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Abstract 

Kinesin-5 family members are classically known for generating outward forces that push spindle poles apart 

to drive bipolar spindle assembly and elongation. Kinesin-14 members contribute inward forces that pull 

spindle poles together and control its elongation prior to anaphase. In many eukaryotes, loss of kinesin-5 

activity leads to failure of bipolar spindle formation and cell death. However, simultaneous loss of the 

counteracting kinesin-14 rectifies this problem and cells survive. This phenomenon led to the widely 

accepted “force-balance” model explaining the actions of these mitotic motor proteins in orchestrating 

spindle assembly. In this thesis, the cell biological studies of kinesin-5 (Kip1) and kinesin-14 (Kar3Cik1) 

in Candida albicans reveal distinct mechanisms of spindle assembly and stabilization. Although defective 

in normal progression through mitosis, kip1Δ/Δ cells are viable and can form bipolar spindles. Also unique 

is that simultaneous loss of Kip1 and Kar3Cik1 is lethal. Therefore, spindle force-balance is either not 

restored upon dual depletion of these motors, or their combined loss cannot be compensated for by other 

spindle-associated factors. Using time-lapse microscopy of kip1Δ/Δ cells, it was observed that many 

budding cells contained two bipolar spindles that often segregated independently to the mother and bud. In 

kip1Δ/Δ cells that had experienced cell-cycle arrest, essentially all exhibited this duplicated spindle 

morphology. These phenotypes imply that C. albicans predominantly employs kinesin-5 as a spindle 

microtubule crosslinking protein, rather than as a microtubule sliding motor needed for outward pushing 

force. Examination of Kip1 localization by fluorescence microscopy indicated that these putative 

crosslinking activities are focused at the spindle poles and at the spindle midzone. By following spindle 

dynamics, the spindle duplication event was established to occur at the onset of anaphase by bipolar spindle 

breakage at the midzone. Additionally, it appeared kip1Δ/Δ cells contained multiple clusters of chromatin. 

These findings imply a role of Kip1 in maintaining spindle integrity, presumably by interpolar microtubule 

cross-bridging. Finally, similar to kar3cik1Δ/Δ cells, kip1Δ/Δ cells are defective at mature hyphal growth. 

Combined with the compromised spindle function of kip1Δ/Δ cells, the lack of identifiable septa in 

immature hyphal compartments suggests that improper distribution of nuclear material underlies this defect. 
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Chapter 1 

Introduction 

Fungi are a diverse and fascinating group of eukaryotes that comprise over 100,000 

identified species; about 300 of which are pathogenic to humans1. Candida albicans is the most 

clinically relevant species and is the primary cause of moderately benign skin and mucosal 

infections that are usually straightforward to treat. However, C. albicans can also form life-

threatening systemic infections, especially in individuals with altered bacterial flora or 

compromised immunological defense mechanisms2.  Compounding this problem is the ability of 

C. albicans to adapt to different niches in the host and to environmental stresses such as antifungal 

drugs2-4. As aneuploid forms of C. albicans are common and comprise a large complement of the 

antifungal drug resistant strains5,6, mechanistic insight into mitotic processes that lead to their 

chromosome number anomalies is urgently needed. Therefore, we set out to identify and study C. 

albicans-specific mitotic spindle proteins that execute chromosome segregation in order to identify 

non-cross-reactive targets for therapeutic intervention. This thesis describes an investigation of two 

kinesin motor proteins that are needed to guide mitotic spindle assembly and maintain spindle 

integrity, and whose loss impacts mitosis in ways that are unique from other eukaryotes.  

Typically, kinesin-5 motors are critical in early stages of mitosis where they crosslink 

microtubules (MTs) emanating from opposing spindle pole bodies (SPBs) to promote bipolar 

spindle formation and elongation7-14. Without them, most of the researched eukaryotes exhibit 

mono-astral spindles and are non-viable9,15. Kinesin-14 motors oppose kinesin-5 forces in the 

spindle by pulling SPBs together16. Moreover, depletion of kinesin-14 can partially rescue the 

spindle defect of kinesin-5 null mutants in many eukaryotic systems17-19, suggesting that the 

collective efforts of kinesin-5 and kinesin-14 motors establishes a “force-balance” that ensures 

proper spindle assembly and adequate spindle length20.  
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Recent studies by the Allingham lab and the Chua lab suggest that C. albicans exhibits 

several fundamental differences in the roles of these spindle motors21,22, highlighting a wide 

evolutionary gap in cell cycle regulation mechanisms of this pathogen and other members of the 

Fungi Kingdom. This thesis applies topics from molecular genetics, cell biology, and microscopic 

imaging methods to delineate the cell cycle events that depend on kinesin-5 and kinesin-14 in C. 

albicans, and to develop models of their functions in mitosis that can be tested in cell-free systems. 

These studies have laid the groundwork for understanding mitotic spindle mechanics and cell cycle 

control in this human fungal pathogen, and should help guide development of mechanistically novel 

antifungal therapies.  



 

3 

 

Chapter 2 

Literature Review 

Fungal infections are rapidly becoming an increasing global problem for human health, 

livestock, and many agricultural crops23. They threaten cash crops such as coffee, cacao, and 

tobacco as well as staple crops such as wheat, rice, corn, and potatoes24. Additionally, some fungi 

also produce secondary metabolites known as mycotoxins that can seriously harm consumers of 

the infected crops25. These aggressive pathogens have further affected a wide range of animal 

species causing serious harm in wildlife and livestock including, but not limited to, insects, 

amphibians and cattle26-28.  Most importantly, fungal infections are becoming extremely dangerous 

for humans. They take more than 1.5 million lives each year globally, and mortality from fungal 

infections has now surpassed that from malaria and tuberculosis29. Unfortunately, studies have been 

mainly focused on understanding and treating bacterial and viral pathogens, and risk for fungal 

infections has not been appreciated by the public. Although a handful of compounds with broad 

antifungal activity are commercially available, most of these work by perturbing formation and 

plasticity of the fungal cell wall and cytoplasmic membrane30. Regrettably, this mechanism of 

action can have harmful effects on other living organisms, and thus non-specificity remains a 

vexing problem.  At the same time, resistant strains continue to develop in accord with increasing 

antifungal use, compounding the need for truly novel antifungal agents31-33.   

Rather than approach antifungal drug discovery by traditional screening methods that may 

simply lead to discovery of compounds that target the same fungal processes, it is imperative to 

fully understand other aspects of fungal propagation and infection in order to identify more specific 

antifungals with new modes of action. This thesis aims to understand proteins that can perturb 

mitosis in the human fungal pathogen Candida albicans. 
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2.1 Candida albicans 

Candida albicans is an ascomycete yeast, belonging to the same taxon as Saccharomyces 

cerevisiae34,35. Members of this subdivision typically reproduce through a process known as 

budding. C. albicans, on the other hand, is unique because it possesses the ability to propagate both 

as a unicellular budding yeast and as filamentous pseudohyphal and hyphal forms3,36. This 

morphological plasticity is a typical response to changing environmental conditions and provides 

an essential role for C. albicans pathogenicity and survival in host systems4,37,38. It is typically an 

obligate of warm-blooded animals, including humans, where it resides in mucosal cavities with 

other microbiota. In humans, C. albicans is the most commonly encountered fungal pathogen 

because it can cause both superficial and invasive infections39,40. Superficial Candida infections of 

the skin or mucous membranes include oropharyngeal infections, vaginitis, or diaper dermatitis 

which are often persistent, but not life threatening. However, when the immune system is 

weakened, or competing flora are reduced, this microbe can enter the blood stream, invade host 

tissues and cause life-threatening systemic infections2,3. It also can form debilitating biofilms on 

implanted medical devices including, but not limited to, dental implants, catheters, heart valves and 

artificial joints41. Since C. albicans are eukaryotes and share many biological processes with 

humans, antifungals can cause deleterious side effects. Therefore, the doses administered to patients 

serve as fungistatic rather than fungicidal. Furthermore, certain species, such as C. albicans, are 

becoming alarmingly difficult to treat with conventional antifungals due to development of 

resistance2. 

 Despite its medical importance, progress in understanding C. albicans has been fairly slow 

compared to other microbes. Unlike majority of other human fungal pathogens, C. albicans is not 

commonly isolated from environmental sources, therefore many studies have relied on clinical 

isolates obtained from hospitals42. Furthermore, the diploid genome (somewhat unusual for a fungal 

pathogen) and lack of a complete sexual cycle in C. albicans, have posed significant obstacles to 
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conventional genetic methods43. Therefore, many cellular and biological processes of C. albicans 

have relied heavily on Saccharomyces cerevisiae literature.  

Fortunately, advancement in technological and methodological innovations, as well a fully 

sequenced genome have now enabled researchers to understand genetics and life cycle events of C. 

albicans.  It is now commonly known that the C. albicans genome is remarkably plastic44,45. Given 

that there is limited evidence of genetic exchange among Candida populations, a highly plastic 

genome may exist to generate genetic diversity. Currently, two main avenues have been identified 

that produce genetic changes in Candida: loss of heterozygosity and concerted chromosome loss 

to convert a tetraploid state back to diploid34,46,47. Moreover, clinical and laboratory isolates have 

shown to be aneuploid and/or polyploid, suggesting that this microbe can quickly acquire changes 

in its genome content5,48-50. These dramatic chromosomal rearrangements have been shown to affect 

phenotypic properties such as virulence, mitotic recombination, and increased resistance to certain 

drugs45,51. Evidently, Candida has evolved complex mechanisms to ensure its survival through the 

course of evolution. Our aims are to understand how this pathogen uses its mitotic machinery to 

proliferate (and become virulent), and to learn how we can exploit this as a means for novel 

antifungal drug discovery. 

2.2 Candida albicans cell cycle 

The cell cycle in budding yeast is a sequence of events where a cell grows and divides into 

two identical daughter cells, and where all the essential components in the cell, such as DNA, must 

be duplicated and segregated into their respective components. This process occurs in temporally 

distinct phases known as S-phase (DNA replication) and M-phase (mitosis) (Figure 2-1), which in 

turn are separated by two gaps recognized as G1 and G2
52. The regulation of the cell cycle is due to 

the interaction of cyclin-dependent kinases (Cdks) and their corresponding cyclins. Different 

cyclins are produced during each stage of the cell cycle and are categorized into G1, G1/S, S, and 

M cyclins (Figure 2-1). The formation and degradation of Cdk-cyclin complexes controls 
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activation of target proteins that drive cell cycle progression in a linear direction. This regulatory 

network is propagated with phase-transition checkpoints. The START checkpoint, which defines 

the entry into the cell cycle, occurs between late G1 and S phase and is triggered by G1/S Cdk-

cyclin complexes. These complexes monitor cell commitment to replicate DNA. Entry into mitosis 

is governed by the G2/M checkpoint and is initiated by the interaction of Cdk and M-cyclins. In the 

final events of mitosis, the metaphase-to-anaphase transition marks the third major checkpoint and 

causes proteolytic destruction of proteins that hold sister chromatids together and leads to 

chromosome segregation53. To regulate cell cycle progression, the cell-cycle control system is 

supplemented with molecular braking mechanisms that can be used to inhibit Cdks and other 

regulators to block the cell at a checkpoint54. This would occur if environmental conditions are not 

conducive to cell proliferation. Cells can be arrested at START if environmental conditions change 

as the cell begins to proliferate. Similarly, failure to properly replicate DNA causes a delay into 

mitosis by inactivating Cdk-M-cyclin complexes54. Defects in mitotic spindle assembly activate the 

spindle assembly checkpoint, resulting in inhibition of the machinery that drives metaphase-to-

anaphase transition and prevention of chromosome separation. Notably, the budding yeast cell 

cycle is not as extensively regulated as other eukaryotes. As such, the metaphase-to-anaphase 

transition is the major regulatory checkpoint in this organism55.   
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Figure 2-1: Budding yeast cell cycle:  Spindle pole bodies (SPBs) are duplicated during S-phase 

after the onset of the START checkpoint, and occurs during bud emergence. During G2, a bipolar 

spindle is formed. Following G2 checkpoint satisfaction, the nucleus is oriented at the mother-bud 

junction. Chromosomes are then segregated after the metaphase-to-anaphase transition checkpoint 

is satisfied, followed by telophase. All mitotic events are regulated by the cyclins that are active 

during their appropriate cell cycle stage.   
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C. albicans is a pleiomorphic species. It typically grows as yeast; however, changes in 

environmental conditions such as temperature or pH can cause a morphological shift into other 

vegetative growth forms, such as pseudohyphae or hyphae3. These are dependent on the 

concentration of certain Cdk-cyclin complexes that are either upregulated or downregulated 

corresponding to a particular morphological growth form. Normally, C. albicans yeast cells grow 

by asymmetric budding (Figure 2-2). Bud emergence occurs at START near the G1 to S transition 

phase, is coordinated with DNA replication, and grows continuously throughout the rest of the cell 

cycle – until the bud size is slightly smaller than the mother cell. As such, bud size is a useful 

indicator of cell-cycle position54. After mitosis, the daughter cell pinches off from the mother cell 

through the formation of septin rings56. Under certain conditions, the expression of cyclins can 

change, creating dramatic morphological changes. For example, a decrease in G2 cyclins results in 

strong polarized growth57. C. albicans pseudohyphal cells bud in a unipolar pattern and remain 

attached following cytokinesis (Figure 2-2). They form branched chains of elongated cells with 

visible constrictions at septal sites36,56. True hyphal cells are narrower, tube-like filaments that have 

parallel walls and no visible sites of septation3 (Figure 2-2). The morphologically distinct shapes 

in C. albicans exhibit different chemical, physical, immunological and behavioural properties and 

are viewed as evolutionary advantageous. Filamentous growth allows for the fungus to escape the 

host immune system. In humans, for example, C. albicans hyphal growth leads to macrophage lysis 

and escape4.   
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Figure 2-2: The different morphologies of C. albicans. C. albicans is a pleiomorphic yeast. It 

can alter morphology based on different environmental signals. Yeast separate after mitosis. 

