the liquid 

culture, it is placed back on the rotator (see Subsection 2.2.1) and allowed to incubate for at 

least 1 hour. While cerulenin treatment seems to cause cell health to deteriorate slowly, it is still 

recommended to image cells within 4 hours of treatment to reliably find cells healthy enough to 

https://paperpile.com/c/dHe2Ie/2fe3+a0Zj
https://paperpile.com/c/dHe2Ie/a0Zj
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attempt mitosis. Following incubation, cells can be collected and samples prepared, as 

described in the previous subsection. 

 

 

Figure 2.4: Diagram of the chemical structure of cerulenin (C12H17NO3). Image from PubChem 

(CID: 5282054). 

 

2.3   Microscopy 

 

2.3.1   Spinning disk confocal microscopy 

The cornerstone of my graduate work is the physical manipulation of microtubule bundles in live 

cells. To this end, the most significant component of my experimental apparatus is our 

microscope and its accouterments. Imaging cellular structures in living cells, however, presents 

a couple of unique challenges. Optical microscopy is relatively non-invasive and allows for 

imaging living cells, which is why we have chosen it for our experiments. Unfortunately, optical 

microscopy does not provide the resolution needed to observe cellular structures in any detail, 

due to the diffraction limit of light. Furthermore, many high-resolution imaging techniques, such 

as electron microscopy or atomic force microscopy, require sample fixation and cannot 

therefore be used to observe dynamic processes in vivo. We constructively address these 

problems via the use of fluorescence microscopy, confocal microscopy, and a pair of spinning 

disks. 

Whereas traditional optical transmission microscopy can only resolve objects greater 

than the diffraction limit of the transmitted light, objects as small as individual proteins can be 

seen using a fluorescence microscope [134,135]. This is due to the “tagging” (binding) of 

individual proteins, in our case tubulin, with a fluorescent protein, also called a fluorophore. The 

fluorophores themselves operate on the photoelectric effect. When a ground state fluorescent 

molecule absorbs a photon whose energy corresponds to a difference in energy between the 

molecule’s quantum states, it becomes excited. Subsequently, the molecule transitions from 

higher to lower energy states, it emits photons whose energy matches the gap between the 

excited and relaxed states (Figure 2.5). Referencing the excitation and emission spectra of the 

https://paperpile.com/c/dHe2Ie/0Xcf+0vAx
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fluorophore, the wavelength of the excitation laser can be set to the fluorophore’s peak 

excitation wavelength and the microscope’s photomultiplier or other detector can be set to 

collect only photons with a wavelength equal to the fluorophore’s peak emission wavelength. 

With this configuration, fluorescence is induced in only the tagged protein and emitted light from 

all other objects is discarded, with the exception of autofluorescence of the same wavelength 

[135]. 

 

 

Figure 2.5: Example energy diagram showing the changes in the energy state of a hypothetical 

fluorophore. First, its energy increases as it absorbs a photon of the right wavelength (blue 

arrow). It then loses energy through changes in its outer electron’s rotation and vibration 

(squiggly arrow). Finally, the fluorophore emits a photon as it returns to its ground state energy 

(green arrow). 

 

 For most fluorescence microscopy presented in this thesis, proteins of interest were 

tagged with green fluorescent protein (GFP). First extracted from bioluminescent jellyfish, it has 

become one of the most commonly-used fluorophores in cell biology research [134,136]. It has 

a peak excitation wavelength of 488 nm and a peak emission wavelength of 507 nm, meaning 

that GFP appears green, when bombarded with blue light. Because GFP absorbs very little light 

at 551 nm, the wavelength of the dye commonly used in our micropoint ablation laser, we can 

ablate GFP-tagged structures without incurring much photobleaching (Figure 2.6A). Additionally, 

another fluorophore, mCherry, was used in some experiments (Figure 2.6B). 

 

https://paperpile.com/c/dHe2Ie/0vAx
https://paperpile.com/c/dHe2Ie/EoU3+0Xcf
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Figure 2.6: Normalized excitation and emission spectra for the fluorophores EGFP (A) and 

mCherry (B). Data and graphs from FPbase. 

 

We obtain even greater resolution, beyond that of fluorescence microscopy alone, using 

confocal microscopy. Compared to conventional widefield fluorescence microscopy, in which 

the entire sample is illuminated and imaged simultaneously, a confocal microscope focuses light 

from the excitation laser through a pinhole to a single point in the sample and then focuses the 

emitted light back through another pinhole (Figure 2.7A), both lessening the photobleaching of 

fluorophores over the course of imaging and reducing emission signal from objects outside the 

focal plane of the microscope. However, by only capturing light from a tiny region, a confocal 

microscope must scan the sample, repeating this process until the entire sample has been 

imaged [137]. Therefore, a simple confocal microscope is insufficient for imaging dynamic 

bodies, such as microtubule structures in vivo, as valuable temporal resolution is lost during the 

time required to scan the full sample. An elegant solution to the temporal resolution challenge of 

collecting in vivo videos using a confocal microscope can be solved with the implementation of a 

spinning disk. Rather than progressively scanning one small region at a time, as does a 

conventional confocal microscope, the excitation laser of a spinning disk microscope remains 

stationary, similar to that of a widefield microscope. Instead, the microscope includes a disk 

dotted with pinholes (Figure 2.7B), capable of capturing the intensities of many regions of the 

sample at once, that rotates rapidly, reducing the time required to collect a single frame to the 

order of milliseconds [138]. 

https://paperpile.com/c/dHe2Ie/Iw2W
https://paperpile.com/c/dHe2Ie/5G86
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Figure 2.7: Schematic representations of a confocal microscope (A) and a spinning disk 

confocal microscope (B). Reproduced from Nakano (2002) [138]. 

 

 Altogether, the mechanism of our spinning disk confocal fluorescence microscope 

provides it the ability to track the dynamic components of complex cellular structures without 

sacrificing much needed spatial resolution. Specifically, our base system is a Nikon Ti-E stand 

on an Andor Dragonfly spinning disk confocal fluorescence microscope; spinning disk dichroic 

Chroma ZT405/488/561/640rpc; 488 nm (50 mW) diode laser (240 ms exposures) with Borealis 

attachment (Andor); emission filter Chroma Chroma ET525/50m; and an Andor iXon3 camera. 

Imaging was performed with a 100x 1.45 Ph3 Nikon objective and a 1.5x magnifier (built-in to 

the Dragonfly system) (Figure 2.8). Instruments added to the microscope include a Mosaic, 

magnetic tweezers (added later), and a micropoint ablation laser, which is the more important 

tool for the research described in this thesis. 

 

https://paperpile.com/c/dHe2Ie/5G86
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Figure 2.8: Images of the microscopy apparatus, including the base microscope stand (A) and 

its spinning lens and pinhole and disks (B), used to collect all images and videos for the 

experiments described in this thesis. 

 

2.3.2   Laser ablation 

A useful method of probing the mechanics of cellular structures, like the mitotic spindle, in real 

time is through physical perturbation. More precisely, we use the laser ablation of biological 

polymers to investigate their underlying physical characteristics. Similar to the way one can 

estimate the tension stored in a stretched rubber band by cutting it and watching its subsequent 

relaxation, we sever microtubule bundles and track the post-ablation behaviors of the ablated 

halves. This approach to studying the mechanics of tubulin structures is quite challenging, but 

can still be found throughout the literature, applied in numerous settings [139–144]. While laser 

ablation is an excellent tool for performing mechanical perturbations in cells, it is not without its 

limitations. 

 For starters, laser ablation is a fundamentally indiscriminately destructive process. In 

short, a single location in the sample is bombarded with photons from a pulsed laser, rapidly 

heating the nearby material, and vaporizing everything within a small focal volume [145]. 

Therefore, we cannot always assume that we simply cut our target structure, but rather that 

https://paperpile.com/c/dHe2Ie/PZQ1+f712+JFcb+FiQn+Cybw+Askc
https://paperpile.com/c/dHe2Ie/kXmf
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everything within some volume containing the cut has been destroyed. Fortunately, it has been 

shown that this focal volume is relatively small on a cellular scale [141]. Because the size of the 

incinerated region depends on the energy delivered, its volume is likely somewhat variable, 

since the laser power needed to ablate microtubule bundles is not consistent across 

experiments or even across different cells. Ablations performed in the experiments described 

here were typically performed with a laser power greater than the minimum required for 

severance and, therefore, it can be assumed that objects very close to the target are also 

destroyed (Figure 2.9). Again, since laser ablation of microtubule bundles has been shown to 

impact very little else in the cell [141], we can assume that these perturbations do not 

significantly alter other cellular processes. 

 

 

Figure 2.9: When a structure is ablated, all objects in the focal volume (orange circle) are 

incinerated. Here, a microtubule bundle is severed and molecules in the nearby cytoplasm are 

also destroyed. 

 

 Sadly, the narrow focusing of laser light necessary for the severance of microtubule 

bundles means that the shutter on the camera must close while the ablation laser pulses, which 

typically lasts about 3s, in order to prevent irreparable damage to the camera. Therefore, we are 

unable to record the first moments immediately following ablation. Fortunately, while there is 

typically some movement of severed bundles due to ablation before the camera can resume 

recording, this change is not usually substantial, meaning that little data is lost. 

 Furthermore, when light from the ablation laser excites fluorophores, significant 

photobleaching can occur. For this reason, it is important to ensure that the correct fluorophore 

is used in the experiment, as a fluorophore with a higher probability of excitation for photons of 

the ablation laser wavelength will bleach at a greater rate. Our ablation laser uses 551nm laser 

dye, meaning that GFP incurs relatively little bleaching during ablation and videos of samples 

with GFP maintain good brightness and contrast long after ablation. On the other hand, samples 

containing mCherry lose much of their fluorescence from exposure to the ablation laser (Figures 

https://paperpile.com/c/dHe2Ie/JFcb
https://paperpile.com/c/dHe2Ie/JFcb
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2.6 and 2.10). Therefore, nearly all ablation videos collected were done with GFP-tagged 

proteins. 

 

 

Figure 2.10: Frames showing the difference in the loss of local fluorescence following ablation 

between GFP-tubulin Ptk2 cells (A) and mCh-tubulin Ptk2 cells (B).  

 

 Specifically, all live-cell imaging and laser ablations experiments were performed similar 

to those described previously [13,14,19,76].using an Andor Micropoint attachment with galvo-

controlled steering to deliver 20-30 3 ns pulses at 20 Hz of 551 nm light (Figure 2.11). Andor 

Fusion software was used to control acquisition and Andor IQ software was used to 

simultaneously control the laser ablation system. Frames were collected every 0.3-4.0 s for up 

to ~4 minutes after ablation. 

 

https://paperpile.com/c/dHe2Ie/xFVn+8QPu+PSMfa+WzbA
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Figure 2.11: Images of micropoint ablation laser (bottom) and ablation laser lightpath (top). 

 

2.4   Data analysis 

We began both the projects described in chapters 3 and 4 by comparing the dynamics of 

ablated bundles in molecularly unperturbed (control) cells. We examined the relationship 

between just about all the different measurables we could think of, creating many scatterplots, 

with the goal of identifying any correlations between spindle/bundle pre-ablation structure and 

spindle/bundle post-ablation dynamics. Leading off our experiments with a thorough analysis of 

control data both prevented us from chasing narrow hypotheses too early and informed our 

selections of molecular perturbation experiments. For instance, finding a relationship between 

splaying and poleward transport in ablated Ptk2 k-fiber stubs (Figure 3.6) suggested that 

valuable insight could be gained by performing the same experiments in cells with altered motor 

activity. 