Pseudohyphae are elongated cells that do not septate and show constrictions at bud junctions. 

Hyphae are narrow, tube like cells that elongate from an apical compartment and form septa.   
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2.3 The spindle apparatus 

Unlike prokaryotes, where chromosomes attach to the cell membrane and separate as the 

cell grows, all eukaryotic cells use a microtubule-based spindle. The mitotic spindle is a complex 

and robust system that ensures proper chromosome segregation during cell division58,59. Spindle 

assembly begins early in mitosis and is based on a bipolar array of microtubules and associated 

motor proteins that work in collaboration to separate sister-chromatids.  

2.3.1 Microtubules and nucleation 

Microtubules (MTs) are cytoskeletal proteins that form the main structural component of 

the mitotic spindle60. They are hollow, cylindrical polymers that are assembled from α/β tubulin 

heterodimers60,61. α/β tubulin heterodimers associate in a head-to-tail orientation forming a linear 

protofilament. Thirteen protofilaments associate laterally to form the MT lattice62. This results in a 

long, rigid filament that only allows addition or removal of α/β tubulin subunits at the MT ends. 

Since the dimers are aligned in the same orientation, this exposes the β-tubulin subunits at the 

faster, polymerizing “plus” end, and the α-tubulin at the slower polymerizing “minus” end. MT 

dynamics originate from GTP hydrolysis that changes the shape and conformation of subunits and 

allows for polymer assembly60 (Figure 2-3). As a result, the majority of the MT filament is made 

up of GDP-associated tubulin, while newly added subunits are still bound to GTP, creating a GTP-

cap. Energy derived from GTP hydrolysis is stored in the MT lattice and leads to a behaviour known 

as dynamic instability, where the MT filaments exhibit periods of growth and shrinkage at the MT 

end61. Dynamic instability enables the cell to reorganize the cytoskeleton in accordance with the 

cell cycle.  MT dynamics such as MT polymer assembly, stability, and induced conformations are 

influenced by the availability of free tubulin along with MT-associated motor proteins.   
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Figure 2-3: Microtubules exhibit dynamic instability.  MTs are composed of α and β tubulin 

heterodimers. They can rapidly switch between phases of growth and shrinkage (catastrophe) 

primarily at the plus-ends due to the rate of subunit addition and GTP hydrolysis. Rapid growth is 

characterized when GTP tubulin dimers are added at a higher rate than GTP hydrolysis. During 

intermediate tubulin concentration, the rate of GTP tubulin matches that of GTP hydrolysis. As 

tubulin subunits at the plus-end undergo GTP hydrolysis, they lose their GTP-cap. GDP-tubulin 

has lower affinity to the MT when switched from rapid growth to rapid shrinkage and curl away 

from the MT. GTP is purple, GDP is grey. Figure adapted from The Cell Cycle 54.   
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Spontaneous nucleation of MTs does not occur readily. It is a slow process that produces 

short MT intermediates that are energetically unfavourable, and therefore tend to disassemble63. To 

overcome this problem, cells utilize pre-existing nucleation proteins known as the γ-tubulin ring 

complex (γ-TuRC) that facilitate MT nucleation at the minus-ends64,65. These nucleation centres 

are concentrated in organelles known as the centrosome or spindle pole body (SPB) which act as 

MT-organizing centers during cell division. 

2.3.2 Bipolar spindle formation  

The inherent, self-assembling properties of MTs are used to build the basic machinery of 

the mitotic spindle. Simple eukaryotes, such as budding yeast, undergo a closed mitosis event where 

the SPB is embedded into the nuclear membrane66. A SPB is comprised of a stack of protein layers 

known as plaques that are divided into three main layers: the inner and outer plaques that are 

sandwiched between a third or central plaque that runs parallel to the nuclear membrane67. Both 

the nuclear and cytoplasmic plaques of the SPB contain γ-TuRC and are able to nucleate MTs. 

Upon entry into the cell cycle, in coordination with bud emergence and DNA replication, the central 

plaque creates a structure known as a half-bridge that is attached to one side of the spindle pole 

body and runs along both the nuclear and cytoplasmic faces67 (Figure 2-4a). The half-bridge 

nucleates the assembly of a new SPB that is inserted into the nuclear envelope, adjacent to the 

original SPB. This process is highly regulated and only occurs once per cell cycle. Furthermore, 

SPBs do not form de novo, they need to be nucleated by a pre-existing SPB54. Once the cell cycle 

enters mitosis, the half-bridge is severed, and the juxtaposed SPBs nucleate MTs that facilitate one 

SPB to move to the opposite end of the nuclear membrane67,68. The antiparallel MT array 

established from the separated SPBs creates a bipolar structure.  

Microscopic examination of the spindle led to discrimination of three different MT 

categories (Figure 2-4b). The inner plaque nucleates kinetochore MTs that attach the SPB to the 

kinetochore on sister chromatids and allow for the alignment and segregation of chromosomes 
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during mitosis69,70. The remainder of the spindle MTs are referred to as interpolar MTs that link the 

two spindle poles by interdigitating with each other at the spindle midzone71,72. The outer plaque of 

the spindle poles nucleates cytoplasmic MTs that extend towards the cell cortex and help position 

the spindle at the site of budding73. At the end of mitosis, as the bud separates from the mother cell, 

each compartment acquires a single SPB that allows for subsequent rounds of cell division.  
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Figure 2-4: Spindle pole body duplication and bipolar spindle formation.  (A) Key components 

of spindle pole body (SPB) duplication events. The SPB is composed of three plaques (green) and 

is embedded into the nuclear membrane. The central plaque generates a half bridge that is necessary 

for SPB duplication. The inner and outer plaques can nucleate MTs (red). (B) Following SPB 

duplication, forces acting on the MTs (not shown) allow the SPBs to move along the nuclear 

membrane until they are a symmetrical distance from one another. The three types of MTs present 

after bipolar spindle formation (right diagram).   

A 
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2.4 Microtubule associated proteins  

The dynamic properties of spindle MTs are influenced heavily by MT-associated proteins 

(MAPs) that help in assembly and function of the bipolar spindle74-76. Within the cell, MAPs are 

capable of binding directly to tubulin subunits to regulate their stability. Thus far, a large number 

of MAPs have been identified in many different cell types. They carry out a wide range of functions 

including stabilizing and destabilizing MTs, regulating MT movement towards different cellular 

compartments, crosslinking MTs, acting as plus-end tracking proteins, and mediating MT 

interactions with other proteins in the cell74,75. They can also coordinate rates of MT growth and 

shrinkage by acting as polymerases and depolymerases. Typically, the C-terminal domain of the 

MAP associates with tubulin while the N-terminal domain can interact with vesicles, intermediate 

filaments, or other MTs74,75. MAPs have been largely divided into two main categories: type 1 and 

type 2. Type 1 MAPs use their N-terminal to bind to cytoskeletal proteins or the plasma membrane, 

and are normally found in nerve cells. Type 2 MAPs are important for stabilization of the MT 

protofilament74,75. The most prominent and highly regulated MAPs include putative force-

generating motor proteins.  

Motor proteins move along MTs where they play several roles including transport of cargo, 

coordination of the MT network, or facilitating MT polymerization and/or depolymerization77-79. 

They are classified into two superfamilies: Dyneins and Kinesins. Dyneins are molecular motors 

that are minus-end directed and function to regulate MT sliding and movement of cargo. They are 

divided into two classes: (1) Axonemal dyneins are found in cilia and flagella and elicit MT sliding 

for cell movement, (2) cytoplasmic dynein facilitate the movement of cargos and organelles that 

are necessary in normal cellular processes80.  In addition, cytoplasmic dyneins also localize to the 

cell cortex where they bind to cytoplasmic MTs and bridge them with actin filaments, thereby 

facilitating mitotic spindle movement81,82.  On the other hand, kinesins are found in all eukaryotes 

and have a variety of roles in both non-dividing and dividing cells83,84. They interact with both α 
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and β tubulin in an orientation-specific fashion enabling their unidirectional movement on the MT 

track85. Kinesin function ranges from regulating MT dynamics in spindle assembly, mediating 

segregation of genetic material during cell division, as well as transport of cargo within the cell.  

2.5 Kinesin motor proteins  

Kinesins were first discovered over 30 years ago as MT-based anterograde proteins from 

the axonal cytoplasmic extract of a giant squid86. This propagated the discovery of hundreds of 

kinesins and led to the recognition of a diverse superfamily of motors responsible for motility 

events in all eukaryotic cells86-90. The kinesin superfamily is further divided into fourteen 

subfamilies based on sequence, structure, and function (Figure 2-5a)91,92. Fungi only carry a subset 

of these kinesin family members (Figure 2-5b).  

Most kinesins play important roles in intracellular cargo transport; however, a small subset 

of kinesins are essential in cell division, mediating spindle assembly and stabilization, chromosome 

segregation, and cytokinesis78,92. Kinesin proteins typically contain a total four domains: a 

conserved motor domain, a neck linker, an α-helical coiled-coil region, and a tail domain that binds 

cargo91,93(Figure 2-6). The degree to which kinesins differ is due to the rearrangement of these four 

domains, and their ability to incorporate additional domains. Kinesins are generally classified by 

the position of the motor domain in the polypeptide sequence: N-terminal, middle, and C-terminal. 

N-terminal motors are usually plus-end directed, while C-terminal motors are minus-end directed92. 

The function of kinesins with a motor domain located in the middle of the peptide sequence seems 

to be limited to MT-depolymerization92. The motor domain is considered the key element that 

couples ATP binding and hydrolysis in its active site as part of its “mechanochemical cycle” that 

generates movement along MT filaments. The existence of ATP, ADP-Pi, ADP, or no nucleotide 

determines the conformational change in the motor domain that regulates MT affinity by re-

orientation of the neck-linker to generate motor domain displacement94,95. The nucleotide state of 

the motor domain largely translates into different affinities for the MT track94. The α-helical coiled-
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coil region serves as a rigid linker between the motor domain and the cargo-binding domain. It is 

also attached to the neck linker and promotes kinesin dimerization, which is a requirement for 

processive movement96. 
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Figure 2-5: Phylogeny and domain organization of kinesin motors. (A) 45 kinesins that have 

been identified in mouse and humans which can be further classified into 15 superfamilies’ and 

categorized into 3 types based on location of their motor domain (Figure adapted from Hirokawa 

et al. 200997). (B) Unrooted phylogenetic tree of fungal kinesin motors and their domain 

organization (left panel figure adapted from Steinberg, 200798).   
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Figure 2-6: Schematic illustration of an N-type kinesin structure. The motor domain is 

illustrated in light green, the neck region is in black, the coiled-coil domain in yellow, and the 

cargo-binding domain in black.   
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Processive movement is defined as the total distance covered before the kinesin dissociates 

from the MT track. N-terminal kinesins are processive and move in an asymmetric hand-over-hand 

mechanism where both motors coordinate their ATP activity and MT interactions. As the name 

suggests, hand-over-hand movement occurs when the front motor head is in the ATP state and 

attached to the MT filament, while the rear motor detaches upon ATP hydrolysis and takes a 16 nm 

step to become the new leading motor99 (Figure 2-7). On the contrary, C-terminal kinesins are 

typically non-processive that achieve motility using a completely different mechanism. Rather than 

a stepping motion, they perform a powerstroke using a lever-arm rotation and bending that is 

induced by ATP binding. This creates a change in neck conformation that propels its cargo in the 

direction of travel100,101.   
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Figure 2-7: The mechanochemical cycle of plus-end and minus end-directed kinesins. (A) The 

ATP-like state has high affinity for MTs while the ADP state has low affinity for MTs. In the ATP-

like state, the neck linker swings in front of the ADP- bound motor and docks onto the MT. (B) 

The powerstroke cycle of a non-processive motor. In the ADP state, the neck is oriented toward the 

MT plus-end. In the ATP state, the neck rotates towards the MT minus-end, producing a 

powerstroke.   
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  It is remarkable to understand the regulation that these motors exhibit regarding their 

activity. The difference in kinesin motors cannot justify a generalized regulation mechanism. For 

example, kinesin families 1,2,3 and 7 have been observed to adopt an autoinhibitory state to prevent 

ATP consumption in the absence of cargo102. Post translational modifications heavily influence the 

activity of kinesins since many physical parameters can be modulated. Furthermore, kinesin 

function can be regulated at the protein level by controlling sequestration. Recall that MAPs and 

other kinesins have the ability to influence each other’s activity on the MT tract through direct, 

physical interactions102. 

2.5.1  Characteristics of the kinesin-5 family  

The ubiquitous and complex kinesin-5 motors are critical during the earliest stages of 

mitosis where they modulate the formation of a bipolar spindle. So far, kinesin-5 mitotic activity is 

mechanistically understood based on the structural elements the motor family possesses. Typical 

for a plus-end directed motor, kinesin-5’s motor domain is located at the N-terminus, followed by 

an internal stalk domain that is capable of assembling coiled-coils. These elements elicit kinesin-

5’s to possess a unique property where four monomers associate into a bipolar tetrameric complex13 

( Figure 2-8a). Such an arrangement allows for the motors to crosslink and slide apart parallel 

and/or antiparallel MTs14,103. In fact, their localization is consistent with this mitotic function; 

kinesin-5’s are present at the spindle midzone where antiparallel MTs exist and at the MT minus-

ends concentrated at the spindle poles (Figure 2-8b)14,104,105. This localization gave birth to the idea 

that kinesin-5 motors support SPB separation and chromosome separation ( Figure 2-8c). 
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Figure 2-8: Schematic illustration of kinesin-5 function in cells. (A) Cartoon illustration of 

kinesin-5 homotetramer formation. (B) Kinesin-5 motors function within the mitotic spindle. They 

can crosslink parallel MTs at the spindle poles and at the spindle midzone on the interpolar MTs. 

(C) Kinesin-5 motors can crosslink anti-parallel MTs and are important in separating duplicated 

SPBs.   
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 In every eukaryotic model system, with the exception of Caenorhabditis elegans and 

Dictyostelium discoideum, kinesin-5 activity is essential for cell viability8-12,106,107. They are thought 

to help establish and maintain the bipolar spindle, and can further provide outward forces necessary 

for maintaining spindle length and driving spindle elongation in anaphase B108. Loss of kinesin-5 

activity prevents SPB separation, subsequently leading to unsuccessful completion of mitosis. For 

example, inhibition of kinesin-5 motors, Kip1 and Cin8, in S. cerevisiae results in rapid collapse of 

pre-anaphase bipolar spindles where the previously separated SPBs are drawn back together, 

indicating that kinesin-5 is necessary for bipolar spindle formation77. Likewise, addition of 

monastrol, a kinesin-5 specific inhibitor, to Xenopus pre-anaphase spindles prompted rapid 

centrosome collapse into monopoles109.  In Drosophila embryos, injection of anti-KLP16F 

antibodies resulted in collapsed monopoles and cells failed to progress past metaphase. Further 

experiments from the antibody injections also found an additional effect on anaphase B movements 

and chromosome motility15,79,103. Kinesin-5 motors exert these effects in the spindle by crosslinking 

and sliding adjacent MTs using a sliding filament mechanism10,14,15,110-113. This is supported by 

evidence from electron microscopy studies that demonstrate kinesin-5-induced crosslinking where 

KLP61F motors form crosslinks between antiparallel MTs103. Further in vitro assays have shown 

that Xenopus Eg5 can crosslink antiparallel MTs and forcefully slide minus-ends away from one 

another following SPB duplication. In fact, its observable sliding rate was ~40 nm s-1, equivalent to 

spindle pole separation rates in vivo14,114. In addition to SPB/centrosome separation, kinesin-5 

motors have additional roles in later stages of mitosis. For example, in fungi, kinesin-5 motors also 

localize to the spindle midzone, which is in accordance with providing sliding forces that help in 

chromosome segregation during anaphase B115,116. In many cases, kinesin-5 localization was also 

found on spindle MTs, sometimes concentrated near the spindle poles7-10,117,118. To further 

understand the activity of kinesin-5 motors, it has been hypothesized that motor processivity is 

likely linked to function. It is possible that non-processive motors can still generate forces. Non-
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processive motility does not move laterally along the MT filament, rather it rotates the MT with a 

constant short-pitch. As such, a collective effort from multiple crosslinked motors can generate 

sufficient force when arranged between antiparallel MTs. Kinesin-5 motors have also been 

observed to display a similar short-pitch MT rotation; however not to the same degree as non-

processive motors119. Hence, kinesin-5s are considered weakly processive. Further studies have 

confirmed that kinesin-5 motors can take several steps along a MT filament before dissociating120-

122. The motor domain exhibits two different types of interactions with MTs. Similar to 

conventional kinesins, kinesin-5 motors have both a high and low affinity bound state to MTs 

during its mechanochemical cycle. In addition, kinesin-5’s can also adopt an intermediate MT 

binding state that diffuses unidirectionally along the MT and does not require ATP hydrolysis120,123. 

Recent studies show that at low ionic strength, kinesin-5’s move over a single MT via an ATP 

dependent movement; however, an increase in ionic strength switches motility to a diffusion-based 

mechanism. The binding of a second MT is sufficient for the motor to switch to ATP-dependent 

movement again122. More recent in vitro studies have also shown that kinesin-5 directionality can 

switch depending on ionic strength concentration, suggesting that kinesin-5, unlike other kinesin 

motors, can move towards both ends of the MT 105,124.  

The dynamic behaviour of kinesin-5 motors is regulated in a cell-cycle dependent 

manner125-127. Although the full extent of their regulation is not fully understood, previous reports 

indicate that these motors are regulated primarily through post-translational modifications12,128-131. 

The most common post-translational modification kinesin-5’s encounter are phosphorylation 

events. Several members of this family contain a short 40 amino acid stretch. Within this stretch is 

a conserved TGXTPXK/RR motif, also known as a BimC motif that acts as a site for 

phosphorylation by Serine/Threonine and proline-directed kinases11. The potential roles for 

phosphorylation may regulate structure and/or activity of the motor or its association with MTs. It 

may control formation of kinesin-5 tetramers, which would then be able to interact with the adjacent 
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MTs, similar to the regulation of myosin filament assemblies132. Alternatively, phosphorylation 

may directly regulate the motor’s ability to bind to MTs.  A more detailed event was observed 

where phosphorylation of a conserved serine in the tail domain indicated the onset for spindle 

bipolarity. Interestingly, this phosphorylation only occurred on a subset of kinesin-5 motors within 

the cell suggesting that there may be pools of this protein that perform different tasks in the cell 

during different stages mitosis. Furthermore, in vitro studies revealed multiple protein binding 

partners for kinesin-5 motors, suggesting that other activation mechanisms exist for this motor 

133,134. 

The genetic and biochemical approaches to studying kinesin-5 motors have provided a lot 

of insight in their mitotic function; however, the ultimate goal is to visualize their dynamic 

behaviour in live cells. Live cell microscopy has confirmed previous and elucidated new kinesin-5 

functions in dividing cells. For instance, recent studies in yeast show the kinesin-5 motor, Cin8, to 

also contribute to chromosome congression by depolymerizing plus-ends of MTs135. Photo-

activation studies in Xenopus showed poleward movement of Eg5 in half-spindles114. Moreover, in 

Drosophila embryos, fluorescence recovery after photobleaching and fluorescence speckle 

microscopy show rapid turnover of KLP61F at the spindle poles and midzone, and can undergo 

short poleward movements in half spindles.   

Whether these motors play the same roles, or slightly diverged roles, between organisms is also 

not entirely clear. These differences can be attributed by other machinery that may compensate or 

oppose kinesin-5 motors. In fact, many experiments have proposed a model of “force-balance” 

from opposite-polarity motor proteins within the spindle that maintain spindle stability. One of the 

main motors that is thought to oppose kinesin-5 activity is the kinesin-14 family of motors. 

2.5.2 Characteristics of kinesin-14 motors.  
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Kinesin-14 motors are slow, non-processive motors that possess a C-terminal motor 

domain and move towards the minus-ends of MTs. The presence of a second MT binding site in 

the tail domain allows them to crosslink and slide adjacent MTs136-139. This feature endows them 

with the capacity to mediate spindle organization by generating inward forces that pull spindle 

poles towards the equator140-142. These motors typically apply the previously mentioned power 

stroke mechanism as a means to generate motility. Furthermore, they also serve a second function 

of behaving as a depolymerases. This dual role is highly conserved and critical for proper spindle 

organization during cell division77,143. Loss of kinesin-14 function results in compromised spindle 

organization. As such, cells display unbundled MTs at the spindle poles, have unusually long 

cytoplasmic MTs, longer spindle lengths, and in some cases multipolar spindles144-146. These 

defects can be attributed to kinesin-14’s ability to have minus-end motility where they bundle 

parallel MTs at the spindle poles140,147. For example, in S. cerevisiae, kinesin-14 motors Kar3Cik1 

and Kar3Vik1 localize to the SPB as well as to the plus-ends of interpolar MTs. Here, they are 

thought to crosslink and stabilize overlapping antiparallel ipMTs16,77,148, and that more recent 

studies suggest that this facilitates engagement of the kinesin-5 family members with ipMTs, which 

exert outwardly directed MT sliding forces that are required for maintaining spindle length in 

metaphase and spindle elongation in anaphase148,149 (Figure 2-9).     
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Figure 2-9: Functions of kinesin-14 and kinesin-5 motors within the mitotic spindle. The 

minus-end directed kinesin-14 (blue/pink) and the plus-end directed kinesin-5 (orange) motors 

collectively exert opposing forces on MTs, thus establishing the “push-pull” model. Chromosomes 

(turquoise) are attached to MTs via their kinetochores (light green).   
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2.5.3 Mitotic contributions of kinesin-5 and kinesin-14 motors in budding yeast 

During mitosis, assembly of the mitotic spindle uses MT-based force generators in 

combination with regulatory proteins that act synergistically and rearrange MTs to support spindle 

assembly and elongation. As mentioned previously, plus-end directed kinesin-5 motors are crucial 

for pushing half-spindles apart in order to organize MTs in a bipolar orientation. It is thought that 

the activity of minus-end directed kinesin-14 motors are also involved in this process by 

counteracting the activity of kinesin-5 proteins. As spindles form, the minus-ends of MTs are 

focused at the spindle poles by kinesin-14 motors, while the plus ends establish an antiparallel 

overlap held together by kinesin-5 proteins. How this overlap is generated is not well understood 

at a mechanistic level. It has been proposed that the ability of these two motors to exhibit MT 

sliding by crosslinking adjacent MTs is critical for this phenomenon. This cooperation would allow 

for kinesin-5 motors to drive poleward flux and pole separation, and for kinesin-14 to drive pole-

pole collapse and shorten the spindle. 

Further investigations suggested that, following spindle assembly, kinesin-5 motors 

promote spindle stability upon reaching a force ‘balance point’ against kinesin-14’s, resulting in 

negligible net displacement of MTs. It is remarkable how motors with opposite directionality 

behave in competition when acting collectively on MTs. Theoretically, mixtures of these motors at 

different concentrations should generate unstable spindle structures. However, recent insight of this 

model has caused controversy; a lack of a convincing link between these two ‘force-balance’ 

motors has proven inconsistent across spindles of different design 150,151.  

If kinesin-5 motors provide outward sliding forces that are balanced by inward forces 

generated by kinesin-14’s, then an imbalance of either motor should affect spindle length. When 

Goshima et al. perturbed Drosophila Klp61F (kinesin-5) concentration, they found little effect on 

spindle length over a broad kinesin-5 concentrate range150. Spindles only collapsed into a 

monopolar MT array when Klp61F concentration dipped below a critical concentration. To explain 

this, Goshima et al. considered coupling kinesin-5 activity with inherent MT depolymerization (not 
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caused by kinesin-14), which depended exponentially on the sliding force generated by kinesin-5. 

In addition, overexpression of Klp6a1F also had little effect on spindle length150. In the Xenopus 

spindle system, a stable force-balance between two antiparallel MTs is not established with kinesin-

5 and kinesin-14 proteins151. Rather, the activity of both generates directional instability. 

Antiparallel MT overlap stabilization by a non-processive MT bundler (kinesin-14) and an active 

motor–driven (kinesin-5) microtubule organization generates an intrinsic conflict between the two 

proteins. Instead, they provide the basic organizational properties of spindle MTs, rather than 

providing force balance within the spindle. On the other hand, the force-balance claim is supported 

in both fission and budding yeast. Loss of kinesin-5 results in inviable cells due to force imbalance 

within the spindle. Loss of kinesin-14, although viable, results in disorganized spindles at the 

spindle poles resulting in a wider spindle.  However, simultaneous loss of kinesin-14 with kinesin-

5 restores viability18,77.  

2.6 Relevance for studying Candida and its kinesin-5 and kinesin-14 motors 

Contributing to immune evasion in C. albicans is the ability to undergo morphological 

switching and reversible transitions between budding, pseudohyphal and invasive hyphal growth 

forms in response to environmental cues152.  In all these states, C. albicans must implement proper 

nuclear division to ensure cell survival. It can accomplish all mitotic processes with a small (six) 

complement of kinesin motors that include members from the kinesin-14, kinesin-8, kinesin-7, 

kinesin-5, and kinesin-3 families (Figure 2-10). It has been previously demonstrated that the roles 

of some of these motors may differ from their homologs in other systems21.   
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Figure 2-10: Complement of C. albicans kinesins. Candida albicans encodes kinesins from 6 

families. Shown here is the domain organization of each kinesin motor.    
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Genome-sequencing shows that only one form of the mitotic kinesin-5 (Kip1) and kinesin-

14 (Kar3Cik1) motors are represented in C. albicans. In contrast, the two kinesin-5 (Kip1 and Cin8) 

and kinesin-14 (Kar3Cik1 and Kar3Vik1) motors are encoded by S. cerevisiae and these likely 

arose as a result of a whole-genome duplication (WGD) that occurred approximately 100 to 200 

million years ago153-155. In both fungi, these motors largely localize to the SPBs, and to a lesser 

extent along the spindle156. However, they differ in the effects of kinesin-depletion in mitosis, cell 

viability and cell morphology. We recently reported that C. albicans cells depleted of Kar3Cik1 

show a dramatic bipolar spindle formation defect that leads to cell cycle arrest and a defect in 

hyphae formation and ultimately results in monopolar spindle halves (Figure 2-11)21. Conversely, 

S. cerevisiae strains missing its kinesin-14 motors have difficulty bundling interpolar microtubules 

(ipMTs), but have intact bipolar spindles149.  

Additionally, a remarkable phenotype from Kip1 (kinesin-5) depleted C. albicans cells 

show that they are viable and form aberrant multi-segmented spindles that are often bipolar. 