 Another way we determined which spindle characteristics to track was through previous 

discoveries made by other group members. Once we determined the relationship between 
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splaying and poleward transport for Ptk2 k-fiber stubs (Figure 3.6), we quickly began ablation 

experiments in NuMA knockdown conditions (Figures 3.2, 3.7, and 3.8), thanks to previous work 

from Mary Elting and others showing the importance of the NuMA/dynein/dynactin complex in 

poleward transport [14,95,97,146]. Similarly, near the end of his work in the Elting Lab, 

Abhimanyu Sharma identified curved spindles in cerulenin-treated Schizosaccharomyces 

pombe and their possible relaxation following ablation of the nuclear envelope. This prompted 

our interest in quantifying this relaxation by tracking spindle curvature over time (Figure 4.7). 

 

2.4.1   Image and video processing 

Prior to distilling data from a video, via manual tracking, the video first had to be processed into 

a usable form. This was done in FIJI, an open source image processing package based on 

ImageJ that includes many plugins relevant for image analysis in biological sciences [147]. 

ImageJ and its derivatives are not only the industry standard for image processing in the 

biological sciences (I used it in the Wang Lab at NCSU), but can also prove useful in other fields 

as well (I used it at the Pisgah Astronomical Research Institute). Therefore, the video 

processing methods described here are generalizable and can be easily adopted by new group 

members and collaborators, streamlining the continued data analysis work on these projects. 

The most relevant FIJI functions for this work were the Crop, Slice Remover (under 

Stacks/Tools), and Adjust Brightness/Contrast functions. 

 Our imaging software, Andor Fusion, outputs videos as enormous (~102-103MB) TIFF 

stacks of the full field captured by the camera, which are saved to both cloud and external drive 

backups (Figure 2.12A). For ease of use, all further data analysis is performed on videos 

cropped to show only the relevant cell (Figure 2.12B). These are the videos used to measure 

any pre-ablation characteristics, namely initial spindle length. On the other hand, videos used in 

manual tracking are processed further. Next, tracking videos are cropped temporally, so that the 

first frame after ablation is the first frame in each video (Figure 2.12C). This eases analysis on 

the back end by ensuring a consistent zero time for all tracking data. Lastly, the intensity scaling 

of tracking videos is adjusted using the Adjust Brightness/Contrast function in FIJI, making the 

relevant objects (typically microtubule bundle fragments) easier to track (Figure 2.12D). Both 

adjusted and unadjusted versions of each video are saved, in case measurements involving 

intensity are made later. This was the case for our measurements of NLS signal following 

nuclear envelope ablation in S. pombe discussed in Chapter 4. Here, all pixel intensity values 

were taken from unadjusted images. For all immunofluorescence and cotransfection images 

https://paperpile.com/c/dHe2Ie/JXyT+xFVn+PErs+u5Tm
https://paperpile.com/c/dHe2Ie/3ghe
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taken during both projects, the same brightness and contrast scaling was used for all images in 

each set. 

 

 

Figure 2.12: Ablation videos are processed in FIJI, before being manual tracking. Raw data (A) 

is first cropped spatially (B) and then temporally, yielding a video of the ablated spindle that 

starts on the first frame after ablation (C). Finally, the brightness and contrast of the video is 

adjusted to make the ablated bundle readily resolvable and easily tracked (D). 

 

2.4.2   Quantification of pre-ablation spindle length 

All measurements of pre-ablation spindle length were made using the ‘Line’ tool in FIJI. 

Measurements of mammalian Ptk2 spindle length were conducted at the beginning of imaging 

to prevent potential effects on spindle length of long-term imaging. Poles were identified as the 

center of high-intensity circles at the spindle ends. The focus of radial microtubule bundles was 

designated as the pole position for poles that were out of focus or dim (Figure 2.13A). On the 

other hand, for integration into time trace data of pole separation in ablated spindles, S. pombe 

and S. japonicus pre-ablation spindle length was measured in the frame immediately prior to 

ablation (t = -3.5s). As a one-dimensional object, geometric pole positions are almost always 

obvious in yeast spindles. Since the spindle appears, above background, as basically nothing 

more than a high-intensity line, the poles are defined as the ends of this line (Figure 2.13B). 
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Figure 2.13: Examples of pre-ablation spindle length measurements made, using FIJI, in mitotic 

Ptk2 (A) and S. pombe (B) cells. 

 

 Prior to making these measurements, linear adjustments are made to the brightness and 

contrast of videos, in order to make spindle poles more easily distinguishable. Additionally, the 

spatial scaling of images must be defined, before taking measurements, using the ‘Set Scale’ 

tool under ‘Analyze’ in the FIJI taskbar. All live cell ablation data was collected with a 100x 1.45 

Ph3 Nikon objective and a 1.5x magnifier, which outputs images scaled at 12.3644 pixels per 

micron. 

 

2.4.3   Determination of microtubule bundle repair and splay state 

Following ablations of both Ptk2 k-fibers and fission yeast mitotic spindles, it was determined 

whether or not the spindle self-repaired. In mammalian cells, spindle repair entailed the 

poleward transport and mechanical reconnection to the centrosome of the ablated k-fiber stub, 

defined as the fragment of the k-fiber whose plus-end remains bound to the kinetochore 

following ablation (Figure 2.14A). For fission yeasts, post-ablation spindle repair transpires 

through a process we term ‘spindle collapse’, in which the two ablated spindle halves move 

toward each other, shortening the distance between poles, followed by the reattachment of the 
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two spindle halves at their minus-ends (Figure 2.14C). In both cell types studied, spindle repair 

occasionally fails. We define failed spindle repair as instances in which there still has been no 

visible indication that poleward transport (mammals) or spindle collapse (yeasts) has begun 4-5 

min after ablation (Figures 2.14B and 2.14D). In some cases, when a yeast spindle does not 

repair in a timely manner, one or both of the spindle halves will depolymerize, which we 

consider to be another manifestation of failed spindle repair. 

 

 

Figure 2.14: After Ptk2 k-fiber ablation, some fibers repair (A) and others do not (B). Green 

arrows show ablated k-fiber stubs. Similarly, although not discussed any further, some ablated 

fission yeast spindles repair (C), while others do not (D). All scale bars are 2 μm and 

timestamps are in min:sec. 

 

 In addition to spindle repair, we also observed splaying in ablated microtubule bundles, 

in which the individual microtubules in the fiber would dissociate from each other laterally. In 

Ptk2 cells, we only analyzed splaying for k-fiber stubs, where the stub would often dissociate at 

its minus-end (Figure 2.15A and 2.15B). For ablations in fission yeasts, we looked at both 

ablated spindle halves, to determine whether or not these spindle fragments unraveled at their 

ablated plus-ends (Figures 2.15C). In determining the splay state of a k-fiber stub or yeast 
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spindle half, the bundle fragment is only counted as not splaying if the fragment does not 

appear to splay at any point during imaging. Alternatively, if the ablated bundle fragment 

appears splayed in any frame after ablation, this fragment is designated as splaying, for the 

purposes of our splay state analyses. As aforementioned, ablated fission yeast spindle halves 

sometimes depolymerize, if left unrepaired. If a spindle half depolymerizes within the first few 

minutes following ablation, the splay state of this half will not be counted in our analysis. 

 

 

Figure 2.15: Following ablation, the individual microtubules of some Ptk2 k-fiber stubs maintain 

their cohesion (A), while the microtubules of other stubs splay apart from their ablated minus-

ends (B). The ablation spot (magenta circle), k-fiber stub (green arrows), and chromosomes 

(blue circle) are labeled in the first post-ablation frame for both k-fiber stubs. (C) In ablated 

fission yeast spindles, like Ptk2 k-fiber stubs, some spindle halves splay (left half, green arrows) 

and others do not (right half). All scale bars are 2 μm and timestamps are in min:sec.  
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 For both repair and splaying, these binary state analyses were performed in videos 

where linear adjustments had been made to the brightness and contrast, using FIJI, in order to 

ensure the utmost clarity in resolving thin possible splay groups at the ablated end of the bundle 

fragment. Repair and splay states were determined by eye in ablation videos. Although this 

process was fairly straightforward for determining the success or failure of spindle repair, 

determining the splay states of ablated microtubule bundle fragments proved quite challenging. 

For videos in which the repair or splay state was not readily apparent, the affected data from 

these videos were not used in the corresponding repair or splaying analysis. 

 

2.4.4   Manual tracking 

After videos had been spatially and temporally cropped and the intensity had been adjusted, 

they were ready for use in manual tracking. Typically, all foreseeably useful data can be 

obtained from each video by tracking only a handful of points: the two spindle poles, ablated 

bundle plus-ends, and the ablated bundle minus-ends (which are the same as the spindle poles 

in yeasts) (Figure 2.16A). For videos in which ablated fragments splay, the plus-end (yeasts) or 

minus-end (mammals) may be split into two different points, as the bundle has splayed into 

separate thinner microtubule bundles. All manual tracking is performed in Jupyter, a Python IDE 

(https://jupyter.org/). For the tracking itself, the “manual_tracking” function from the 

“moviepy.video.tools.tracking” package was used for the experiments described in Chapter 3 

(https://moviepy-

tburrows13.readthedocs.io/en/latest/_modules/moviepy/video/tools/tracking.html) and a similar 

home-written program was used for the experiments described in Chapter 4. Both of these 

programs, which are essentially the same, require the user to click on a certain number of points 

in each frame before the next frame is shown, a process that is repeated for each frame in the 

video. The output of both programs is a text file listing the coordinates of the points clicked by 

the user for each frame (Figure 2.16B). These files can then be read into other Jupyter 

notebooks, which calculate various metrics to describe the dynamics displayed in the video and 

plot corresponding time traces of these characteristics (Figure 2.16C). 

 

https://jupyter.org/
https://moviepy-tburrows13.readthedocs.io/en/latest/_modules/moviepy/video/tools/tracking.html
https://moviepy-tburrows13.readthedocs.io/en/latest/_modules/moviepy/video/tools/tracking.html


49 

 

Figure 2.16: (A) The spindle poles (red), microtubule bundle plus-ends (green), and bundle 

minus-ends (blue) are identified in each frame of the video, providing the information needed to 

characterize post-ablation spindle dynamics. (B) The coordinates of these relevant points in 

each frame are saved in text files. (C) These coordinates are used to calculate metrics 

describing the post-ablation dynamics of the spindle, such as centrosome-kinetochore 

separation. 

 

2.4.5   Tracking and analysis of mammalian k-fiber stub dynamics 

Following ablations, k-fiber stubs first drifted away from the pole, toward the spindle midzone, 

before being transported poleward (Figures 2.16C and 3.8B). When a k-fiber stub was not 

visibly transported poleward during at least four minutes of imaging, this was counted as an 

instance in which spindle repair (and poleward transport) did not transpire. We define poleward 

transport onset as the time at which the distance between the ablated k-fiber stub’s kinetochore 

and pole is maximal. This was done for videos in which both the kinetochore and pole remain 

visible throughout, using the tracking program described above. Poles were identified in a 
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manner similar to that used to measure spindle length and kinetochore positions were defined 

as k-fiber stub plus-ends. Video playback was used, as many times as needed, to verify all pole 

and kinetochore position measurements. 

Another similar tracking program, home-written in Python, was used to measure ablated 

k-fiber stub splay angle. For videos in which the k-fiber stub was visible throughout, the splay 

angle was defined as the angle formed by the k-fiber stub’s plus-end and the minus-ends of the 

two most separated splayed microtubule bundles. Occasionally, microtubule bundles were not 

approximately straight. In this case, instead of clicking on the bundle’s minus-end, clicks were 

made somewhere along the bundle’s length, so that the measured splay angle more accurately 

reflects the angle between the bundles proximal to the kinetochore. All splay angle 

measurements are verified by video playback, as many times as needed. Splay durations were 

measured as the length of uninterrupted time for which a k-fiber stub was splayed at an angle 

greater than 15o. Before applying this splay angle threshold, splay angle vs time data were 

smoothed using a 7-point binomial filter (Figures 3.4 and 3.9A, [148,149], making it easier to 

identify the initiation and conclusion of each splaying event. This same filter was applied to the 

k-fiber stub displacement vs. time data for calculating the instantaneous velocity (Figure 3.4). 

 

2.4.6   Tracking and analysis of fission yeast spindle dynamics 

For each ablated spindle, the two spindle poles are tracked following ablation, using one of the 

aforementioned tracking programs, and the ‘line’ tool in FIJI is used to measure the length of 

each spindle immediately prior to ablation. This data is then used to calculate the change in pole 

separation (length) for each spindle over time, following ablation. Additionally, the positions of 

the two new plus-ends of each ablated spindle half are tracked throughout the video. Our 

tracking program includes a method for indicating whether or not spindle repair has occurred, 

with the reconnection of the two ablated spindle halves, in each frame. The data for frames 

collected before the reformation of a single spindle is used to compute time traces for the 

change in spindle half length. 

 

2.4.7   Cerulenin-treated S. pombe spindle relaxation and nuclear envelope leakage 

For all nuclear envelope ablation videos, data was collected on the time-evolution of spindle 

curvature using a home-written Matlab program. Another program, home-written in Python was 

used to track the rate of nucleoplasm leakage from the nucleus of each cell following nuclear 

envelope ablation. This program requires the unadjusted video, spindle curvature data, and 

spindle length data as inputs. Using these inputs, nuclear intensity is calculated for each frame 

https://paperpile.com/c/dHe2Ie/253v+ZVdL
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as the average GFP intensity of a 5-by-5-pixel square near the center of the nucleus. This same 

program is then used to compute best-fit curves for both post-ablation spindle curvature and 

nuclear intensity. 

 

2.4.8   Comparative metrics 

Similar to manual tracking, all comparative analysis was performed using Jupyter. Once the 

coordinates from each text file, representing objects in an individual ablated cell, were read into 

the Jupyter notebook, metrics describing spindle dynamics were calculated. Data was typically 

grouped based on the cells’ molecular conditions and compared accordingly. For measured 

values, data for each molecular condition was typically averaged at each time point, yielding a 

single average time trace for each condition (Figure 3.3). On the other hand, binary metrics, 

such as spindle repair state or bundle splay state, were typically shown as bar graphs 

comparing the frequency of these events between the various different cellular conditions 

(Figure 3.2). 
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Chapter 3 

Molecular basis for mammalian k-fiber 

structure and dynamics 

 

This chapter is mostly reproduced from Begley et al. (2021) [13]. 

Listed below are the authors responsible for this work, along with their contributions: 

 

Marcus A Begley wrote the majority of this text, performed all experiments, and 

analyzed all videos and images. 

April L Solon developed and shared GW108X, a homemade Kif15 microtubule-binding 

inhibitor. She also provided consultation on in vivo GW108X usage. 

Elizabeth Mae Davis performed experiments and analysis central to the development of 

our conceptual model. 

Michael Grant Sherrill provided a second pair of eyes on qualitative repair and splay 

state data. Under the mentorship of Marcus A Begley, he analyzed these videos, same 

as Marcus A Begley, to ensure limited subjectivity in these results. 

Ryoma Ohi, advisor to April L Solon, shared GW108X with us and provided expertise on 

experiments involving this drug. 

Mary Williard Elting helped produce this text, spearheaded the development of this 

project, and advised Marcus A Begley, Elizabeth Mae Davis, and Michael Grant Sherrill. 

 

The mammalian mitotic spindle is a 3D self-assembled machine, responsible for segregating 

numerous chromosomes, ensuring proper cell division. The microtubule bundles mechanically 

attaching chromosomes to the spindle poles, called k-fibers, are the focus of the work described 

in this chapter. More specifically, we examine the molecular agents responsible for repairing 

these bundles following severance, using their mechanisms of action to assess their cellular 

functions in vivo. We employ GFP-α-tubulin Ptk2 cells to perform parallel experiments with both 

molecularly unperturbed cells and those in which motor activity is perturbed. By comparing 

structural and dynamical differences between spindles in these different cellular environments, 

we examine the roles various microtubule-binding motor proteins play in spindle force 

https://paperpile.com/c/dHe2Ie/8QPu
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generation. In particular, we weaken the functionality of minus-end-directed dynein by silencing 

its MAP binding partner, NuMA, and inhibit the activity of two plus-end-directed kinesins, 

kinesin-5 Eg5 and kinesin-12 Kif15. Altogether, these experiments shed light on both the roles 

of motor proteins in the spindle repair process and the mechanics of this process itself, 

furthering our understanding of force generation in mammalian spindles. 

 

3.1   Introduction 

 

3.1.1   K-fibers 

In order for spindles to perform their essential function, they must be both robust and adaptable 

in a highly dynamic cellular environment. Kinetochore-fibers (k-fibers), microtubule bundles that 

link centrosomes to chromosomes, must therefore also be both robust and dynamic [11,61,72]. 

Indeed, while single spindle microtubules turn over in ~15 seconds, k-fibers are more stable and 

turn over on the order of minutes [72,120,121,150]. Yet, k-fibers must not be too stable, or 

spindles become compromised in their ability to correct attachment errors, which can result in 

chromosome mis-segregation [151]. The lifetime of microtubules is therefore adjusted to 

promote proper spindle function, through the action of many proteins that control microtubule 

dynamics [51,152,153]. Regulation of microtubule lifetime is not the only way that spindles 

respond to competing demands: a growing body of evidence shows that force generation in the 

spindle balances robustness and dynamics in myriad ways [14,95,102,154–156]. Yet, how k-

fibers tune their mechanical integrity to maintain spindle structure and support accurate 

chromosome segregation remains unclear. 

K-fibers are a largely parallel array of microtubules that span the distance from the pole 

to the kinetochore [61,72]. While ~half of these microtubules are contiguous from kinetochore to 

pole, at least in some cell types [72], a subset of microtubules closely associated with the k-fiber 

are not end-on attached at the kinetochore. Here, we use the term k-fiber to include both 

kinetochore-microtubules and the non-kinetochore-microtubules that closely associate with 

them. Kinetochores hold together kinetochore-microtubules at their plus-ends, while pole 

clustering forces, most notably provided by Nuclear Mitotic Apparatus protein (NuMA) and 

dynein, hold k-fibers together at their minus-ends [96,157,158]. Global disruption of either 

kinetochores or poles, e.g., by RNA interference, alters spindle architecture as a whole, making 

it difficult to determine whether end-based clustering is sufficient for stabilizing k-fibers. 

Furthermore, evidence also suggests that lateral cross-links along the length of the k-fiber help 

to reinforce the k-fiber and alter its mechanical properties. K-fiber bundles appear to be much 
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straighter and stiffer than individual microtubules [159] and rupture collectively when subjected 

to sufficient force [155].  

K-fiber reinforcement could come from connections between kinetochore-microtubules 

themselves, or from associations with non-kinetochore-microtubules, which may play an integral 

role in strengthening the bundle. Non-kinetochore-microtubules that associate with k-fibers 

include both bridging microtubules, which form an antiparallel bundle spanning the centromere 

that integrates with each sister k-fiber near the kinetochore [102], and other spindle 

microtubules, which often interdigitate at an angle [72]. Electron microscopy, microneedle, and 

laser ablation experiments all indicate that non-kinetochore-microtubules form mechanical 

connections with kinetochore-microtubules within the k-fiber [10,14,72,102,156,160]. While it is 

now clear that these non-kinetochore-microtubules contribute to local force dissipation across 

the spindle, they may also play a role in mechanical stabilization of the k-fiber itself. 

 

3.1.2   NuMA/dynein 

A candidate microtubule bundle stabilizing protein is the nuclear mitotic apparatus protein 

(NuMA), a MAP comprising a long coiled coil linking its N-terminus and C-terminus. This C-

terminus houses two microtubule binding domains, while it binds dynein and dynactin at its N-

terminus, forming the NuMA-dynein-dynactin complex [161]. As a whole, this complex has two 

microtubule binding sites, at NuMA’s C-terminus and dynein’s motor domains, allowing it to both 

crosslink microtubules and generate minus-end-directed force in the spindle. This motor activity, 

combined with NuMA’s preferential localization to microtubule minus-ends, makes the NuMA-

dynein-dynactin complex ideal for minus-end clustering and spindle pole focusing [95,97,146]. It 

is therefore unsurprising that disruption of NuMA results in not only lessened minus-end-

directed force on ablated k-fiber stubs, but also the loss of structural integrity in the spindle, 

particularly at the poles (Figures 2.3 and 3.6) [95,146]. 

 

3.1.3   Eg5 & Kif15 

One of the most important agents in force generation within the spindle is the motor protein 

kinesin-5 Eg5, a plus-end-directed motor responsible for separating poles in prometaphase to 

establish spindle bipolarity [39]. As a tetramer, it comprises four motor domains, with two at 

each end, allowing it to simultaneously walk along two adjacent microtubules [162]. Through this 

mechanism, Eg5 can slide antiparallel microtubules apart, generating the extensile forces along 

the spindle axis necessary to separate poles and maintaining spindle bipolarity, and can 

stabilize parallel microtubules [39,162]. Due to its important role in spindle construction, 
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numerous attempts have been made to utilize Eg5 disruption as a means of cancer therapy, 

although these treatments have ultimately proved relatively ineffective, as tumors frequently 

develop drug resistance [40]. 

 The kinesin-12 Kif15 is well-positioned to shape k-fiber mechanics through both passive 

cross-linking and active force production. Like the kinesin-5 Eg5, Kif15 is capable of crosslinking 

microtubule pairs and sliding antiparallel microtubules apart [75,162,163]. Through this 

mechanism, Kif15 can antagonize inward forces generated by minus-end-directed motors, 

thereby enforcing spindle bipolarity, and separating centrosomes in cells adapted to grow in the 

presence of Eg5 inhibitors [12,48]. This redundancy between Kif15 and Eg5 is of interest as a 

potential factor in the disappointing ineffectiveness thus far of Eg5 inhibitors as cancer 

therapeutics [40,131,164,165]. Kif15 may also have uncharacterized roles in other aspects of 

kinetochore-microtubule attachment, suggested by data showing that overexpression of Kif15 

results in lagging chromosomes [166]. In this light, it is notable that Kif15 is upregulated in a 

number of cancers [41–47]. Under normal circumstances, however, Kif15 localizes 

predominantly to k-fiber microtubules. Its function on k-fibers is largely unexplored, although it is 

presumably from this location that the motor slides antiparallel microtubules apart. 