Conversely, loss of both kinesin-5 motors in S. cerevisiae is lethal157. Therefore, we question 

whether divergence in mitotic kinesin function occurred hundreds of millions of years ago when S. 

cerevisiae and C. albicans diverged.  
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Figure 2-11: Absence of Kar3Cik1 in C. albicans. Cells lacking either Kar3 or Cik1 (or both) fail 

to form a bipolar spindle and enter mitotic arrest. This results in hyper-elongated cell growth where 

a tapered structure consisting of two monopolar spindle halves are pulled rapidly and erratically 

around the cell.    
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This thesis aims to address this question by characterizing the structural and molecular 

biology of Kip1 in relation to Kar3Cik1 in C. albicans. Given the initial indication of importance 

of kinesin motors in C. albicans growth and proliferation as hyphae, the long-term ramifications of 

this work are likely to have biomedical relevance. Indeed, with growing interest in exploiting 

kinesins as drug targets for new forms of anti-mitotic agents against cancer and microbial 

infections, there is a strong rationale for acquiring a deeper understanding of the characteristics and 

functions of cell-type- and species-specific kinesins. However, the described work is entirely 

focused on fundamental description of each of the kinesin systems targeted.  
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Chapter 3 

Materials and Methods 

 

3.1 Candida albicans cell growth and manipulation 

Growth and manipulation of C. albicans strains follows basic procedures for budding yeast 

cultures. Generally, all strains were maintained on YPD plates containing 1% yeast extract (BD-

Bacto), 2% peptone (BD-Bacto) and 2% glucose (Bioshop). Experimental cultures were inoculated 

the night before in 10 mL of YPD culture and grown to mid-logarithmic phase the next morning. 

Since C. albicans lacks a true mating cycle, gene disruption relies on the use of selectable markers.  

Currently only four nutritional selectable markers exist for C. albicans: Histidine, Leucine, 

Arginine and Uracil and a handful of drug markers. The Allingham lab uses strain RBY1133 by 

Sherwood and Bennet as the wildtype strain 158. It contains mutations in the Leucine, Histidine and 

Arginine biosynthetic pathways159. Selection for auxotrophic markers was conducted using 

synthetic dropout (SD) media containing 0.66% yeast nitrogen base (US Biologicals), 0.2% yeast 

dropout mix lacking uracil, arginine, leucine and histidine (US Biologicals), 2% glucose (Bioshop), 

200 mg L-1 uridine and supplemented with 200 mg L-1 histidine, leucine and/or arginine where 

required.   Experimental cultures were grown to mid-logarithmic phase in completely supplemented 

dropout media (SDC). Selection for Nourseothricin-resistant markers were conducted using YPD 

medium which was supplemented with 200 µg mL-1 Nourseothricin (CloneNat, Werner BioAgents) 

for selection of the SAT1 gene.  All strains created in this thesis are derivatives of the RBY1133 

wildtype strain. 

3.1.1 Gene knockout and fluorescent gene fusion construction  

Disruption cassettes, fluorescent tags, and complementation plasmids were transformed 

into C. albicans using the lithium acetate/PEG/heat shock method as previously described with 
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minor modifications 160. Cells were grown overnight in 10 mL YPD at 25°C. They were diluted 

down to 0.05 OD600 the next day and incubated at 30°C until they reached an OD600 between 0.5-

0.7. The cell culture was transferred into 50 mL conical tube and spun at 4000 RPM for 5 mins. 

The cell pellet was resuspended into 15 mL of 1x Lithium acetate (LiAc) and 44% PEG solution, 

and centrifuged again at 4000 RPM for 5 mins.  This process was repeated again with 1 mL of LiAc 

buffer. The transforming (linear) DNA was then added to the washed cells along with 10 μL of 10 

mg/mL salmon sperm DNA and 600 μL of 44% Polyethylene glycol (PEG) LiAc solution. The 

transformation mixture was then incubated at 30°C for 2 hours with rotation. Following incubation, 

the cells were placed in a 43°C water bath for 30 minutes, completing the transformation process. 

To remove media, the cells were centrifuged at 4000 RPM for 5 mins and resuspended in sterile 

PBS and plated on the appropriate selective media. Transformations involving selection using the 

SAT1 gene were accompanied by four hour incubation in YPD at 30°C to allow expression of the 

ClonNAT resistance gene before plating. 

Gene disruption of the C. albicans KIP1 open reading frame (Candida Genome Database: 

orf19.8331; NCBI Gene ID: 3645256) was conducted by transformation and integration of a linear 

cassette containing a selectable marker. A list of C. albicans strains used in this thesis is presented 

in Table 1. For a list of oligonucleotides used in C. albicans strain construction, please refer to 

Table 2.   
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Table 1: Names, genotypes, mating types, and sources of the strains used in this thesis. 

Strain Genotype (Brief) Genotype (Full) Mati

ng 

type 

Source/parent 

CF026 wildtype his1-/his1- leu2-/leu2- arg4-/arg4- a/a RBY1133 c 

CF027 wildtype his1-/his1- leu2-/leu2- arg4-/arg4- α/α RBY1133 c 

CF236 kip1Δ/ KIP1+ KIP1+/kip1::LEU2+ his1-/his1- leu2-/leu2- arg4-

/arg4- 

α/α CF027 

CF311 kip1Δ/Δ kip1::LEU2+/kip1::HIS1+ his1-/his1- leu2-/leu2- 

arg4-/arg4- 

α/α CF236 (This study) 

CF024 kar3Δ/Δ kar3::LEU2+/kar3::HIS1+ his1-/his1- leu2-/leu2- 

arg4-/arg4- 

α/α RSY11 c 

CF306 KIP1-GFP KIP1/kip1-GFP:ARG4+  his1-/his1- leu2-/leu2- 

arg4-/arg4- 

α/α CF027 

CF171 pGAL-TUB2-GFP NEUTL5::[GAL-Tub2 GFP:SAT1 R]/NEUL5+  

leu2-/leu2- his1-/his1- arg4-/arg4- 

a/a CF026 

CF370 pGAL-TUB2-

mCherry 

NEUT5L:[pGAL-Tub2 mCherry:ARG4+ 

NEUT5L]/NEUT5L+ leu2-/leu2- his1-/his1- 

arg4-/arg4- 

α/α CF027  

CF226 pGAL-TUB2-GFP 

kip1Δ/Δ 

kip1::ARG4+/kip1::LEU2+ NEUTL5::[GAL-

Tub2 GFP:SAT1 R]/NEUL5+  leu2-/leu2- his1-

/his1- arg4-/arg4- 

a/a CF311 (This study) 

CF338 pGAL-TUB2-

mCherry 

KIP1-GFP 

NEUT5L:[pGAL-Tub2  mCherry:SAT1 R 

NEUT5L]/NEUT5L+ kip1-GFP:ARG4+  his1-

/his1- leu2-/leu2-, 

α/α CF306 (This study) 

CF286 SPC98-GFP 

kip1Δ/Δ 

spc98-GFP:SAT1 R/+ kip1::HIS1+/kip1::LEU2+  

his1-/his1- leu2-/leu2- arg4-/arg4- 

α/α CF311 (This study) 

CF363 pGAL-TUB2-

mCherry SPC98-

GFP 

NEUT5L:[pGAL-Tub2 mCherry:ARG4+ 

NEUT5L]/NEUT5L+ spc98-GFP:SAT1 R/+ 

α/α CF370 (This study) 

CF366 pGAL-TUB2-

mCherry SPC98-

GFP kip1Δ/Δ 

 

NEUT5L:[pGAL-Tub2 mCherry:ARG4+ 

NEUT5L]/NEUT5L+ spc98-GFP:SAT1 R/+ 

kip1::HIS1+/kip1::LEU2+   his1-/his1- leu2-

/leu2- arg4-/arg4- 

α/α CF286 (This study) 

CF354 kip1Δ/Δ 

KIP1:pCIp10 KIP1+ 

kip1::HIS1+/kip1::LEU2+  pCIp10-KIP1-ARG4 

his1-/his1- leu2-/leu2- arg4-/arg4- 

α/α CF311 (This study) 
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CF387 kip1Δ/Δ kip1::LEU2+/kip1:: SAT1 R his1-/his1- leu2-/leu2- 

arg4-/arg4- 

α/α CF236 (This study) 

CF388 kip1Δ/Δ 

kar3Δ/KAR3+ 

kip1::LEU2+/kip1:: SAT1 R- kar3::HIS1+/KAR3+ α/α CF387 (This study) 

CF391 kip1Δ/Δ 

kar3Δ/KAR3:MAL:

:ARG 

kip1::LEU2+/kip1:: SAT1 R- 

kar3::HIS1+/kar3::ARG:MAL 

α/α CF388 (This study) 

 

a  Strains are in the white phase unless otherwise noted 

b All strains are derived from SN152 (Nobel and Johnson (2005)). Full genotype at auxotrophic markers:  

his1::hisG/his1::hisG leu2::hisG/leu2::hisG arg4::hisG/arg4::hisG ura3/::imm434::URA3/ura3::imm434 

iro1::IRO1/iro1::imm434. 

c Sherwood and Bennett (2008) 
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Table 2: Oligonucleotide primers used in strain construction. 

Primer Purpose Sequence (5’ to 3’) 

P118 Long homologous tail knockout primer 

5' KIP1::HIS1+/LEU2+/ARG4+ 

GTTGTTGTTGTTTTCATTCTTCATCTTGTGATTTCAGT

TAAATTAATACTCATAGCAGCATTATCATCA 

ACCAGTGTGATGGATATCTGC 

P119 Long homologous tail knockout primer 

3' KIP1::HIS1+/LEU2+/ARG4+ 

AAATAAACCTCACAATTAATTAAACATGTACTGAAC

AAATGGAGTAAAACAAATATTGGTCTAATTATA 

AGCTCGGATCCACTAGTAACG 

P120 Forward -500bp KIP1+ 5' flank CGCACAAGACCTGGCACAAGAGAA 

P121 Reverse +500bp KIP1+ 3' flank ATGGGCCAATGGGATCACATGG 

P11 HIS1+ check right reverse AACACAACTGCACAATCTGGC 

P12 HIS1+ check left forward ATTAGATACGTTGGTGGTTCAGTT 

P13 LEU2+ check left reverse AGAATTCCCAACTTTGTCTGTTC 

P14 LEU2+ check right forward AAACTTTGAACCCGGCTGCG 

P136 CaARG4 check reverse CCATTCTTGTCTGATTTGTTCTAATCCTTGATGAATC

AA 

P128 KIP1 into pCIP10 5’ (MluI) primer GGACCGACGCGTCACAGAGAGAGAGAGAGAGAGAA

AGAGAATGAG 

P129 KIP1 into pCIP10 3’ (KpnI) primer GGACCG 

GGTACCCATCATCAACATAATCAACCACATCACCCA

CA 

P15 ARG4+ check right forward ATCTAAAATACTTTTTGTTATT 

P16 ARG4+ check left reverse TTCCATTTAGAGAAACTCATCATATTT 

P17 SAT1R check left reverse CATACCACCGTCCATTTTGAATG 

P18 SAT1R check right forward TGATGAAGACTCTGCTTGCTATG 

P201 Forward -1000bp KAR3+ 5' flank GTCCCAACTTCTCCTTATTGACTTCTT 

P202 Reverse +1000bp KAR3+ 3' flank GTTGCCTAAAATTCCTAAGGACCT 

P137 Forward long tail primer - C-term 

insertion of GFP-ARG4+ into KIP1+ 

TTCTACCACGACCAATAATAATAAAAAGAGAAAAAT

ATTACAAACAATGGACAATTTATTAGGTGGTGGTTC

TAAAGGTGAAGAATTATT 

P187 Reverse long tail primer - C-term 

insertion of GFP-ARG4 into KIP1+ 

CATATATTATATATTAATATTATTAAGAGTTTTTGGA

AATATGGAACTATAATGAGGAGGACCACCTTTGATT

GTAAATAGTAATAATTA 
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P69 GFP sequencing/left junction check 

primer  reverse 

GATCTGGGTATCTAGCAAAAC 

P169 KIP1 ORF confirmation primer forward GCACAAGTCAATCTACTGGAAACAT 

P107 Inducible Tub2-GFP/mCHERRY: 

downstream check primer, reverse +500 

bp from integration site. 

TATTATCTATATTGTCAAGCCAAGACAAGCCCATT 

P108 Spc98-GFP-Sat1: Longtailed primer 

(forward) from pGFP-Sat1 with Glycine 

Linker 

TTTGAAAAATGATTTGAATAGAGATTATAATTTAAA

GGATCTTAGTAAGTTGTT  GGTGGTGGT 

TCTAAAGGTGAAGAATTATTCACTGG 

P109 Spc98-GFP-Sat1: Longtailed primer rev 

from pGFP-Sat1 

TGAGCTTTACAGAGATCTTGTCGGTAATCATAGATTT

CCCCACTTGTTCTGTAATCGACGAAATTG 

AGGACCACCTTTGATTGTAAATAG 

P170 KIP1 ORF confirmation primer reverse CTTCATTCACTATATTTCCAACTTGTGATTG 

P205 Forward -1000bp KIP1+ 5' flank TGTTTAATTGATTGTTTGATTTCTTTATTG 

P199 Long homologous tail knockout primer 

5' KAR3::HIS1+/LEU2+/ARG4+ 

TCAAAAAGTTGCCAGACAGGTTTTTTACAATTTTGAA

ACTACAATCCAATAGTCAATCGTGCACAAGTA   

ACCAGTGTGATGGATATCTGC 

P200 Long homologous tail knockout primer 

3' KAR3::HIS1+/LEU2+/ARG4+ 

TATATCTGAGCCAATATTTAAATAGATTCTTGTATAT

AAGTCATGTATGTAAACTATTAACGTAGTAAT   

AGCTCGGATCCACTAGTAACG 

P212 ARG4:MAL-KAR3 long homologous 

primer 5’ 

AAAGAAAAACTTGCCCATCTCATCGAGAGTCTAATT

TCTTACGCGGGAACTAGAAAAAAAAAACTGAA 

GAAGCTTCGTACGCTGCAGGTC 

P213 ARG4:MAL-KAR3 long homologous 

primer 3’ 

CCACCTAAAAGATTTGATGGTTGTGACACATTTAGA

AATTTATGTTTAGTATTTTCGTCACT CAT 

TGTAGTTGATTATTAGTTAAACCAC 

P110 Spc98-GFP integration check primer GCAGCGTCCACCCTTTGTAAAAGTG 

PIS1 Kip1 MD construct (forward) GGACTT CC ATG GCG AGCAACA TTC 

PIS2 Kip1 MD- construct (reverse) CTCGAG GTCGTGCCCGATCATAGGT 

 

Bold and italic: portion of primer that is homologous to the plasmid template. 

underline: restriction enzyme cut site. 
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 PCR amplification was used to generate disruption cassettes where a selectable marker was 

flanked by approximately 50 bp of C. albicans genomic sequence immediately 5’ and 3’ of the 

KIP1+ coding region. Disruption of KIP1+ in a wildtype background (CF027) was conducted 

sequentially.  First a kip1::LEU2+ cassette was amplified from pSN40 161  using primers P118 and 

P119 and transformed into CF027 to create strains CF236. Correct kip1::LEU2+ cassette integration 

was confirmed using primers P120/P13 and P121/P14 for the upstream and downstream junctions, 

respectively. Primers P120 and P121 recognize sequence approximately 500 bp upstream and 

downstream of the KIP1 ORF.  Second, a kip1::HIS1+ cassette was amplified from pSN52 161 using 

primer pair P118/P119 and transformed into CF236 to create the strain CF311.  Integration of the 

disruption cassette at the correct location was confirmed by PCR amplification across the junctions 

of integration.  kip1::HIS1+ was confirmed using primers P120/P12 and P121/P11 for the upstream 

and downstream junctions, respectively. 