Overall, the localization and known functions of Kif15 indicate that it might contribute to 

the mechanical properties of k-fibers. In addition, some evidence suggests that Kif15 

coordinates the movement of neighbor sister kinetochores within the spindle [167]. While it 

remains unclear whether Kif15 oligomerizes as a dimer or tetramer in vivo [75,163,168], its 

second microtubule binding site, in addition to its motor domain, gives it inherent microtubule 

bundling ability even in a dimeric state [169]. Yet, Kif15 requires its binding partner, TPX2, for 

recruitment to the spindle [164]. Furthermore, in vitro data indicate that TPX2 increases Kif15 

microtubule binding while decreasing motor activity [163,168,170], raising the question of how 

important motor activity is for its function on k-fibers. 

 

3.2   Results 

 

3.2.1   Generation and maintenance of k-fiber cohesion 

Using metaphase Ptk2 cells expressing GFP-α-tubulin, we performed laser ablations to remove 

forces holding k-fibers together at minus-ends and determine the degree to which k-fibers 

remain cohesive along their lengths (Figure 3.1A). The mechanical response to ablation 

commonly consisted of two readily observed behaviors, “poleward transport” and a behavior we 

term “splaying”. Poleward transport, a well-documented response to detached minus-ends 
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[95,146], followed nearly all ablations (Figures 3.1B, 3.1C and 3.8A). During “splaying,” 

microtubules associated with the k-fiber stub dissociate along their lengths, losing the tightly-

cohesive appearance typically associated with k-fibers (Figure 3.1C). When this occurs, 

microtubule plus ends remain attached at the kinetochore, while the presumed minus ends 

come apart. 

 

 

Figure 3.1: (A) Schematic of k-fiber ablation experiment. Following ablation (magenta ‘X’), k-

fiber stubs demonstrate either “no splaying” (top) or “splaying” (bottom). (B&C) Typical 

examples of k-fiber stubs in Ptk2 cells, expressing GFP-α-tubulin, that do not splay (B) and that 

do splay (C). The ablation spot (magenta circle), k-fiber stub (green arrows), and chromosomes 

(blue circle) are labeled in the first post-ablation frame for both k-fiber stubs. All scale bars are 2 

μm and timestamps are in min:sec. 

 

This k-fiber stub splaying occurs following ~half of all ablations (Figure 3.2). While in general the 

observable k-fiber stub terminates at the kinetochore, in some cases, we observe that some 

microtubules associated with the k-fiber stub continue past the kinetochore; we presume these 

microtubules have mechanical associations with both the k-fiber and the bridging fiber. In all 

cases, we cannot determine which of the splayed microtubules directly connect to kinetochore 

at their plus-ends and which may continue past the kinetochore (as part of the bridging fiber). 

However, we expect that most microtubules that persist after ablation are oriented with their 

minus-end exposed, since ablated plus-ends are typically unstable and lead to microtubule 

depolymerization [171–174]. 

https://paperpile.com/c/dHe2Ie/JXyT+u5Tm
https://paperpile.com/c/dHe2Ie/uJzE+21pW+kG6J+ivze
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Figure 3.2: Roughly half of ablated k-fiber stubs splay at some point during spindle repair. Error 

bar indicates the square root of the number of splayed events, as an estimate on the variation in 

this number assuming Poisson statistics. 

 

When stubs splay, they typically separate into only two microtubule bundles (Figure 

3.1C). The average amount of splaying increases for the first ~20 s after ablation and remains 

roughly level after that (Figure 3.3). However, the timing, duration, and repetition of these 

splaying events is highly variable among individual k-fiber stubs. For instance, after a k-fiber 

stub splays, the splayed microtubule bundles will usually “zip up”, reforming into a single tightly-

bound k-fiber, a process that appears to occur simultaneously all along the k-fiber stub’s length. 

While this connection visually appears complete, it is often not final, as many k-fiber stubs 

undergo multiple splay-zip cycles during spindle repair (Figure 3.1C, panels at 0:18 and 0:38, 

and Figure 3.3). Therefore, even though the collective average splay angle provides insight into 

the overall magnitude and timescale of k-fiber stub splaying, aggregate metrics obscure the 

significant temporal variability of behavior among individual k-fiber stubs (Figure 3.3). This 

variation suggests an active competition between forces that bind neighboring k-fiber 

microtubules along their lengths and forces that pull on microtubule minus-ends. 
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Figure 3.3: Example trace (narrow blue line) showing the angle over time of a single ablated k-

fiber stub, and the average (bold blue line) angle of all stubs. Although the average splay angle 

gradually increases to about 13O, before gradually decreasing, splaying varies widely among 

individual k-fiber stubs, with many splaying and “zipping up” multiple times and at different 

points during repair. Shaded region represents average +/- standard error on the mean. 

 

3.2.2   Competition between minus-end clustering and bundling forces 

Nearly all k-fiber stubs that splayed did so after the activation of machinery that pulls new 

minus-ends poleward (Figure 3.4A). Furthermore, the ability to maintain lateral inter-microtubule 

connections within k-fiber stubs is somewhat velocity-dependent, as k-fiber stubs that were 

splaying at any given moment experienced a greater poleward velocity than those that were not 

currently splaying (Figure 3.4B). These data suggest that forces that cluster minus-ends can 

also promote splaying, with increasing probability of splaying for k-fiber stubs experiencing 

stronger minus-end clustering forces. 
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Figure 3.4: (A) The moment of maximal splaying typically follows the onset of poleward 

transport for untreated k-fiber stubs. Points represent individual k-fiber stubs. Line shows x=y; 

white region indicates that maximal splaying follows poleward transport, while gray region 

indicates maximal splaying that precedes poleward transport. (B) K-fiber stubs undergoing rapid 

poleward transport are more likely to splay. Here the x-axis is the instantaneous poleward 

transport velocity and the y-axis is the percentage of time points in each histogram bin. 

 

Nuclear mitotic apparatus protein (NuMA) has been shown to be required for rapid and 

robust poleward transport of loose spindle microtubule minus ends, ensuring the maintenance 

of spindle poles [95,146]. NuMA is recruited to these minus ends when they appear and in turn 

recruits cytoplasmic dynein and dynactin [97], coalescing NuMA/dynein/dynactin complexes to 

the ablated k-fiber stub minus-end. Dynein motors, which are minus-end-directed, bind to 

another spindle microtubule and exert minus-end-directed force on the NuMA-bound 

microtubule, thereby transporting the k-fiber stub poleward as its cargo [95,146]. Because of the 

apparent dependence of k-fiber stub splaying on poleward transport, we next investigated the 

potential role of NuMA in splaying. To do so, we performed ablation experiments in mitotic cells 

depleted of NuMA (Figure 3.5). As in previous work [14], we chose spindles that retained 

bipolarity, indicative of only partial NuMA depletion, to increase the chance that any effects that 

we observed would be the direct result of NuMA perturbation rather than indirect effects from 

altering overall spindle architecture. As expected due to NuMA’s known involvement in poleward 

transport [95,97], poleward transport begins later and is more gradual for ablated k-fiber stubs in 

NuMA siRNA cells compared to those in control cells (Figure 3.8B). 
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Figure 3.5: Example of an ablated k-fiber stub in a spindle of a Ptk2 cell expressing GFP-α-

tubulin treated with NuMA siRNA. Following ablation, the k-fiber stub is transported poleward 

without splaying. The ablation spot (magenta circle), k-fiber stub (green arrows), and 

chromosomes (blue circle) are labeled in the first post-ablation frame. All scale bars are 2 μm 

and timestamps are in min:sec. 

 

Based on NuMA’s established role as a mitotic spindle crosslinker, as well as its role 

anchoring k-fibers in the spindle body [14,175], we initially hypothesized that NuMA might itself 

mechanically bridge neighbor microtubules in the k-fiber. Strikingly, NuMA depletion resulted in 

more robust k-fiber bundling, as splaying of ablated k-fiber stubs is much more gradual initially 

and remains reduced throughout spindle repair (Figure 3.6). Thus, it seems that the 

NuMA/dynein/dynactin complex, functioning as a minus-end-directed force generator, primarily 

works to pry ablated k-fiber stubs apart rather than hold them together. We hypothesize that this 

occurs due to dynein motors being recruited to multiple track microtubules within the stub that 

are not precisely parallel. If this were indeed the case, we should observe a reduction in 

splaying of stubs with fewer microtubule tracks available for effective poleward transport. To test 

this hypothesis, we ablated k-fibers in cells treated with nocodazole, a small molecule that 

favors microtubule depolymerization, and at low doses can preferentially depolymerize 

unbundled microtubules [176]. As expected, lowering the density of available spindle 

microtubule tracks resulted in reduced splaying despite normal stub poleward transport, which 

we attribute to lower microtubule density making it more likely for repair to happen along a 

single microtubule track (Figure 3.6, B and C). These data reinforce the hypothesis that minus-

end-directed forces involved in poleward transport frequently contribute to longitudinal 

dissociation of microtubules within the k-fiber from each other. 

https://paperpile.com/c/dHe2Ie/hnjN+xFVn
https://paperpile.com/c/dHe2Ie/MZKp
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Figure 3.6: (A) K-fiber stubs in spindles treated with NuMA siRNA (right, green) splay later than 

k-fiber stubs from control cells (left, blue) and do not stay splayed for as long. The y-axis 

represents the fraction of k-fiber stubs at each timepoint, consisting of 1, 2, or more than 2 

visibly distinguishable microtubule bundles. (B) Splaying is reduced in nocodazole or NuMA 

siRNA treated cells compared with untreated cells. In contrast with (i), which includes data from 

both stubs that splay and stubs that do not splay, (ii) includes only splaying k-fiber stubs and 

demonstrates that the effects in (i) result from both a lower proportion of k-fiber stubs that splay 

combined with less splaying in those that do splay. Shaded regions represent average +/- 

standard error on the mean. Note: data for control k-fiber stubs in (i) were also shown in Fig. 

3.3, above. (C) Total cumulative splaying, measured as the integration of data shown in (B-i), is 

lower in cells treated with nocodazole or NuMA siRNA. Shaded regions represent average +/- 

standard error on the mean. 

 

3.2.3   Kif15 microtubule crosslinking and k-fiber cohesion 

We next used pharmacological inhibition to test a potential role for the plus-end directed 

crosslinking motors Eg5 and Kif15 in k-fiber cohesion. Based on the fact that poleward transport 

has been shown to be slightly faster but largely unchanged with Eg5 inhibition [95], we expected 

that the splaying behaviors of ablated k-fiber stubs would remain unchanged (or potentially even 

increase) with the inhibition of Eg5. For Eg5 inhibition, we selected spindles that had already 

assembled as Eg5 is not required for bipolarity maintenance in Ptk cells [177]. Indeed, both the 

poleward transport and splaying of ablated k-fiber stubs in STLC-treated spindles are generally 

similar to that of k-fiber stubs in untreated spindles (Figure 3.8, A and B). On the other hand, 

https://paperpile.com/c/dHe2Ie/JXyT
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pharmacological inhibition of Kif15 revealed a more specific role for this motor in k-fiber 

mechanics (Figure 3.7). For these experiments, we used two Kif15 inhibitors that act by different 

mechanisms. Kif15-IN-1 arrests the motor in a microtubule-bound state, and thus blocks motility 

without disrupting its ability to crosslink microtubules [165] (Figure 3.7A). In contrast, GW108X 

prevents the motor domain of Kif15 from binding the microtubule track, thus preventing the 

formation of microtubule crosslinks [131] (Figure 3.7B). Both of these Kif15 inhibitors cause 

some alterations in overall spindle morphology (Figure 2.2), but for these experiments we 

selected spindles whose form was as close to normal as possible. 

 

 

Figure 3.7: Typical examples of behavior of ablated k-fibers in spindles of Ptk2 cells treated with 

Kif15 inhibitor KIF15-IN-1 (A) and GW108X (B). The ablation spot (magenta circle), k-fiber stub 

(green arrows), and chromosomes (blue circle) are labeled in the first post-ablation frame of 

each panel. All scale bars are 2 μm and timestamps are in min:sec. 

 

Unexpectedly due to Kif15’s plus-end-directed motor activity, disruption of Kif15 

microtubule binding by GW108X causes significant disruption to spindle repair. Under this 

condition, repair is even more delayed than in NuMA siRNA spindles (Figure 3.7B; Figure 3.8B). 

Around 25% of the time, spindles treated with GW108X fail to repair altogether during 

observation, leaving the k-fiber still unattached to the pole at the end of filming, a behavior that 

was very rare in control spindles (occurring around 3% of the time) (Figure 3.8A). While the 

average time until repair is normal with KIF15-IN-1 (Figure 3.8B), it is slightly more common for 

these spindles not to undergo detectable repair during imaging than control spindles (~10% of 

the time; Figure 3.8A). Poleward transport of severed microtubule minus-ends has been 

strongly coupled with minus-end-directed force production by dynein [95,97,146], thus the 

https://paperpile.com/c/dHe2Ie/VhUx
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apparent additional requirement for Kif15, a plus-end-directed motor, in efficient poleward 

transport is surprising. We tested whether inhibition by GW108X affected recruitment of NuMA 

to ablated k-fiber minus-ends, and found that it was qualitatively unaltered (Figure 3.8C). 

 

 

Figure 3.8: (A) Categorization of k-fiber stubs based on overall behavior. Numbers represent the 

number of k-fiber stubs exhibiting each behavior for each molecular condition and the total 

number of observed k-fiber stubs in each condition is given at the top of the corresponding bars. 

Note the number of Kif15-inhibited k-fiber stubs that do not undergo poleward transport 

(diagonal cross hatching and solid colors, yellow and orange), as well as those in GW108X-

treated cells that are not reincorporated, but nonetheless splay (solid orange). (B) NuMA siRNA 

causes a modest delay in poleward transport of ablated k-fiber stubs, while inhibiting Kif15 with 

GW108X results in poleward transport with severe delays and decreased overall magnitudes. 

Nocodazole and KIF15-IN-1 do not detectably change the mean poleward transport response, 

and poleward transport occurs slightly faster in cells treated with STLC. Shaded regions 

represent average +/- standard error on the mean. (C) Example Ptk2 cell treated with GW108X 

and expressing both GFP-NuMA (cyan) and mCherry-tubulin (magenta). Following ablation, 

GFP-NuMA is recruited to the ablated microtubule minus-end. This recruitment occurs quickly 

(beginning after <7 s) even though poleward transport of this stub does not begin until ~1:00. 

Yellow circle marks the site of ablation, green arrows mark the severed stub, and orange circle 

marks the associated centromere. 
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Thus, we speculate that Kif15 is likely not directly involved in repair, but that Kif15-mediated 

crosslinking might help mechanically anchor track microtubules on which the NuMA/dynein 

complex walks when transporting ablated k-fiber stubs, or that effective poleward transport of 

ablated k-fibers requires normal k-fiber architecture, which may be disrupted when Kif15 is 

inhibited. 

 Since inhibiting the ability of Kif15 to crosslink microtubules seems to slow and delay 

poleward transport of ablated k-fiber stubs, we expected a similar reduction of splaying, when 

compared to control spindles, as we saw in the NuMA depletion experiments. We indeed 

observed that stub splaying in cells treated with Kif15-IN-1 occurs with roughly the same 

frequency, duration, and magnitude as in untreated cells (Figure 3.8A; Figure 3.9). In contrast, 

GW108X treatment exacerbates splaying. For instance, when ablated k-fiber stubs in GW108X-

treated cells splay, they often remain splayed for longer, a phenomenon not observed in cells 

treated with Kif15-IN-1 (Figure 3.9A). On average, these k-fiber stubs also undergo more 

cumulative splaying over the course of the entire spindle repair process, demonstrating that 

Kif15 crosslinking is instrumental in the maintenance and reformation of inter-microtubule bonds 

within ablated k-fiber stubs (Figure 3.9B). The appearance of this effect specifically following 

exposure to GW108X, but not KIF15-IN-1, suggests that the function of Kif15 most relevant to k-

fiber stub splaying is inter-microtubule crosslinking, not motor activity. Furthermore, the 

increased total splaying for GW108X-treated k-fiber stubs occurs despite decreased poleward 

transport, as shown by tracking the kinetochore’s poleward displacement over the same period 

(Figure 3.9C). These data further point to the conclusion that the pronounced splaying results 

specifically from the loss of Kif15 crosslinking, independent of the effects of GW108X treatment 

on poleward transport. 
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Figure 3.9: (A) Kif15 inhibition by GW108X prolongs splaying. (i) The y-axis is the duration of 

individual splay episodes, defined as the length of time between when a k-fiber stub begins 

splaying and when the k-fiber stub is “zipped up”. (ii) The y-axis is the total time a k-fiber stub 

remains splayed during repair, which can include multiple splay episodes for a single stub. 

Shaded regions represent average +/- standard error on the mean and numbers at the top of 

the plot represent p-values. (B) Total cumulative splaying, measured by integrating the k-fiber 

stub splay angle over time, is greater for k-fiber stubs in cells treated with GW108X (which 

inhibits crosslinking) but is about the same for k-fiber stubs in cells treated with KIF15-IN-1 

(which solely inhibits motor activity), when compared to control k-fiber stubs. Shaded regions 

represent average +/- standard error on the mean. (C) Although treatment with GW108X 

reduces the poleward transport of ablated k-fiber stubs, relative to k-fiber stubs in untreated 

cells, these stubs still exhibit greater total splaying. In contrast, treatment with KIF15-IN-1 does 

not meaningfully alter the total amount of splaying. Whiskers represent average +/- standard 

error on the mean. 
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We also qualitatively observed altered morphology even in unsevered k-fibers in 

GW108X-treated spindles, which, unlike untreated spindles, sometimes splay apart along their 

lengths (Figure 3.10). While we did not typically observe GW108X-treated spindles to splay, 

when it occurred, it tended to be during prolonged imaging with ablation, and was often 

accompanied by modest shortening of the spindle. We presume that the spindle shortening, 

which we observed occasionally under prolonged imaging in all conditions, may be a result of 

increased compressive force present due to the dynein-powered poleward transport response. 

When this occurs, k-fibers are sometimes forced to bend or buckle as the poles come closer 

together. Frequently, in GW108X-treated cells, this buckling induces splaying in the middle of 

the k-fibers, resulting in microtubule bundles that are apparently connected at both the 

centrosome and kinetochore, but are clearly unattached along much of their lengths (Figure 

3.10-ii). When we see similar modest shortening in untreated spindles over the course of 

imaging, their k-fibers do not typically splay (Figure 3.10-i). These results are consistent with 

Kif15’s role in stabilizing kinetochore-microtubules during metaphase [178]. 

 

 

Figure 3.10: Unablated k-fibers usually remain tightly bound throughout metaphase in control 

spindles (i), while outer k-fibers (arrows) in spindles from GW108X-treated cells (ii) sometimes 

buckle and splay, while still attached at both the pole and kinetochore (example splaying k-

fibers, orange arrows). Due to photobleaching, brightness and contrast of later time points is 

adjusted compared to earlier ones. Scale bars are 5 μm, timestamps are in min:sec, and spindle 

length at each timepoint is marked. 

https://paperpile.com/c/dHe2Ie/JUuh
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3.3   Conclusions 

Altogether, these data suggest that, in addition to contributing to outward spindle-axis force 

generation, Kif15 promotes the mechanical cohesion of microtubules associated with k-fibers 

along their lengths by crosslinking microtubules to form and maintain tightly bound bundles. By 

doing so, Kif15 helps the k-fiber both maintain its structural integrity under duress and, when its 

characteristic structure has been compromised, efficiently reform into a cohesive parallel 

microtubule array (Figure 3.11). This function of Kif15 in k-fiber structural maintenance might be 

particularly critical in other mammalian cell types in which k-fibers face additional mechanical 

challenges and constraints, such as crowding from higher numbers of chromosomes. It will also 

be interesting to investigate whether this function is further supported by molecular redundancy 

from other crosslinkers that localize to k-fibers, such as the clathrin/TACC3/ch-TOG complex 

and HURP. These or other molecules might contribute additional support to the mechanical 

redundancy Kif15 brings to the k-fiber, with microtubules reinforcing each other to help ensure 

accurate spindle attachment and chromosome segregation. Such a balance between molecular 

force generators might help k-fibers reshape themselves in response to spindle dynamics. 

 

 

Figure 3.11: Kif15 crosslinking encourages the formation and maintenance of cohesion between 

k-fiber associated microtubules. (A & B) During spindle repair, the microtubules associated with 

some k-fiber stubs remain tightly bound together, while others splay apart. (A) Microtubule pairs 

crosslinked by Kif15 often withstand spindle forces during poleward transport. (B) When k-fiber 

stubs splay, Kif15 re-crosslinks microtubules to “zip up” splayed k-fiber stubs. When Kif15 

microtubule binding is perturbed, k-fiber stubs are more likely to splay even before, or in the 

absence of, poleward transport. 
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Chapter 4 

Mitotic forces in fission yeasts 

 

This chapter is essentially a paper draft. Listed below are the authors responsible for this work, 

along with their (anticipated) contributions: 

 

Marcus A Begley wrote the majority of this text, performed all laser ablation experiments, and 

analyzed all videos and images, with the exception of measuring spindle curvature, 

which was done by Matt Rapp. Marcus also imaged all ultrastructure expansion and 

immunofluorescence samples. 

Joseph Lannan performed all transmission electron microscopy (TEM) experiments. (Not 

included here) 

Christian Pagán Medina performed all ultrastructure expansion and immunofluorescence 

experiments. (Not included here) 

Matt Rapp wrote a MatLab program, under the guidance of Marcus A Begley, to calculate 

spindle curvature in each frame from videos of nuclear envelope ablations in cerulenin-

treated S. pombe. 

Mary Williard Elting helped produce this text, spearheaded the development of this project, 

and advised all authors listed above. 

 

The fission yeast S. pombe divides via closed mitosis. In short, mitotic spindle elongation and 

chromosome segregation transpires entirely within the complete nuclear envelope. Both the 

spindle and nuclear envelope must undergo significant conformation changes and are subject to 

varying external forces during this process. The mechanical relationship between the two mitotic 

structures has been explored previously, although much is still left to be discovered 

[107,111,179,180]. Here, we investigate this relationship by observing the behaviors of spindles 

and nuclei in live mitotic fission yeasts following laser ablation and then comparing the post-

ablation dynamics of the mitotic machinery in S. pombe subject to varying molecular conditions. 

First, we characterize the structure and dynamics of molecularly typical S. pombe spindles, 

before demonstrating that the compressive force acting on the spindle poles is higher in mitotic 

cells with greater nuclear envelope tension and that spindle compression can be relieved by 

lessening nuclear envelope tension. We finally examine the differences between the mitotic 

https://paperpile.com/c/dHe2Ie/zveB+3sgU+a0Zj+hnfH
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apparatus in S. pombe and S. japonicus, an evolutionary relative of S. pombe that undergoes 

semi-open mitosis, and show that while nuclear envelope tension may be lower in S. japonicus, 

mitotic spindles are also less stiff. Altogether, these data suggest a strong correlation between 

nuclear envelope tension and extensile spindle forces during the early stages of closed mitosis. 