To demonstrate that mutant phenotypes were solely a result of loss of KIP1, add-back 

experiments were conducted to re-introduce a wildtype copy of each gene. To this end, pCIp10 

based integration plasmids bearing the ARG4+ selectable marker was used21,162. Into this vector was 

introduced a MluI/KpnI fragment containing the KIP1open reading frame and ~1000 bp of 

upstream and downstream sequence that were amplified using primers P128/P129. The integration 

plasmid was digested at a unique Pml1 restriction site to add back into the endogenous KIP1 region 

into kip1Δ/Δ (CF311) to create CF354.  Confirmation of integration of pCIp10-ARG4+ vector was 

done using primers P121/P205. 

A strain lacking both copies of KIP1, one copy of KAR3, while the other KAR3 copy was 

placed under a maltose promoter was also constructed. Using the strain CF236, the second KIP1 

ORF was disrupted using the SAT1 ClonNAT resistance gene using 500 bp of sequences flanking 

KIP1 ORF from plasmid PCR-BLUNTII-TOPO-SAT-kip1 to create the strain CF387. Correct 

kip1::SAT1 integration was confirmed with primer pairs P128/P17 and P129/P18. Within this 
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strain, one copy of the KAR3 ORF was disrupted using kar3::HIS1+ knockout cassette amplified 

from primers P199/P200 and transformed into CF387 to create the strain CF388. kar3::HIS1+ was 

confirmed using primers P201/P12 and P202/P11 for the upstream and downstream junctions, 

respectively. Kar3:ARG4:MALp cassette was amplified using primer pair P212/P213 from pFA-

ARG4-MALp 163 and transformed into CF388 to create the strain CF391. ARG-MAL-KAR3 

cassette was confirmed using primers P136 and P16. 

Fluorescent tagging of KIP1+ in a wildtype background was accomplished using the 

method described by Gerami-Nejad et al.164 and using long-tailed primers P137 and P187 and the 

plasmid pGFP-ARG4 (ARG4 marker cloned in to replace HIS1 marker in pMG1646) as a template 

to create an integration cassette bearing approximately 50 base pairs of KIP1+ ORF immediately 

before the stop codon, and of sequence 3’ to the ORF. This cassette was transformed into wildtype 

(CF027) to create the strain CF306 (KIP1-GFP:ARG4+/KIP1+).  Correct integration was confirmed 

by PCR.  The upstream junction was amplified using P69 and P169. 

To visualize the mitotic spindle, SPBs and tubulin were labelled using fluorescent tags. 

Strains expressing the SPB protein Spc98 was tagged with GFP using an integration cassette 

amplified from a pGFP-SAT1. Primers P108 and P109 were used to amplify the cassette 

incorporating homologous sequence from 3’ end of the orf19.2600, putative homolog of S. 

cerevisiae Spc98 (NCBI Gene ID: 3640113). This cassette was transformed into CF311 to create 

the strain CF286 (Spc98-GFP kip1Δ/Δ). Correct integration was confirmed by PCR amplification 

across the upstream junction of integration using primers P110 and P18. 

Strains expressing fluorescently labelled β-tubulin were constructed using the plasmid 

pGAL:TUB2-GFP-NEUT5L or pGAL:TUB2-mCHERRY-NEUT5L linearized by KPN1 to target 

to the neutral NEUT5L locus. pGAL:TUB2-GFP-NEUT5L was transformed into CF311 to create 

the strain CF226 (pGAL:TUB2-GFP kip1Δ/Δ). pGAL:TUB2-mCHERRY-NEUT5L was 

transformed in CF306 to create the localization strain CF338 (pGAL:TUB2-mCHERRY KIP1-
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GFP). pGAL:TUB2-mCHERRY-NEUT5L was transformed into CF286 to create the strain CF366 

(pGAL:TUB2-mCHERRY Spc98-GFP kip1Δ/Δ).  Correct integration for both pGAL vectors was 

done using primers P16 (or P17-depending on which marker was used) and P107. Diagrams of the 

plasmids constructed in this thesis are shown in Figure 3-1: Plasmids used in this thesis.      
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Figure 3-1: Plasmids used in this thesis. (A) pGAL-TUB2-mCherry -NEUT5L and (B) pGAL-

TUB2-GFP -NEUT5L were used to make fluorescent strains where tubulin was labelled with the 

appropriate fluorophore. Marker could be either SAT or ARG. Both plasmids were linearized with 

restriction enzyme KPN1 located in the NEUT5L (neutral locus) for integration. (C) PCR Blunt II-

TOPO-SAT Kip1 (-/+500) was used to make the kip1 knockout strain. The kip1-/+500 regions 

were used for integration to the kip1 endogenous gene and replaced with SAT. (D) pGFP-

ARG/SAT was used to label both Kip1 and SPC98 with GFP.      
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3.2 Generation time and spot assays 

In order to assess the generation time of kip1Δ/Δ mutants, logarithmically growing cells 

were diluted to 2.5 x 106 cells per mL in fresh medium and the cell density was measured hourly 

using a hemocytometer. The values were then used to calculate the generation time using the 

formula below: 

𝐺 =
𝑡

3.3𝑙𝑜𝑔𝑏/𝐵
 

Where t = time (mins), b = number of cells at the end of the time interval, and B = number of cells 

at the beginning of the time interval. 

To create dilutions for spot assays, logarithmically growing cells were diluted to 1.0 x 106 

cells per mL in PBS using a hemocytometer. Serial dilutions were made to get 105, 104, and 103 

cells per mL. Five microliters were pipetted for each spot and YPD plates were incubated at 25°C 

for two days. 

3.3 Hyphal growth 

Stationary phase cultures were diluted 1:50 into fresh media with the addition of 10% Fetal 

bovine serum (FBS) and incubated at 37°C to induce hyphae formation. Hyphae were fixed every 

hour using 70% methanol and imaged using DAPI (0.001 mg/mL) or calcofluor (0.002 mg/mL). 

To grow hyphae on solid media, 200 cells are plated on Spider media (1% nutrient broth, 1% 

mannitol, 0.2% K2HPO4) and incubated for 5 days at 25°C. 

3.4 Microscopy 

Live cell microscopy was conducted using a Zeiss Axio Observer epifluorescence 

microscope with a 100× (1.40 NA) oil immersion objective and AxioCam hRM camera controlled 

by Axiovision software.  Logarithmically growing cultures were concentrated by brief 

centrifugation and the cells were pinned between the slide and coverslip in a small volume of 

growth media.  To image nuclei of live cells, 1.0 mL of logarithmically growing culture was 
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concentrated by centrifugation and resuspended in 100 μL of SD media with the addition of 25 

μg/mL of Hoechst 33342 (Sigma). Cells were incubated with rotation for 30 minutes following the 

addition of Hoechst. Fixed cells were stained with DAPI (0.001 mg/mL) and calcofluor (0.002 

mg/mL). 

Images were pseudo-coloured in ImageJ (NIH) and their contrast adjusted in Photoshop 

CS5 (Adobe). Live cells were immobilized between agarose pads and glass coverslips.  SDC media 

containing 2% agarose was heated to 100°C for 5 mins and mixed well.  25 uL of hot media/agarose 

was pipetted onto a microscope slide and quickly flattened to a thin 1 cm wide disk using a second 

slide.  Once the agarose was hardened the second slide was carefully slid off the pad.  One microliter 

of cell suspension was pipetted on top and covered with a 22 mm coverslip (Figure 3-2).  The 

edges of the coverslip were then sealed using VALAP (1:1:1 mixture of Vaseline, lanolin and 

paraffin).  For “short” time-lapses, images were captured at two minute intervals in five Z-slices 

0.8 µm apart for a duration of 60 to 90 mins. Maximum intensity projection of z-stacks was 

conducted using ImageJ.  Fixed cells did not require the use of a growth pad. Instead, 0.7 μL of cell 

culture and 0.7 μL of either DAPI or calcofluor were added onto a coverslide and covered with 

glass coverslips.  
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Figure 3-2: Design of coverslide for microscopy experiments.  Cells were placed on a nutrient-

rich agarose pad, with a glass coverslip placed on top. 
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Chapter 4 

Results 

4.1 Kip1 localizes to the spindle poles and spindle midzone  

In nearly every model system of the eukaryotic cell cycle, mitotic spindle assembly 

requires kinesin-5 activity. This activity is enabled by kinesin-5 localization to the spindle poles, 

and to overlapping interpolar microtubules (ipMTs) at the spindle midzone region. In most fungi 

that have been studied, kinesin-5s have additional roles in spindle elongation during anaphase by 

outward sliding of overlapping MTs at the midzone, generating an outward force that is 

counterbalanced by spindle-shortening force of kinesin-14 motors108. However, as the mitotic 

functions of kinesin-5 and kinesin-14 can vary in spindles of different design, a thorough 

understanding of these motors in C. albicans cannot rely solely on the studies of other eukaryotes. 

To establish the location of the sole kinesin-5 motor in C. albicans, we constructed a strain 

in which GFP was fused to the C-terminus of the endogenous kip1 gene. Imaging of these cells by 

fluorescence microscopy revealed persistent green fluorescence at the spindle poles during the 

entirety of the mitotic cycle. This could signify that Kip1 has a major role in focusing parallel MTs 

emanating from the SPBs. That we also observe a cluster of fluorescence accumulated at the spindle 

midzone during anaphase could imply that a portion of Kip1 migrates away from the SPBs after 

bipolar spindle assembly in order to crosslink and slide ipMTs at the midzone to facilitate spindle 

elongation (Figure 4-1).  
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Figure 4-1: Localization of Kip1. Cells shown are from logarithmically growing cultures of the 

GAL-TUB2-mCherry Kip1-GFP (CF338) in SDC medium at 25°C. Bar = 5 μm.   
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4.2  kip1Δ/Δ cells are viable but exhibit growth defects 

Previous studies showed that C. albicans cells lacking Kip1 exhibit dramatic changes in 

cell morphology under growth conditions that favour blastoconidia cell division, and yet they are 

largely viable22. This is unique in comparison to the lethal effect of kinesin-5 loss in other 

fungi15,77,79,103,109. Our analysis of the growth phenotype of the C. albicans kip1Δ/Δ strain on solid 

YPD media supports these findings by showing numerous colony protrusions and a mixture of 

blastoconidia as well as elongated and complex branched cells in liquid culture (Figure 4-2a). This 

type of hyperpolarized growth is indicative of a cell cycle arrest in C. albicans165. Some of the 

elongated cells had deposited septa and attempted form additional buds (“branched”) either 

laterally or originating from the basal cell body. To confirm that this defect is a direct consequence 

of kip1 deletion, we show that addition of a wildtype KIP1 allele into the kip1Δ/Δ strain at the 

native locus restores normal growth.  