We propose that the cell alleviates increased nuclear envelope tension during spindle 

elongation by either incorporating additional lipids into the nuclear envelope or by entering 

mitosis with an excess of envelope. 

 

4.1   Introduction 

The Schizosaccharomyces pombe mitotic spindle consists of a single bundle of 10-20 

microtubules, held together along its length by microtubule-crosslinking proteins [69,70,104]. In 

the spindle midzone, microtubules of alternating geometric polarity form a square lattice [69]. 

During anaphase, motor proteins can crosslink and slide apart antiparallel microtubule 

neighbors, creating extensile force within the spindle and driving spindle elongation [70,181]. In 

S. pombe, this elongation is quite dramatic with spindles elongating from hundreds of 

nanometers in length to roughly 10um over the course of mitosis [19]. Furthermore, these 

spindles are quite spatiotemporally stereotyped, adhering to a strict protocol throughout mitosis 

[182], suggesting that fission yeasts can precisely tune their mitotic forces. The simplicity and 

standardization of the S. pombe mitotic apparatus allows us to effectively probe the fundamental 

physical characteristics of microtubule bundles subjected to numerous different physical and 

chemical conditions. 

While the S. pombe anaphase spindle elongates, the nuclear envelope undergoes 

drastic conformational changes, beginning as a spheroid before transitioning into a dumbbell-

like shape. Simultaneously, the spindle elongates, but still maintains an approximately linear 

structure (Figure 4.1) [107]. The spindle and nuclear envelope are mechanically linked at the 

two spindle pole bodies (SPBs), which nests into the nuclear envelope during mitosis in S. 

pombe [183]. Even though the spindle appears to undergo far less conformational change than 

the nuclear envelope during mitotic progression, due to this physical connection, their 

mechanics are likely somewhat intertwined. 

 

 

 

https://paperpile.com/c/dHe2Ie/eYyJ+8frp+u7sX
https://paperpile.com/c/dHe2Ie/eYyJ
https://paperpile.com/c/dHe2Ie/8frp+8IRK9
https://paperpile.com/c/dHe2Ie/WzbA
https://paperpile.com/c/dHe2Ie/EXDA
https://paperpile.com/c/dHe2Ie/a0Zj
https://paperpile.com/c/dHe2Ie/NLJRm
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Figure 4.1: Cartoon showing the conformational changes experienced by the mitotic spindle 

(green) and nucleus (blue), during mitotic progression in S. pombe. 

 

An important component of the S. pombe mitotic spindle is the static microtubule-

microtubule crosslinking protein Ase1, a homolog of the mammalian PRC1. PRC1 is a non-

motor MAP that preferentially binds to microtubule overlap regions, stabilizing these overlaps in 

the spindle midzone [79,100,101]. From here, PRC1 balances sliding forces to push the spindle 

poles apart during anaphase [102,123]. Likewise, while previous work has uncovered numerous 

functions for this protein, of particular significance to the research presented here is its activity 

on the mitotic spindle, in which it preferentially localizes to antiparallel microtubule overlaps in 

the spindle midzone, particularly at anaphase [63,98,99]. Here, it functions to stabilize the 

spindle midzone and is therefore implicated in the modulation of spindle dynamics. Namely, 

Ase1 is critical to bipolar spindle formation in S. pombe, especially in cases of lessened motor 

activity, through its stabilization of microtubule bundles, which promotes spindle elongation via 

microtubule polymerization [184]. Intriguingly, Ase1 has also been shown, through the same 

underlying mechanism of antiparallel microtubule stabilization, to slow motor-driven anaphase 

spindle elongation in yeast [103,104]. Although previous inquiry has shed light on the ability of 

Ase1 to promote/restrict microtubule sliding in the fission yeast spindle, by way of its 

stabilization of the spindle midzone, less is known regarding its contribution as a crosslinker to 

lateral inter-microtubule cohesion within the fission yeast mitotic spindle. 

In general, the mitotic machinery of Schizosaccharomyces japonicus is fairly similar to 

that of S. pombe. The spindle remains linear as it elongates in anaphase and the nuclear 

envelope undergoes significant structural changes, however there are notable differences 

between the two systems that are especially relevant to our study. Importantly, unlike in S. 

pombe, which maintains nuclear envelope closure throughout its lifecycle, partial nuclear 

envelope breakdown can occur during chromosome segregation in S. japonicus, in a process 

known as semi-open mitosis [107]. Because the nuclear envelope is incomplete for much of 

anaphase, overall nuclear envelope tension is lower in S. japonicus than in S. pombe. 

Furthermore, while the nuclear envelope experiences conformational changes during anaphase, 

transitioning from one to two spheroid nuclei, nuclear envelopes from the two species access 

https://paperpile.com/c/dHe2Ie/pZmD+mdwd+vsKL
https://paperpile.com/c/dHe2Ie/S5vT+qf5z
https://paperpile.com/c/dHe2Ie/cjz9+biMm+Q82b
https://paperpile.com/c/dHe2Ie/RAUs
https://paperpile.com/c/dHe2Ie/u7sX+0r5H
https://paperpile.com/c/dHe2Ie/a0Zj


71 

different intermediate shapes [107], yet how (and if) anaphase nuclear envelope shapes and 

tension are related remains an open question. 

Mitotic spindles of the two fission yeasts, like their nuclear envelopes, look generally 

similar at the beginning and end of anaphase, but can diverge in their intermediate 

conformations. Notably, the S. pombe spindle appears quite straight throughout mitosis, 

whereas S. japonicus spindles often bend, especially in late anaphase [107]. This suggests a 

possible divergence in spindle structure between the two evolutionary cousins. While the S. 

pombe spindle is a well-studied machine, less is known about the molecular components and 

organization of the S. japonicus spindle. Fortunately, the genomes of both yeasts have been 

sequenced in their entirety [127,185], greatly improving the reliability with which we can 

molecularly perturb these cells. 

 

4.2   Results and discussion 

 

4.2.1   S. pombe mitotic spindles are highly crosslinked 

We began by characterizing spindle structure in control S. pombe using the laser ablation of live 

cells, a process we have used before in both fission yeast and mammalian cells (Figure 4.2) 

[13,76]. Upon ablation, the two spindle halves collapse, bringing the two poles together and 

reforming the spindle (Figures 4.2 and 4.6) [19,76,181], a process that our lab has shown to be 

motor-dependent (Figure 4.3) [76].  

 

 

Figure 4.2: Example of the laser ablation of an S. pombe spindle, showing post-ablation spindle 

collapse, followed by the reattachment of ablated spindle halves at their plus-ends. Scale bars 

are 2 μm and timestamps are in min:sec. 

 

https://paperpile.com/c/dHe2Ie/a0Zj
https://paperpile.com/c/dHe2Ie/a0Zj
https://paperpile.com/c/dHe2Ie/Nw7a+akgX
https://paperpile.com/c/dHe2Ie/PSMfa+8QPu
https://paperpile.com/c/dHe2Ie/PSMfa+WzbA+8IRK9
https://paperpile.com/c/dHe2Ie/PSMfa
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Figure 4.3: S. pombe spindle collapse is a motor-dependent process, as shown by collapsing 

ablated spindle halves pinching in the nuclear envelope at the spindle pole body (A-C, orange 

arrows). (D) The severity of spindle collapse, measured by the minimum pole separation and 

change in pole separation, does not depend on pre-ablation spindle length. Reproduced from 

Zareiesfandabadi and Elting (2022) [76]. 

 

This collapse indicates the presence of extension and compression forces along the spindle 

axis in mitotic S. pombe, and provides a useful tool for comparing these forces in different 

spindles. Previously, our lab showed that S. pombe spindle collapse is a motor-dependent 

process. While the mechanisms underlying spindle forces in yeasts have been investigated 

previously [76,116,181], much remains unknown about mitotic force production. Additionally, we 

https://paperpile.com/c/dHe2Ie/PSMfa
https://paperpile.com/c/dHe2Ie/PSMfa+8IRK9+PAM5
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can use the splaying of spindle halves to approximate the degree to which the spindle is 

crosslinked, as in our previously published work in mammalian cells [13]. This provides a 

glimpse of forces acting within the spindle orthogonal to the spindle axis. Altogether, we aim to 

employ live spindle ablation to sketch a conceptual force map of fission yeast mitosis. 

Following laser ablation, we assume that the plus-ends of the two ablated halves are 

less likely to splay apart when the adjacent microtubules in the spindle are less crosslinked. In 

S. pombe, ablated spindle halves splay only rarely (Figure 4.4A). This suggests that the 

crosslinking force that maintains cohesion between spindle microtubules is substantially greater 

than any mitotic forces working to pry spindle halves apart [13]. High densities of crosslinking 

proteins have been shown to stabilize microtubule bundles against catastrophic 

depolymerization [186,187]. Therefore, the fact that spindle halves mostly resist 

depolymerization following ablation provides additional evidence that S. pombe spindles have 

not only strong spindle cohesion forces, but also contain a high number of physical microtubule 

crosslinks (Figure 4.4B). 

 

 

Figure 4.4: (A) Ablated S. pombe spindle halves rarely splay apart. Error bar indicates the 

square root of the number of splayed events, as an estimate on the variation in this number 

assuming Poisson statistics. (B) S. pombe spindles do not depolymerize much, following 

ablation. The y-axis is the decrease in spindle half length, compared to the first frame after 

ablation. The line represents the average spindle half length change and the shaded region 

represents average +/- standard error on the mean. 

https://paperpile.com/c/dHe2Ie/8QPu
https://paperpile.com/c/dHe2Ie/8QPu
https://paperpile.com/c/dHe2Ie/Y1o7+74yg
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Altogether, these data paint a picture of the S. pombe mitotic spindle as a tightly-bound 

microtubule bundle that is stable, even when violently disturbed. 

 

4.2.2   The fission yeast spindle and nuclear envelope are a mechanical pair 

Next, we performed two sets of laser ablation experiments in these cerulenin-treated cells. First, 

we ablate mitotic spindles, which appear curved, due to increased nuclear envelope tension 

(Figure 4.5). 

 

 

Figure 4.5: Example of spindle ablation in cerulenin-treated S. pombe. Dynamic changes to 

spindle structure seen here include spindle half straightening (0:00), spindle collapse, and 

unrepaired spindle half depolymerization (left half, 1:10). Scale bars are 2 μm and timestamps 

are in min:sec. 

 

Since the cell is unable to expand its nuclear envelope, the spindle runs out of room to grow, as 

it elongates during anaphase. This leads to a surface tension that causes the spindle to bow or 

bend. Although the two spindle fragments straighten upon ablation, the incident angle between 

them is much greater than that of straight spindles. As with spindles in control S. pombe, the 

two spindle poles collapse toward each other after ablation in cerulenin treated cells, however at 

a much greater rate (Figure 4.6). Because the misaligned configuration of the two ablated 

fragments would not be conducive to motor transport, compared to the aligned conformation of 

ablated control spindles, this suggests an increase in compressive force acting on the spindle 

ends from the stretched nuclear envelope. Interestingly, these spindles rarely repair and, after 

failing to reconnect, ablated spindle halves will often depolymerize (Figure 4.5, left spindle half). 
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Figure 4.6: Cerulenin-treated S. pombe spindles collapse much faster and more severely than 

spindles in untreated S. pombe. Traces represent average change in pole separation, compared 

to the first frame after ablation, and shaded regions represent average +/- standard error on the 

mean. 

 

Additionally, we perform experiments in which we ablate the nuclear envelope of 

cerulenin-treated S. pombe and track the changes to the spindle and nucleoplasm (Figure 4.7). 

Here, we also observe a visco-elastic-like ablation response. Primarily, the spindle straightens 

from a curved conformation to its relaxed state. This implies a reduction in the compressive 

force acting on the spindle poles and provides additional evidence of nuclear envelope tension 

as the source of this force. Furthermore, spindle relaxation is typically observed in concurrence 

with nucleoplasm leakage, visualized by the weakening NLS signal in the nucleus (Figure 4.7). 
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Figure 4.7: NLS intensity and spindle curvature decrease after nuclear envelope ablation. (A) 

Example of nuclear envelope ablation in cerulenin-treated S. pombe, showing nucleoplasm 

leakage and spindle relaxation, following nuclear envelope rupture. Scale bars are 2 μm and 

timestamps are in min:sec. (B) Example of typical NLS intensity (purple) and spindle curvature 

(gold) traces, following laser ablation of cerulenin-treated S. pombe nuclear envelope. Jagged 

traces represent raw data and smooth lines show fits to the raw data, which have been 

normalized to the highest NLS intensity and spindle curvature values for that video. Green 

arrows indicate when the best fit traces switch from linear to exponentially decaying. 

 

This correlation is apparent through the nearly overlapping curves of average spindle curvature 

and average nuclear (NLS) intensity over time, following ablation (Figure 4.8A). The similarity of 

the two curves is not simply a happy statistical accident, as the times at which nucleoplasm 

leakage and spindle relaxation begin show an approximately 1:1 relationship (Figure 4.8B). 

These times are defined as times at which the best fits switch from linear to exponential (Figure 

4.7B, green arrows). Note the delay following many of the nuclear envelope ablations before 

initiation of spindle and nuclear envelope relaxation. Because both the spindle and nuclear 

envelope tend to relax nearly simultaneously, we posit that the initial nuclear envelope ablation, 

while likely small in area, triggers a subsequent catastrophic event in which the hole expands 

and nuclear envelope tension plummets. 
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Figure 4.8: nuclear envelope rupture and spindle relaxation occur simultaneously. (A) The 

averages of NLS intensity (purple) and spindle curvature (gold) show similar trajectories, 

following ablation. Traces represent averages across all videos and shaded regions represent 

average +/- standard error on the mean. (B) The initiations of nucleoplasm leakage and spindle 

relaxation, defined using best fit traces for each individual video (Figure 4.6B, green arrows), 

are approximately simultaneous. 

 

4.2.3   Ase1 crosslinking supports spindle structure in S. pombe 

Following our investigation of the impacts of nuclear envelope tension on mitotic forces in S. 

pombe, we sought to study the influence of microtubule-microtubule cohesion forces in the 

fission yeast spindle, derived from crosslinking, on the structure and mechanics of the spindle 

as a whole. To this end, we laser ablated mitotic spindles in Ase1-deletion (ΔAse1) S. pombe, 

similar to the experiments described above in genetically unmodified cells. Frustratingly, it 

proved impossible to characterize post-ablation spindle collapse and spindle half splaying, as 

was done for control S. pombe (Figures 4.4A and 4.6), since rapid ablated spindle half 

depolymerization was common in ΔAse1 cells (Figure 4.9). This behavior does however align 

with the role of Ase1 in stabilizing bundles [103,184,186]. Due to the instability of ablated ΔAse1 

mitotic spindles, attempts are currently underway in our lab to probe spindle and nuclear 

envelope structure in fixed ΔAse1 S. pombe. The aim is for these experiments, which include 

ultrastructure expansion and immunofluorescence microscopy as well as electron microscopy, 

to shed light on any effects Ase1-deletion might have on both the cohesion between the 

spindle’s microtubules and its ability to elongate and exert/resist force on/from the nuclear 

envelope. 

https://paperpile.com/c/dHe2Ie/0r5H+RAUs+Y1o7
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Figure 4.9: Ablated ΔAse1 S. pombe spindle halves often depolymerize rapidly. (A) Example of 

spindle ablation in ΔAse1 S. pombe, in which both spindle halves depolymerize. Scale bars are 

2 μm and timestamps are in min:sec. (B) ΔAse1 S. pombe halves tend to depolymerize more 

quickly and severely than those from genetically unmodified S. pombe, as shown by traces of 

the average change in spindle half length after ablation. Traces represent averages across all 

videos and shaded regions represent average +/- standard error on the mean. 

 

4.2.4   The S. japonicus spindle is less crosslinked than the S. pombe spindle and does 

not have to oppose as much compressive force 

Our first step in comparing the mitotic machines of S. pombe and S. japonicus was to laser 

ablate anaphase S. japonicus spindles, similar to the spindle ablation experiments in S. pombe 

described above (Figure 4.10A). Our aim is to investigate the cohesion of S. japonicus spindles, 

by determining the frequency with which the microtubules in spindle halves splay apart following 

laser ablation. Strikingly, while splaying was rare in S. pombe ablated spindle halves (Figure 

4.4A), the plus-ends of at least some microtubules mechanically dissociated in nearly half of all 

ablated S. japonicus spindle halves (Figure 4.10B), suggesting that microtubules in these 

spindles are less tightly-bound than their S. pombe counterparts. 
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Figure 4.10: (A) Example of spindle ablation in S. japonicus, showing the splaying apart of 

microtubules at the plus ends of one of the ablated spindle halves, but not the other. Scale bars 

are 2 μm and timestamps are in min:sec. (B) Nearly half of ablated S. japonicus spindle halves 

splay apart at some point during spindle repair. Error bar indicates the square root of the 

number of splayed events, as an estimate on the variation in this number assuming Poisson 

statistics. 

 

Further evidence that S. japonicus spindles may be less cohesive than S. pombe 

spindles comes from observations of mitotic progression in cerulenin-treated cells. Here, 

cerulenin-treated S. japonicus are imaged, without mechanical perturbations such as laser 

ablation, as spindles attempt anaphase elongation. In a couple instances, we see a constrained 

spindle bow dramatically, as it attempts to elongate inside a more rigid nuclear envelope (Figure 

4.11), suggesting that S. japonicus spindles are in fact less rigid than S. pombe spindles. 

Additionally, as the spindle shown in Figure 4.10 bends, individual microtubules appear to 

dissociate with the rest of the spindle in its midsection, while remaining bound at the 

centrosomes (2:20-3:30, red arrows). This demonstrates a lack of inter-microtubule cohesion, 

possibly stemming from a lower density of crosslinkers in the spindle. While examples of 

extreme spindle bending are quite rare among cerulenin-treated S. japonicus, occurring in only 

two of the observed cells, this phenomenon was never observed in cerulenin-treated S. pombe. 

It is also important to note that, although this was only observed in two cells, we only found 

three curved spindles in all of our imaging of cerulenin-treated S. japonicus. We suppose that 
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this lack of curved spindles is likely due to the frequency at which S. japonicus nuclear 

envelopes locally break down, a noted difference between untreated S. pombe and S. japonicus 

cells [107]. 

 

 

Figure 4.11: A couple of spindles in cerulenin-treated S. japonicus showed extreme bending, 

with some individual microtubules mechanically dissociating with the rest of the bundle as it 

bows excessively (2:20-3:30). 

 

4.3   Conclusions 

In total, our results demonstrate significant mechanical coupling, during mitosis, between the 

mitotic spindle and nuclear envelope in fission yeasts. This is evident in both of the laser 

ablation experiments performed in cerulenin-treated S. pombe. The rapid spindle collapse 

following spindle ablation suggests the presence of a compressive force on the spindle poles, 

resulting from nuclear envelope tension. Likewise, the simultaneous nuclear envelope rupture 

and spindle relaxation after nuclear envelope ablation implies this compressive force can be 

lessened by relieving tension in the nuclear envelope. Extending the implications of these 

results to wild-type S. pombe forms a model in which nuclear envelope expansion, via the 

insertion of phospholipids into the double bilayer, accommodates an elongating anaphase 

spindle. Here, growing the nuclear envelope in anaphase minimizes spindle deformation and 

compression, as it segregates the cell’s chromosomes. Although we began our study of the 

mechanical relationship between the S. pombe spindle and nuclear envelope with a focus on 

spindle structure and dynamics, it seems that there exists much room for studying the 

https://paperpile.com/c/dHe2Ie/a0Zj
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mechanisms by which the nuclear envelope expands and changes shape, as mitosis 

progresses. 

 Another area of intrigue highlighted by this research is in the differences between the 

mitotic apparatuses of the two fission yeasts studied here, S. pombe and S. japonicus. 

Specifically, while previous work has described differences in the nuclear envelopes of the two 

species during mitosis [107,113,188], little is known about the molecular structure and 

organization of the S. japonicus mitotic spindle. The frequency with which ablated S. japonicus 

spindle halves splay, as well as the extent to which these spindles can bend under cerulenin-

induced compression, alludes to potential structural differences between S. pombe and S. 

japonicus spindles. Future research could provide more detailed and precise insight into ways 

that the S. japonicus spindle may differ from those of other yeasts. 

  

https://paperpile.com/c/dHe2Ie/ESpY+4iK1+a0Zj
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Chapter 5 

Conclusions 

 

5.1   Summary of work 

Altogether, the work presented here explores the structure and mechanics of microtubule 

bundles across three phylogenetically disparate model organisms. More precisely, we examine 

the roles these bundles play in mitotic force generation and the mechanisms by which they do 

so. We observe that microtubules within laser ablated bundles sometimes mechanically 

dissociate at their ablated ends and that the frequency with which this occurs varies across cell 

types and the molecular backgrounds of the mitotic spindle. Additionally, we find that proper 

molecular conditions ensure reliable repair for mechanically disturbed spindles. Importantly, our 

research both demonstrates the complexity of the mechanical interactions between the spindle 

and other components of the mitotic apparatus, namely the fission yeast nuclear envelope, and 

highlights avenues for potentially fruitful future exploration. Also, our research highlights the 

ways in which cellular forces and material properties are often intertwined. 