We also found that the cell cycle delay of the kip1Δ/Δ strain correlates with a significantly 

slower generation time (Figure 4-2b). To further quantify this, the colony-forming ability of 

kip1Δ/Δ mutants was performed. The results of this show that approximately 30% of kip1Δ/Δ 

mutants were nonviable (Figure 4-2c). This indicates that omitting kip1 increases the frequency of 

cell cycle defects that C. albicans cells cannot overcome. We also observed that kip1Δ/Δ mutants 

have modest temperature-sensitivity (Figure 4-2d), but exhibit remarkable resilience against the 

ribonucleotide reductase inhibitor hydroxyurea (HU) (Figure 4-2e), which elicits cell cycle arrest 

at G1/S in most cell types.  Overall, these results show that kip1Δ/Δ cells are generally viable, and 

therefore capable of mitosis and cell division, but that they have cell cycle defects that could signify 

unique roles of Kip1 during mitosis in C. albicans.  
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Figure 4-2: Assessment of C. albicans growth and viability in the absence of Kip1. (A) Left 

panel shows micro-colony morphology of wildtype (CF027), kip1+/Δ (CF236), and kip1Δ/Δ 

(CF311). Cells of the indicated phenotype were streaked on YPD plates and incubated at room 

temperature overnight. Logarithmically growing cells in SDC medium (right panel) show a high 

degree of hyperpolarized cells. (B) Cell growth curves. Logarithmically growing cells in SDC 

media were diluted to 2.5 x 106 cells per mL, incubated at 30°C and sampled every hour. A 

hemocytometer was used for cell counting at each time point. Data points are represent an average 

of three independent experiments. Error bars are standard deviation. (C) Colony-forming ability of 

kip1Δ/Δ mutants.  200 cells of each genotype were plated on rich media and incubated at room 

temperature until formation of colonies. *significantly different from wildtype (p<0.05 Student’s t-

test). N=9, error bars are standard error of the mean. (D) Spot assay of temperature-dependent cell 

growth. Logarithmically growing cells were serially diluted to the indicated concentration and 5 

μL droplets were plated. Plates were incubated for 2 days at the indicated temperature. (E) Spot 

assay of cell growth in the presence of hydroxyurea (HU). Cells were plated as in (D) and incubated 

at 30°C for 2 days.   
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4.3 Hyphae formation is impaired in the absence of Kip1 

We were interested to see how loss of Kip1 affected hyphae formation. Recall that hyphae 

are central to the ability of C. albicans to cause disease by invading epithelial tissues and instigating 

tissue damage. Our analyses show that depletion of Kip1 detrimentally affects invasive filamentous 

growth under hyphae-inducing conditions (Spider media) and under starvation conditions (Figure 

4-3). This defect is rescued by the addition of a wildtype KIP1 copy (not shown). Loss of both kip1 

alleles has a significant impact on hyphal length (Figure 4-3a). To assess generation of hyphal 

compartments over a period of time, we examined septa deposition in hyphal cells by calcofluor 

staining. Microscopic examination of kip1Δ/Δ cells grown at 37°C in FBS showed that these cells 

could initiate germ tube formation during the first hyphal division, but formed subsequent hyphal 

compartments at a much slower rate compared to wildtype cells (Figure 4-3b). Moreover, kip1Δ/Δ 

hyphae show abnormally long cytoplasmic MTs emanating from short, thick spindles (Figure 

4-3c). This could mean that Kip1 is not directly essential for hyphae formation, but that loss of this 

motor results in an inability to undergo normal MT-based nuclear movements in order to form 

complex and elongated branching structures. 

4.4 kip1Δ/Δ cells assemble short bipolar spindles 

To better understand the role(s) of Kip1 during mitosis in C. albicans, we generated 

kip1Δ/Δ strains containing fluorescently labelled MTs (mCherry) and SPBs (GFP) to visualize the 

spindle structure and spindle ends, respectively. The latter of these was produced by incorporating 

the fluorescently-labelled SPB protein Spc98 (orf19.2600; NCBI gene ID 3640113), a homolog of 

the S. cerevisiae γ-tubulin complex, into the genome of our kip1Δ/Δ cells. We found that these cells 

do not experience spindle collapse or arrest at the monopolar stage, but exhibit shorter bipolar 

spindles compared to wildtype (Figure 4-4). This implies a role Kip1 in provision of outward force 

(SPB separation) for formation and maintenance of the bipolar spindle, but also suggests that C. 

albicans does not depend solely on Kip1 for bipolar spindle formation. This aligns with recent 
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evidence that the kinesin-14 motor Kar3Cik1 is required for initial bipolar spindle assembly in C. 

albicans21. Indeed, loss of this Kar3Cik1 results in cells with monopolar spindle halves that do not 

associate at their plus-ends to form a bipolar arrangement.  
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Figure 4-3: Hyphal growth assessment in the presence and absence of Kip1. (A) wildtype 

(CF027), kip1+/Δ (CF236), and kip1Δ/Δ (CF311) were stimulated for hyphal growth. 20 cells of 

each genotype were plated on solid media containing mannitol (Spider media) and incubated at 

room temperature for 5 days. Right panel (5x) magnification. Bar = 5 mm. (B) wildtype (CF171) 

and kip1Δ/Δ (CF226) were incubated with 10% FBS at 37°C for the indicated time. Septa were 

stained and counted using calcofluor (1.0 μg/mL). Error bars represent s.e.m. (C) Stationary phase 

wildtype (CF171) and kip1Δ/Δ (CF226) cells were induced to form hyphae as in (B) and imaged. 

Bar = 0.5 μm.  
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Intrigued by observing a large portion of kip1Δ/Δ cells arrested in G2 of the cell cycle, we 

used time-lapse imaging to monitor spindle dynamics leading up to anaphase.  Movie 1 shows an 

example of a typical kip1Δ/Δ cell with a short, bipolar spindle that remains in G2 for a long period 

of time (compared to wildtype) and does not enter anaphase for the entirety of the time lapse (top 

cell). An explanation for this phenotype is that the stability of the bipolar spindle assembled with 

the aid of Kar3Cik1 is compromised without Kip1, but that other spindle stabilizers (e.g. MT 

crosslinkers) are present to compensate and allow anaphase to proceed.   
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Figure 4-4: Measurement of bipolar spindle length. wildtype (CF363) and kip1Δ/Δ (CF366) 

cells were selected following SPB duplication and bipolar spindle assembly in G2. The distance 

between SPBs in blastoconidia was measured in logarithmically growing cells (wildtype n=357, 

kip1Δ/Δ n=367). kip1Δ/Δ showed significant (p<0.0001 Student’s test) difference in SPB distance 

in bipolar spindles compared to wildtype. Error bars represent s.d.   
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4.4.1 kip1Δ/Δ blastoconidia have longer and more numerous cytoplasmic MTs 

In addition to their shorter bipolar spindles and delayed progression to anaphase, kip1Δ/Δ 

mutants show longer and more numerous cytoplasmic MTs emanating from the spindle pole bodies 

than wildtype C. albicans cells (Figure 4-5). These may exist as a consequence of compensatory 

actions of dynein, which is known to pull on spindle-associated cytoplasmic MTs at the cell 

cortex82,166. If this is the case, it may explain why some kip1Δ/Δ mutants can complete anaphase. It 

is also worth reiterating that this phenotype was also observed in kip1Δ/Δ hyphae.  
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Figure 4-5: Quantification of cytoplasmic microtubule numbers and dimensions. (A) MT 

number was counted following bipolar spindle assembly in wildtype (CF171), kip1+/Δ (CF214), 

and kip1Δ/Δ (CF226) strains. (B) MT length was determined by measuring the distance between 

the thick bipolar spindle and the visible ends of the cytoplasmic MTs for each genotype from (A). 

Data represents approximately 150 cells of each genotype that were quantified using Image J 

software.   



 

61 

 

4.5 kip1Δ/Δ cells form duplicated spindles structures  

Strikingly, many blastoconidia that had not completed cell division contained two or more 

bipolar spindles. This spindle morphology has been seen previously in studies where C. albicans 

Kip1 is knocked out or chemically inhibited22, but these studies did not demonstrate how this 

structure arises. We observe that duplicated bipolar spindles form after failure to complete 

cytokinesis. To determine how this occurs, we utilized time-lapse microscopy of kip1Δ/Δ 

blastoconidia expressing fluorescent tubulin. This showed that a single bipolar spindle forms and 

elongates similarly to wildtype cells, but then either breaks apart or disintegrates completely (Movie 

2). Soon after, two “monopolar” spindles appear either side-by-side in the mother cell, or separately 

in the mother cell and bud. In the former case, one of these spindle structures moves into the bud 

as the bud grows in size. Each of these monopolar spindles then usually forms a bipolar structure 

and simultaneously elongate (Figure 4-6a/Movie 3). Although these duplicated bipolar spindles 

account for only a small proportion of blastoconidia (Figure 4-6b), essentially all hyper-elongated 

arrested cells exhibited this duplicated spindle morphology (Figure 4-6c).  

To confirm that the duplicated spindles in kip1Δ/Δ cells are indeed bipolar spindles, and 

not persistent monopolar spindle halves, we labeled SPBs with GFP and tubulin with mCherry 

(Figure 4-7). As expected, wildtype cells show the typical bipolar spindle morphology. Their SPBs 

appear in close proximity to each other and at either end of a single, continuous bar of tubulin 

fluorescence. In comparison, cik1Δ/Δ cells exhibit both normal looking bipolar spindles and 

separate monopolar spindle halves21. Interestingly, kip1Δ/Δ cells exhibit three different spindle 

phenotypes: (1) a fairly normal looking single bipolar spindle, (2) dissociated monopolar spindles, 

and (3) duplicated bipolar spindles. In some cases, the latter two morphologies are visible within 

one budding cell (Figure 4-7, bottom panel). This could illustrate that the cell cycle of C. albicans 

operates in such a way that there is not a strict checkpoint that prevents further rounds of nuclear 
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division before completion of cytokinesis. This could account for the reduction in viability 

observed in cells lacking Kip1.  
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Figure 4-6: Spindle structure in kip1Δ/Δ mutants. (A) Time-lapse of logarithmically growing 

wildtype (CF171) and kip1Δ/Δ (CF226) cells. Bar = 5 μm. (B) 300 cells of each genotype as (A) 

were imaged and scored based on spindle morphology.  (C) Static image of kip1Δ/Δ (CF226) 

arrested cell with GFP-expressing tubulin.   
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Figure 4-7: Observation of spindle morphology. Static images of logarithmically growing 

wildtype (CF363) and kip1Δ/Δ (CF366) and cik1Δ/Δ21 strains with labelled MTs (red) and SPBs 

(green).
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kip1Δ/Δ cells undergo multiple rounds of nuclear division 

The apparent disconnect between mitosis and cytokinesis prompted us to look at nuclear 

material. Thus, fixed cells were stained with DAPI and visualized under the microscope. Whereas 

wildtype cells showed at most two patches of DAPI fluorescence; a number of kip1Δ/Δ cells 

contained three or more separate regions of fluorescence (Figure 4-8). Although C. albicans is 

tolerant of changes in chromosome number, we suspect that polyploidies or aneuploidies 

encountered in kip1Δ/Δ cells after cell division could account for their reduced viability. 

Confirmation of these events in kip1Δ/Δ mutants will require more accurate assessment of 

chromosome content in the divided nuclear material, such as using strategies to label centromeres 

in vivo167.   
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Figure 4-8: Distribution of nuclear material in wildtype and kip1Δ/Δ cells.  Logarithmically 

growing wildtype (CF027) and kip1Δ/Δ (CF311) cells were fixed with methanol and stained with 

DAPI. Images were false-coloured blue in Image J. Arrows represent areas of chromatin. Bar = 10 

μm.   
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4.7 Chemical inhibition of Kip1 produces a similar phenotype as kip1Δ/Δ  

To gain a better understanding of Kip1 function, we were interested in assessing loss of 

this motor in the context of other kinesins or motor-associated protein knockouts. To approach this, 

we sought to use inhibition of these motors in combination with gene-knockouts as a more efficient 

method. Aminobenothiazol (ABT) is an ATP-competitive inhibitor of C. albicans Kip1 (Figure 

4-9a), and has the effect of locking the motor onto MTs in vitro22. In vivo, ABT was shown to create 

a terminal arrest phenotype with cells showing aberrant spindle morphology. Using time-lapse 

microscopy, we demonstrated that wildtype cells expressing fluorescent tubulin often formed 

duplicated bipolar spindles in the presence of 50μM ABT (Figure 4-9b), and that these are nearly 

identical to the spindles in kip1Δ/Δ cells. After bipolar spindle formation, there is a loss of integrity 

of spindle structure that causes the spindle to “break” in the spindle midzone (Figure 4-9c). This 

is followed by formation of two bipolar looking structures that are extremely mobile (Movie 4). 

Since we had established that the effect of ABT addition to wildtype cells was similar to 

kip1Δ/Δ, we were able to proceed with inhibition of Kip1 in context with other kinesin knockout 

strains. More, specifically, we were interested in the kinesin-14 motor in relation to Kip1 function 

and to understand their interdependence in C. albicans.   
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Figure 4-9: Inhibition of Kip1 using aminobenothiazole (ABT).  (A) Chemical structure of ABT. 

(B) wildtype cells expressing GFP tubulin (CF171) were incubated with 100μM ABT for 2 hours 

and imaged. Bar = 5 μm. (C) Time lapse of wildtype cells (CF171) incubated with 50μM of ABT 

for 2 hours and imaged every 2 minutes. Bar = 5 μm.   
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4.8 Simultaneous loss of kinesin-5 and kinesin-14 function is lethal in C. albicans 

As previously described, loss of both kinesin-5 and kinesin-14 in S. cerevisiae and S. 

pombe (as well as other eukaryotes) re-establishes force-balance in the mitotic spindle and results 

in viable cells 18,77,111. However, inhibition of Kip1 in C. albicans cells that are kar3Δ/Δ or cik1Δ/Δ 

is lethal (Figure 4-10a). This suggests that a different mechanism of spindle stabilization exists in 

C. albicans compared to its fungal relatives. To further investigate the effect of ABT in these cells, 

we assessed the tubulin fluorescence patterns in logarithmically growing kar3Δ/Δ cells 

immediately following addition of ABT. We observed that lack of the kinesin-14 motor and 

inhibition of the kinesin-5 motor causes the monopolar spindle structures to completely disintegrate 

suggesting that the presence of both motors is essential for cell viability (Figure 4-10b). To further 

verify this lethal phenotype, we created an inducible system that allows us to visualize cell death 

in real time. In kip1Δ/Δ cells, we introduced an inducible maltose promoter that controls gene 

expression of one kar3 allele, while the second allele was knocked out. We observed a lack of cell 

growth on glucose media (shuts off kar3 expression) (Figure 4-10c) over two days.   
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Figure 4-10: Simultaneous loss of function of Kar3Cik1 and Kip1.  (A) Logarithmically 

growing wildtype (CF027) , kip1Δ/Δ (CF311) , kar3Δ/Δ or cik1Δ/Δ21, and dynΔ/Δ (CF358) cells 

were serially diluted to the indicated concentrated and 5 μL droplets were plated on YPD or 

YPD+100 μM ABT solid media. Plates were incubated for 2 days at the indicated temperature 

(YPD+100 μM ABT at 30°C). (B) One allele of kar3 was placed under a maltose promoter, creating 

an inducible double knockout strain. Cells were plated as in (A) and incubated at 30°C for 2 days. 