By studying the response of k-fibers in the mammalian Ptk2 spindle to laser ablation, we 

further unveil the mechanics behind a previously described spindle repair mechanism 

[95,97,189]. In short, these studies highlighted the significance of the minus-end-directed 

molecular motor dynein and its microtubule binding partner NuMA in the poleward transport of 

ablated k-fiber stubs, an event critical to spindle repair. Here, we demonstrate the surprising 

importance of the plus-end-directed kinesin-12 Kif15 in poleward transport. Specifically, it 

appears that the role of Kif15 in poleward transport is primarily as a microtubule-microtubule 

crosslinker within k-fibers. As our Ptk2 k-fiber ablations suggests, this crosslinking seems critical 

for spindle robustness, since ablated k-fiber stubs will occasionally splay apart during poleward 

transport. The data suggest this is due to opposing forces from dyneins, attached to different 

microtubules within the fiber, processing on unaligned nearby spindle microtubules. This implies 

that, while k-fibers must be cohesive enough to maintain their structure during poleward 

transport, they must also be able to dissociate as needed when bound by laterally antagonistic 

motors. The fact that forces promoting the cohesion and dissociation of k-fiber stubs seem 

roughly similar in magnitude suggests that these forces have been tuned to each other. These 

findings emphasize the value of further study in both the versatility of molecular motor proteins 

and the complexities of the intracellular mitotic force landscape. 

https://paperpile.com/c/dHe2Ie/JXyT+PErs+R5df
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Our examination of laser ablations in fission yeast spindles further probed the mechanics 

of microtubule bundle force production and explored the physical relationship between the 

spindle and its intracellular environment. Although this work began as an investigation of the 

fission yeast mitotic spindle, through our preliminary observations, we became especially 

interested in the mechanical relationship between spindle and nuclear envelope tensions during 

anaphase spindle elongation. Previous research has demonstrated the ability of heightened 

nuclear envelope tension to exert compressive force on the spindle at its poles, following the 

treatment of S. pombe with the nuclear envelope synthesis inhibitor cerulenin [107], but a 

quantitative characterization of this effect had yet to be undertaken. Here, we do just that. We 

perform ablations in both cerulenin-treated and untreated S. pombe and infer the extent of this 

compressive force through measurements of changes to the distance between spindle poles, 

following ablation. We find that spindles in cerulenin-treated cells collapse more rapidly and 

severely than those in untreated S. pombe, an apparent manifestation of the mechanical 

relationship between the spindle and nuclear envelope in fission yeast closed mitosis. Further 

evidence of this relationship is seen in our nuclear envelope ablations in cerulenin-treated S. 

pombe. The approximately simultaneous decreases in nuclear NLS intensity and spindle 

curvature imply a catastrophic nuclear envelope rupture event, induced by ablation, in which 

both nucleoplasm begins leaking from the nucleus and nuclear envelope tension is drastically 

reduced, lowering the compressive force acting on the spindle poles and allowing the spindle to 

relax. This phenotype, of curved spindles and D-shaped nuclear envelopes, is not observed in 

normal cells, suggesting that, under typical conditions, anaphase nuclear envelope expansion 

and shape change helps to reduce tension and stress in both itself and the spindle. This allows 

for spindle elongation, without breakage of either the spindle or the nuclear envelope. The sum 

total of our results from both spindle and nuclear envelope ablations in anaphase cerulenin-

treated S. pombe highlight the importance of future investigation of the mechanical relationships 

between mitotic cellular structures. 

Additionally, following ablations of mitotic spindles in S. japonicus, an evolutionary 

cousin of S. pombe with lower envelope tension, we observe far more frequent spindle half 

splaying than was seen in S. pombe. This apparent lack of spindle cohesion in S. japonicus is 

especially intriguing, since it seems that these spindles must resist less compressive force, 

resulting from nuclear envelope tension, than their S. pombe counterparts. Hypothetically, this 

may be the result of less prevalent crosslinking between spindle microtubules in S. japonicus, 

but higher-resolution imaging of the S. japonicus spindle will be needed to rigorously test this 

hypothesis. If this were indeed the case, that would provide further evidence of spindle cohesion 

https://paperpile.com/c/dHe2Ie/a0Zj
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being tuned to cellular forces, as the spindle would not need to resist the same compressive 

force in S. japonicus as it would in S. pombe, since the S. japonicus nuclear envelope is not 

required to maintain closure during spindle elongation. 

In total, our work demonstrates the complexity and diversity of mitotic apparatuses. 

Specifically, we show that microtubule bundles are generally cohesive, but that mechanical links 

between the individual microtubules of a bundle can be broken in vivo and that the cohesive 

strengths of these bundles vary across cell types and molecular conditions. Furthermore, this 

research demonstrates the myriad of ways in which the mitotic spindle can both generate forces 

intrinsically and mechanically interact with other force-generating mitotic machines, such as the 

fission yeast nuclear envelope. More generally, we demonstrate ways in which both the force 

production and material properties of cellular structures are tuned to their functions. 

 

5.2   Future directions 

The work presented above highlights the need for further research in a number of areas. 

Broadly speaking, the results of both projects undertaken here suggests there may be value in 

comparative studies of the fundamental mechanics of cellular structures across the many 

different cell types in nature. For example, most eukaryotic cells have a mitotic spindle that 

executes the same basic function: segregating chromosomes during cell division. Although 

spindle function has been well-conserved, different cells face different challenges during 

mitosis, resulting in the evolution of an array of spindle shapes and sizes. The width of this 

variability is obvious when comparing mammalian and yeast spindles. The mammalian spindle 

is a complex 3D structure with microtubule bundles extending to the numerous chromosomes 

and a network of non-k-fiber spindle microtubules, whereas the 1D fission yeast spindle consists 

of merely a single microtubule bundle. This makes sense when one considers that a typical 

human spindle must segregate 46 chromosomes, while the S. pombe spindle needs to separate 

just a few chromosomes. 

On the other hand, overall spindle structure is mostly conserved across most 

mammalian cells, even though these cells must divide quite disparate numbers of 

chromosomes. Additionally, spindles in different mammalian cell types must push and pull 

chromosomes of different sizes (Figure 1.9). Because the physical demands placed on the 

spindle vary from one mammalian cell type to another, it seems unlikely that, although similar at 

first glance, spindles of these different cells all share the same microstructure or dynamic 

characteristics. It would be intriguing to, for example, probe the structure and mechanics of the 

fIM and U2OS mitotic spindles, using the same experimental methods employed here on their 
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mammalian counterpart, the Ptk2 spindle (Figure 1.9). It seems possible, due to the substantial 

differences in chromosome number and size, that such tests could show differences in k-fiber 

cohesion and spindle repair among the three cell types. Coincidentally, research examining the 

ways in which the mammalian spindle accommodates different chromosome loads would be of 

some interest to the medical community, as the demand of dividing karyomes containing more 

or fewer than typical chromosomes is ubiquitous among cancers [32]. 

Live cell imaging, in conjunction with mechanical perturbations like laser ablations, is an 

excellent tool for initial investigation of mitotic apparatuses and processes in these different cell 

types. For instance, in the same way our ablations of Ptk2 k-fibers revealed information about 

fiber cohesion forces and spindle repair mechanisms, ablations in fIM and U2OS k-fibers might 

similarly shed light on their mechanics. Aside from painting a broad-strokes picture of the mitotic 

force landscape, k-fiber laser ablations, when performed alongside molecular perturbations, can 

uncover the identities and actions of proteins central to the studied cellular structures or 

processes. An example of employing various perturbation techniques in combination can be 

found in our exploration of the impacts of Kif15 on repair in ablated Ptk2 spindles (Chapter 3). 

However, one could envision carrying such a comparative study beyond laser ablation 

experiments, as well. After using these techniques to gain insight into the molecular 

mechanisms underlying the unique characteristics of a given mammalian cell type, one could 

also perform molecular perturbation experiments in mechanically unbothered cells. For 

example, some have suggested that, while Eg5 inhibition alone seems to be an unviable cancer 

therapy, employing an Eg5 inhibitor in combination with a Kif15 inhibitor, such as those 

discussed in Chapter 3, may prove more effective [131]. As a spindle-centered strategy, it may 

therefore be worth the effort to test this treatment, in culture, on mammalian cell types with 

structurally distinct spindles. These experiments would likely prove fairly simple, since the only 

extra benchwork required would involve the molecular perturbation of interest. Furthermore, 

because much of the development of cancer therapeutics involves attempts to perturb some 

types of cells more than others, this could help extend the viewership of this basic science 

research to include a translational medicine audience. 

In a similar vein, further research contrasting the mitotic structures and programs of the 

fission yeasts S. pombe and S. japonicus seems a natural next step. Because the S. pombe 

mitotic apparatus has been studied in detail, via a plethora of imaging techniques [69,115,116], 

this would likely entail filling gaps in the literature regarding the mitotic machinery of S. 

japonicus and the spindle in particular. A sensible starting point in this endeavor would be to 

image fixed mitotic S. japonicus, using both immunofluorescence and electron microscopy. 

https://paperpile.com/c/dHe2Ie/FHqc
https://paperpile.com/c/dHe2Ie/Cbig
https://paperpile.com/c/dHe2Ie/eYyJ+ppCa+PAM5
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Through immunostaining, one can compare the macrostructure of the spindle and nuclear 

envelope between the two species, as well as between cells with various molecular profiles, 

with far greater procedural standardization and sample sizes than those of our live-cell ablation 

experiments. For instance, immunofluorescence imaging of fixed cells would allow the simple 

quantification of spindle length and categorization of nuclear envelope conformation. By 

comparing the results of these tests to previous data [107,182], it may also be possible to use 

immunostaining to approximate the rate at which the different yeast cell types progress through 

each mitotic stage. On the other hand, the results of our live-cell fission yeast spindle ablation 

experiments hint at possible differences between S. pombe and S. japonicus, in terms of spindle 

microstructure. To this end, electron microscopy (EM) yields images with far greater spatial 

resolution than can be achieved using our spinning disk confocal fluorescence microscope, 

allowing us to characterize spindle microstructure in great detail. For example, EM could be 

used to rigorously test our hypothesis that the density of crosslinker proteins along the length of 

the spindle differs between S. pombe and S. japonicus, by providing images in which the 

crosslinkers themselves are visible. As the most obvious follow-up experiments, our lab is 

currently undertaking the task of imaging mitotic S. pombe and S. japonicus using both 

immunofluorescence and EM. 

Long-term, one of the interesting directions in which our work in fission yeasts could lead 

is a more in-depth study of the nuclear envelope. The Oliferenko Lab in particular has pursued 

the study of the yeast nuclear envelope with an emphasis on comparing S. pombe and S. 

japonicus, elucidating processes that give rise to the different mitotic programs followed by the 

two evolutionary cousins [107,113,188]. However, remaining shrouded in relative obscurity are 

the triggers that cause anaphase nuclear envelope expansion and why the nuclear envelope 

assumes the conformations accessed throughout mitosis. For instance, it could be that, while 

seemingly not the most entropically preferable form, taking on a dumbbell-like shape may help 

the nuclear envelope reduce its tension as the spindle elongates, pushing on the membrane at 

its ends. If this were the case, then nuclear envelope growth might be a free energy dance, with 

the cell balancing its energetic and entropic considerations. Relatedly, it is not fully understood 

what bulk nuclear characteristics, such as volume and charge, are conserved during closed 

fission yeast mitosis. Any thorough physical characterization of the nuclear envelope would 

benefit from assessing any changes during mitosis that may occur to nuclear volume and/or 

pressure or ion gradients across the membrane. Although, from a nuclear envelope standpoint, 

the open mitotic program of mammalian cells is completely different from the closed or semi-

open mitosis undertaken by fission yeasts, these cells nonetheless all contain nuclei enclosed in 

https://paperpile.com/c/dHe2Ie/EXDA+a0Zj
https://paperpile.com/c/dHe2Ie/ESpY+4iK1+a0Zj
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nuclear envelopes. Therefore, studies of the kind discussed here, would deepen our 

understanding of not just fission yeast nuclear envelopes, but rather the mechanisms governing 

nuclear envelope conformation more generally. 

In conclusion, our results suggest a coupling of the structural and dynamic 

characteristics of microtubule bundles to both their specific duties and their physical 

environment. Importantly, we demonstrate the complexity of mitotic spindle force profiles, 

arising from both the structural intricacy of complex spindles, like the mammalian spindle, and 

the mechanical influence of other cellular structures, namely the fission yeast nuclear envelope. 

This opens numerous doors for future research, such as comparative studies involving 

mechanical perturbations to spindles in an array of cell types and focused investigation into the 

characteristic structure and mechanics of other cellular structures, like the nuclear envelope. I 

look forward to reading of the newfound insights into the mechanics of cellular machines such 

inquiry may soon yield. 
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