(C) Static images of logarithmically growing wildtype cells (CF171) incubated with 100 μM ABT 

for 2 hours and imaged.   
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Further studies are required to test our hypothesis that Kip1 functions as a crosslinker, and 

that loss of this activity results compromised spindle integrity. As it is likely that mechanistic 

studies of the purified motor may illuminate this problem, the Kip1 motor was further studied in 

vitro in order to understand its interaction with MTs (Appendix 1). 
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Chapter 5 

Discussion 

Candida albicans is currently the leading cause of invasive mucosal and systemic fungal 

infections, and the mortality rate associated with systemic candidiasis is substantial2. Its prevalence 

in the clinic is a consequence of its ability to adapt to different niches in the host, as well as to 

environmental stresses such as antifungal treatment5,47,48,168. There are several factors that 

contribute to the pathogenic potential of this microbe37. Chromosome reorganization and changes 

in copy number are common adaptive mechanisms used by C. albicans to confer resistance to 

antifungal drug exposure5. Additionally, the ability to phenotypically switch between budding, 

pseudohyphal and hyphal growth forms allows this pathogen to quickly evade immune response 

mechanisms and increase virulence3. Recognizing that this genotypic and phenotypic plasticity 

requires remodeling of the MT cytoskeleton, motor proteins essential to mitosis and cellular 

morphogenesis are becoming new targets for therapeutic intervention. Our research, and that of 

others, has shown kinesin motor proteins to be attractive targets for antifungal therapy because they 

have unique allosteric (druggable) sites compared to humans21,169-171 and when targeted, can largely 

decrease cell proliferation.  

This thesis builds on two recent discoveries. The first is that C. albicans kinesin-5 Kip1 is 

not essential and exhibits unusual spindle defects22. The second is that C. albicans kinesin-14 

Kar3Cik1 helps the mitotic spindle transition from a monopolar to bipolar architecture21, rather 

than regulate bipolar spindle length144. These findings differ from most other studied eukaryotes, 

and have stimulated our interest in understanding the unique life cycle of C. albicans. Furthermore, 

they encourage more careful consideration of mitotic motors as potential antifungal drug targets. 
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5.1 An exception to the kinesin-5 and kinesin-14 force-balance paradigm 

It is often stated in the scientific literature that bipolar spindle assembly requires a balance 

of pushing and pulling forces on spindle MTs. While kinesin-5 motors produce outward pushing 

forces by crosslinking and sliding antiparallel MTs, kinesin-14 motors provide inward pulling 

forces to control spindle length. However, we demonstrate that loss of the kinesin-5 motor, Kip1, 

in C. albicans does not produce a force imbalance that leads to spindle collapse, chromosome 

segregation failure, and cell death (although other mitotic spindle defects arise and cells are unable 

to form invasive hyphae).  

Typically, the function of kinesin-5 motors is attributed to their ability to provide plus-end 

directed motility. This gives rise to the aforementioned outward pushing forces on overlapping 

ipMTs in order to encourage spindle assembly, maintenance of bipolar spindle structure and spindle 

elongation9,12,103,144,172,173 ( 

 

 

Table 3). In S. cerevisiae, these processes are achieved by the two kinesin-5 motors, Kip1 

and Cin8104. Loss of these two motors results in rapid collapse of pre-anaphase bipolar spindles, as 

the previously separated SPBs are drawn back together157. In fact, kinesin-5 members are necessary 

for spindle assembly in all model systems, with the exception of C. elegans and D. discoideum8-

12,106,107. The phenotype observed in C. albicans kip1Δ/Δ cells shows that, unlike S. cerevisiae and 

other studied fungi, the kinesin-5 motor is not essential for transitioning the spindle from the 

monopolar to bipolar condition, nor is it critical for cell viability22. 
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Table 3: Kinesin-5 motor function in different eukaryotic organisms.  
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Our observation of Kip1 at the spindle midzone may suggest that it could crosslink and 

slide antiparallel ipMTs to facilitate spindle elongation. At this site, kinesin-5 motors could also 

enhance MT polymerization, leading to spindle elongation, by stabilizing longitudinal tubulin–

tubulin interactions, as previously described for Xenopus laevis Eg5 174. Furthermore, the unusually 

short bipolar spindles observed in the absence of Kip1 suggests that this motor may have retained 

a role in SPB separation, similar to other kinesin-5 members. Nevertheless, the persistent 

localization of C. albicans Kip1 at the spindle poles, and its dispensability in bipolar spindle 

assembly, could also signify that the major role of C. albicans Kip1 involves focusing parallel MTs 

emanating from the SPBs, in which case motility would not be a prominent function. Indeed, a 

similar role has been elucidated for non-motor crosslinkers as a means of providing spindle 

stability175.  

Hypothetically, SPB separation can be achieved by motors that are either acting within the 

nucleus by providing outward pushing forces, or outside of the nucleus by providing pulling forces 

(cortical forces)176. Normally, SPB separation occurs from forces within the nucleus, where 

kinesin-5 and kinesin-14 motors crosslink MTs from opposing SPBs in order to promote high-angle 

MT interactions (Figure 5-1)177. Combining pushing and pulling forces with accumulating 

crosslinks between MTs would serve to separate the SPBs and reorient the two half-spindles into 

an antiparallel arrangement, thereby allowing completion of bipolar spindle formation and further 

SPB separation. Intriguingly, the first aspect of this mechanism seems to be executed by Kar3Cik1, 

and not Kip1, in C. albicans21. In systems where SPB separation relies mainly on kinesin-5 

function, multiple compensatory mechanisms for SPB (or centrosome) separation and bipolar 

spindle assembly are now becoming apparent178. Among these are forces produced by MT-

crosslinkers and by the dynamic instability of MTs themselves. In contrast to molecular motors that 

consume chemical energy to produce motility, non-enzymatic filament crosslinkers harness 

thermal motion to generate mechanical work and produce force that results in MT sliding179,180. 
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Alternatively, polymerization of MTs from one SPB will encounter the other SPB and exert a 

pushing force. This force could be substantially strong when the two SPBs are adjacent to each 

other since the distance between the two SPBs is short and because short MTs do not buckle as 

readily as long MTs181. Evidence of this is derived from in vitro studies where MT-asters can 

position themselves solely based on MT polymer formation182,183. Taken together, although kinesin-

5 motors heavily participate in SPB (or centrosome) separation, in some systems, this process may 

require additional force generators or alternative motor functions that work independently or 

collaboratively. We suggest that SPB separation in C. albicans requires a combination of kinesin-

14, MT polymerization, cortical forces, as well as crosslinking proteins. If Kip1 is truly a 

crosslinking motor, then similar to the functions of other crosslinking proteins mentioned above, 

Kip1 could be needed to maintain the structural integrity of a fully extended, symmetrical bipolar 

spindle184,185.  Lack of this activity would decrease spindle tension at the kinetochore MTs or 

generate a different form of force imbalance than in other systems, causing SPBs to move closer to 

one another within the nuclear envelope (Figure 5-1).  
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Figure 5-1: Sequence of events in bipolar spindle formation in budding yeast. The initial 

spindle pole body (SPB) (1) is duplicated upon transition of the G2/M checkpoint (2). The two 

SPBs will then nucleate MTs (red) into the nucleus at a high angle (3). Interpolar MT interdigitation 

forms a short prometaphase spindle (4), which will eventually extend the full length of the nucleus 

(5). Note that the actions of molecular motors, MT crosslinkers, and MT polymer dynamics are not 

depicted in this model.  
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The effects of a short bipolar spindle in kip1Δ/Δ cells could translate into a cell cycle 

delay186,187, and ultimately the cell cycle arrest (hyperpolarized cell morphology) that we observe. 

However, our direct observations that that majority of these cells can eventually surpass the cell 

cycle delay and proceed to spindle elongation (anaphase B) is intriguing. We suspect that the basis 

for this involves another force-directing motor that acts outside of the nucleus, to compensate for 

inadequacies in internal spindle forces. Dynein is a logical candidate for this role. Previous studies 

in yeast have provided strong evidence that cortical dynein can influence SPB movement through 

action on cytoplasmic MTs that extend outward from SPBs166,188,189. The appearance of multiple 

and elongated cytoplasmic MTs in kip1Δ/Δ cells supports this, and may improve the ability of 

cortical dynein to capture these MTs and help provide forces necessary for spindle pole separation 

during anaphase B (Figure 5-2).  



 

79 

 

 

 

 

 

 

Figure 5-2: Cortical dynein functions to move the spindle. Dynein anchored at the cell cortex 

can bind cytoplasmic MTs (orange). SPB separation will occur if MT minus-end directed motility 

if dynein pulls on cytoplasmic MTs emanating from each SPB.    
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5.2 Seeing double: duplication of bipolar spindles in Kip1 null strains 

A discernable proportion of kip1Δ/Δ cells (or cells exposed to ABT) exhibited two or more 

bipolar spindles. It is well known that errors or inaccurate SPB separation can lead to aberrant SPB 

number190 and to genetic instability191-193. Through time-lapse studies of kip1Δ/Δ mutants, we 

observed multiple instances of monopolar spindles relocating into the daughter bud and forming a 

bipolar spindle after breakage of an original bipolar spindle into two parts. This has not been seen 

previously in any kinesin-5 knockout studies. Although, multi-astral or multi-spindle blastomeres 

were observed in the kinesin-5 rigor mutants in sea urchins, monopolar spindles that re-duplicated 

were not observed173. In kip1Δ/Δ cells showing a clear cell cycle arrest morphology, multiple 

spindles were nearly ubiquitous. Moreover, these spindles were often found in close proximity to 

one another in a complex and disorganized fashion, connected by long cytoplasmic MTs. These 

phenotypes imply that C. albicans predominantly employs its kinesin-5 motor as a spindle MT 

crosslinking protein, rather than a MT sliding motor. Perhaps as a consequence of missing a 

crosslinking motor, kip1Δ/Δ cells that are attempting spindle elongation experience a break at the 

weakened midzone, leading to temporary MT disassembly and disappearance of the spindle 

structure before new spindles are generated. Similar results are seen when Kip1 is inhibited with 

ABT; however, inhibition presumably causes the Kip1 motor domain to remain attached to the 

MTs22. This could explain why MTs did not disassemble in the same manner as observed in 

kip1Δ/Δ cells, and confirms that the spindle breakage occurs in the midzone anchor point.  

The appearance of aberrant SPB number is not an entirely a new phenomenon in yeast. For 

instance, in S. cerevisiae, mutation in the separase protein, ESP1, unlinks the events of mitosis such 

that multiple SPBs are produced, leading to an increase in ploidy in the absence of nuclear division 

194. In S. pombe, mutations in the separase Cut1 uncouple normal mitotic events where cytokinesis 

occurs without prior nuclear division190. Interestingly, these proteins are localized to the spindle 

midzone and interact with kinetochores on chromosomes. Additional chromosomal defects have 
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also been shown to inhibit cytokinesis and give rise to multinucleated cells195,196.  It is still, however, 

difficult to understand how deletion of a kinesin-5 motor translates into duplicated SPBs and thus 

multinucleated cells. Previous studies have shown that a spindle assembly checkpoint (SAC) 

component can physically interact with the kinesin-5 motor in S. pombe and recruit it to 

kinetochores on misaligned chromosomes197. Therefore, we propose that the reduplication event in 

the absence of Kip1 occurs as a direct or indirect consequence of bypassing critical cell cycle 

checkpoints. C. albicans may be able tolerate this genetic defect by unlinking the events of mitosis 

and cytokinesis. Conversely, the absence of a crosslinking motor could alter tension within the 

spindle (perhaps the unusually short bipolar spindle alters kinetochore attachment to sister 

chromatids).  In budding yeast, spindle tension is a closely monitored process that must satisfy the 

spindle checkpoint in order to proceed through mitosis 198. However, as a highly adaptable microbe, 

C. albicans may not recognize the spindle checkpoint as a consequence of altered spindle tension, 

and attempt initiation of cell cycle events again. Alternatively, C. albicans may recognize the 

change in spindle tension but adapt to this internal stress by uncoupling normal mitotic events.    

Furthermore, an attempt at elongation of both independent bipolar spindles fosters genetic 

plasticity. It is commonly known that C. albicans can rapidly change chromosome number and 

adapt to stressful conditions5,199. In fact, it has been previously hypothesized that isolates of C. 

albicans that show aneuploidy arose due to absence of checkpoint control systems as a mechanism 

to confer growth advantage200,201. Perhaps this high level of tolerance for aneuploidy and 

translocations could be because C. albicans does not undergo the conventional meiotic pairing that 

requires alignment of homologous chromosomes202. This flexibility would allow C. albicans to 

accommodate extra chromosomes by adjusting its spindle geometry to the changing needs of a 

dynamic genome in order to endure internal or external stress.   
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5.3 Absence of Kip1 affects spindle positioning and septation events during hyphae 

formation 

We observed that Kip1 is not essential for conversion to the initial hyphal form, but that 

loss of Kip1 prevents formation of complex hyphal structures. Through septa staining, we observed 

that hyphal filaments in kip1Δ/Δ mutants can elongate to the similar lengths as wildtype cells; 

however, microscopic examination of the spindle showed a significant decrease of nuclear 

movements. It is well known that mitotic machinery changes when cells switch to filamentous 

growth in order to support hyphal tip growth203. Therefore, it is interesting that kip1Δ/Δ mutants do 

not display the duplicated spindle phenotype, but rather display, a short mitotic spindle with long 

and numerous cytoplasmic MTs that expand the length of the filament; similar to what was 

observed in kip1Δ/Δ blastoconidia.  

Recent advances in yeast live-cell imaging revealed additional or unexpected roles for 

motors in modification and organization of MTs during filamentous growth 98. Thus far, activity of 

kinesin-5 motors in hyphal growth has not been elucidated. It may be that C. albicans has evolved 

additional roles for its motors in different growth forms as a consequence of its small kinesin 

complement. We propose two possible scenarios: Kip1 function may resort to a more conventional 

kinesin-5 role as a sliding motor during hyphal growth, and loss of activity would result in short 

spindles or that Kip1 function as a crosslinking motor is still retained; however, functions of other 

motors that provide forces in spindle elongation, such as dynein, are different, thus preventing 

spindle elongation.  

That kip1Δ/Δ mutants are unable to undergo multiple mitotic events for hyphal growth and 

maintenance is important from a clinical perspective. Transition to hyphal growth is central to the 

ability of C. albicans to invade epithelium and cause tissue destruction 204. It is also relevant in 

biofilm formation as hyphae filaments can adhere to implanted medical devices 41. The dramatic 

hyphal growth phenotype in kip1Δ/Δ mutants supports the development of Kip1 as a target for drug 

discovery. 
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5.4 Why is the loss of Kip1 and Kar3 lethal?  

Although Candida motors have not been systematically curated, genome-sequencing 

shows that only one form of the mitotic kinesin-5 (Kip1) and kinesin-14 (Kar3Cik1) motors are 

represented in this microbe (Figure 5-3). Conversely, in S. cerevisiae, two kinesin-5 (Kip1 and 

Cin8) and kinesin-14 (Kar3Cik1 and Kar3Vik1) motors exist as a result of a whole-genome 

duplication (WGD) that occurred approximately 100 to 200 million years ago153-155. Recall that in 

S. cerevisiae, inhibition of the two kinesin-5 motors, Kip1 and Cin8, results in spindle collapse and 

is non-viable8,16. In contrast, loss of Kip1 does not produce a lethal phenotype. Therefore, 

divergence in mitotic kinesin function must have occurred since S. cerevisiae and C. albicans 

diverged hundreds of millions of years ago. Intriguingly, mutation in S. cerevisiae kinesin-14 Kar3 

partially suppresses the collapsed spindle phenotype of kinesin-5 null mutants, resulting in viable 

cells16. Similar outcomes were seen in other fungal and animal systems103,205-207. This genetic 

interaction indicates that the functions of kinesin-5 and kinesin-14 are intimately tied together. It 

was theorized that both kinesin-14 and kinesin-5 motors performed in a similar manner by 

crosslinking antiparallel MTs 157. In this formulation, antagonism could be achieved if these motors 

exerted sliding forces between crosslinked MTs, but in opposing directions. A loss in either motor 

would then disrupt the force-balance within the spindle resulting in either spindle collapse or short 

spindles. Conversely, deletion of Kar3 (and/or Cik1) and a deletion or inhibition of Kip1 results in 

a lethal phenotype (Table 4). This unique phenotype suggests that C. albicans uses distinct 

mechanisms of mitotic spindle assembly and stabilization.  
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Figure 5-3: Comparison of budding yeast kinesin families. C. albicans kinesins and their 

budding yeast counterparts (S. cerevisiae) are shown and grouped according to the kinesin 

subfamily they belong to. C. albicans encodes only one member of kinesin-5 and kinesin-14 

motors.    
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Table 4: Comparison of kinesin-5 knockout phenotypes in C. albicans and S. cerevisiae 
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Microscopic examination of labelled MTs in the absence of both motors does not display 

an intact bipolar spindle, but rather shows fragmented spindle structures. Our previous studies 

reported that Kar3Cik1 are minus-end directed motors, and that they form high-angled interactions 

of MTs from adjacent SPBs; their directional movement along the MT track initiates bipolar spindle 

assembly21. It may be that loss of both Kar3 and Kip1 in C. albicans reduces the number of MT 

crosslinkers to an unacceptable level that cannot support cell viability. Specifically, we propose 

that the loss of Kar3Cik1 function cripples formation of these high-angle MT interactions, thereby 

failing to form a bipolar spindle, and the MTs in the initial monopolar spindle halves are not well-

tethered at the SPBs or MT plus-ends because of the absence of Kip1, resulting in fragmented 

spindle structures.  

5.5 Whole genome duplication event gave rise to a unique complement and 

diversification of some motors 

Thus far, we have reason to believe that kinesin-5 Kip1 in C. albicans may function 

differently than its closest counterparts in S. cerevisiae. Perhaps the WGD event experienced by 

predecessors of S. cerevisiae altered motor activities in spindles of similar design. It is possible that 

early forms of kinesin-5, like C. albicans Kip1, were tetrameric and that this enabled them to 

crosslink interdigitated MTs of opposite polarity in the spindle midzone. A WGD event could have 

allowed motor function to become more prominent, allowing them to slide these MTs apart as the 

motor moves toward their plus ends, as observed in S. cerevisiae16,103. Indeed, it has been reported 

that following gene duplication events, paralogous genes can acquire more specialized functions 

over time208. This would explain the paralogous genes kip1 and cin8 in S. cerevisiae to have similar, 

yet slightly different functions. On the other hand, C. albicans may have less genetic redundancy, 

and therefore a loss of two motors, such as the kinesin-5 and kinesin-14 in C. albicans results in a 

lethal phenotype. As such, primordial species like C. albicans may be important organisms to study 

in order to understand basic cellular functions and fundamental properties of proteins. 
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Chapter 6 

Summary and Future Directions 

In this thesis, we have outlined that the kinesin-5 motor in C. albicans, Kip1, has a unique 

function compared to kinesin-5s in other systems of similar design. Our results indicate that Kip1 

acts as a crosslinking motor, rather than a force-producing one. While some aspects of kinesin-14 

and kinesin-5 motors are conserved, we see clear differences in the way their simultaneous loss 

affects spindle assembly. Going forward, it will be essential to characterize their mode of 

interaction with each other and spindle MTs in mitosis and cell division, and to investigate their 

inhibition from a potential therapeutic standpoint. The Allingham lab has established several 

techniques that determine binding mode and mechanism of movement on MTs for many kinesins 

using a variety of biophysical methods21,170,209. These include X-ray crystallography, cryo-EM, in 

vitro motility assays and single molecule fluorescence microscopy and will immensely facilitate in 

elucidating the functional and mechanistic properties of Kip1. Indeed these studies have previously 

been successful in identifying MT-crosslinking proteins210,211. Moreover, our investigation of the 

first specific inhibitor of the mitotic apparatus in fungi could further validate kinesin proteins as 

novel and mechanistically unique targets for antifungal drug development. Advancement in this 

area will include screening for inhibitors of both motors that do not discriminate C. albicans 

kinesins from human kinesins, and for their ability to replace or synergize with current antifungals. 

These will then be tested in animal model studies and observed for C. albicans growth and 

virulence.  

Since C. albicans is an opportunistic and highly problematic fungus for 

immunocompromised individuals, neonates, and patients under intensive care, our research could 

have important implications toward improvement of health of these and other susceptible 

individuals. 
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Appendix A 

In vitro studies of Kip1 

7.1 Materials and methods for in vitro studies  

7.1.1 Kip1 construct design and cloning  

Kip1 protein sequence analysis was performed by the COILS prediction server (EMBnet) 

(Figure 7-1) and guided design of the two different constructs used in my in vitro studies (Table 

5). The first, Kip1 MD, was composed of the motor domain and the neck linker. The second, Kip1 

MDCC, included a segment of the coiled-coil region to allow for dimerization. The coding DNA 

for Kip1 MDCC was ordered as a G-block, and the coding DNA for the Kip1 MD construct was 

obtained by amplification of the relevant gene region using primers PIS1 and PIS2 (Chapter 2, 

Table 2).  Both constructs were cloned into pET24d (Kanamycin resistance) using Nco1 and Xho1. 

This vector introduces a 6xHIS tag C-terminal of the peptide. Ligation of the inserts into the 

plasmid was done with T4 DNA Ligase (New England Biolabs) at 16°C for 18 hours with 300 ng 

of insert and 50 ng of plasmid. Ligation was following by DNA transformation via electroporation 

into Top10 E.coli cells and plating on Kanamycin-supplemented agar plates. Colonies were 

selected and their DNA sequenced to identify correct insertion of Kip1 MD and Kip1 MDCC into 

protein expression vectors. Further information of the constructs is found in Table 5. 
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Table 5: Kip1 constructs created for in vitro studies. 

Construct Amino Acids  Molecular Weight (Da) 

Kip1 MD 1-400 44002.1 

Kip1 MDCC 1-549 61028.5 
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7.1.2 Protein Expression  

Kip1 MD and Kip1 MDCC-encoding plasmids were expressed in E. coli BL21 cells. 

Optimal growth conditions were determined via small-scale expression tests using 250 mL of LB 

media and cell growth and protein expression at varying temperatures and IPTG concentrations. 

Recombinant protein expression level was evaluated by analyzing total cell lysates on an SDS-

PAGE. The optimal conditions for both constructs were 1 mM IPTG, followed by 25°C overnight 

incubation. For large-scale expression each construct was inoculated into 250 mL of LB and grown 

overnight at 37°C in the presence of kanamycin. A 10 mL aliquot of the overnight culture was then 

added to 10x1 L LB media and grown at 37°C until cell suspension reached an OD600 around 0.6. 

Cells were then induced with 1 mM IPTG and incubated overnight at 25°C. Cells were pelleted at 

4000 RPM for 15 min at 4°C. The cells pellet was snap-frozen in liquid nitrogen and stored at -

80°C. 

7.1.3 Protein Purification 

All protein purification steps were performed at 4°C. Cells were thawed and re-suspended 

in lysis buffer (10 mM Hepes, 10 mM NaCl, 2 mM MgCl2, 1 mM EGTA, pH 7.2, 1 mM DTT, 0.2 

mM ATP, 0.1 mg/ml lysozyme, and EDTA-free protease inhibitor tablets) and subjected to 

sonication on ice. The lysate was centrifuged at 21000 RPM for 30 min at 4°C. The soluble fraction 

was pooled and loaded onto a Ni-NTA column (Thermo Scientific) that had been equilibrated with 

3 CV of equilibration buffer (10 mM NaPO4, 300 mM NaCl, 2 mM MgCl2, 1 mM EGTA, pH 7.2, 

0.2 mM ATP, 5 mM β-mercaptoethanol). Unbound proteins were then washed out with wash buffer 

(10 mM NaPO4, 300 mM NaCl, 2 mM MgCl2, 1 mM EGTA, pH 7.2, 0.2 mM ATP, 5 mM β-

mercaptoethanol, 20 mM Imidazole) and eluted with a linear gradient of imidazole 20 mM to 600 

mM in wash buffer over 20 CV. Peak fractions containing the purified protein were pooled and 

dialyzed against a dialysis buffer (20 mM Hepes, 150 mM NaCl, 1 mM MgCl2, 1 mM DTT, 0.2 

mM ATP) overnight at 4°C. The protein was then concentrated with an Amicon Ultra concentrator 
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(Millipore) (50K MWCO) and loaded on to a Hi-load Superdex 200 26/60 size-exclusion column 

(GE Healthcare) equilibrated with 2CV of column buffer (20 mM Hepes, pH 7.2, 150 mM NaCl, 

1 mM MgCl2, 1 mM DTT, 0.2 mM ATP, EDTA-free protease inhibitor tablets (Roche)). The peak 

fractions corresponding to the purified protein were pooled and then concentrated by Amicon Ultra 

concentrator. The purity of the protein was confirmed by SDS-PAGE, and 30 μL aliquots were 

flash frozen in liquid nitrogen and stored at -80°C. Final protein concentration was 4.6 mg/mL of 

Kip1 MD and 23 mg/mL for Kip1 MDCC. 

7.1.4 Microtubule-motor equilibrium binding assays  

The microtubule binding affinity of the purified C. albicans motors was determined as 

described previously212 with the following modifications. Reactions of 100 μL microtubules (0-6 

μM) were incubated with 4 μM motor and either 2 mM MgAMPPNP or 2 mM MgADP for 15 min 

at room temperature in ATPase Buffer (20 mM HEPES, 5 mM Mg Ac, 0.1 mM EGTA, 0.1 mM 

EDTA, 25 mM CaAc, 1 mM DTT, 40 μM Taxol, pH 7.2). Reaction mixtures were sedimented by 

centrifugation at 312,530 x g for 15 min at 25°C.  Supernatant and pellet fractions were analyzed 

by SDS-PAGE and visualized with Coomassie Brilliant Blue.  

7.1.5 Motility Assay: 

  Motility assays were performed in an acid-washed perfusion chamber using an oxygen 

scavenging mix (OSM) 213. Motility assays were performed using Kip1 MDCC protein. 

Rhodamine-labeled bovine tubulin (X-rhodamine, Cytoskeleton Inc.) was mixed with unlabeled 

tubulin purified from bovine brain at a molar ratio of 1:4, and the mixture was polymerized, MT 

was sedimented by centrifugation and further resuspended in BRB80 buffer(80 mM PIPES pH 6.8, 

1 mM MgCl2, 1 mM EGTA) supplemented with 40 μM taxol. Anti-His antibody (final 

concentration of 1.5 μg/mL) was applied to the perfusion chamber and incubated for 5 min to allow 

binding to the glass surface. The chamber was then washed twice with OSM-0 buffer (BRB80 

supplemented with 1.5 mM MgAc, 5 mg/mL casein, 0.2 mg/mL Glucose Oxidase, 175 μg/mL 
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Catalase, 25 mM glucose, 2 mM β-mercaptoethanol). His-tagged Kip1 MDCC motor was diluted 

to 0.4 or 4 μM in OSM-0 and then added to the chamber and incubated 5 min to allow binding. 

Microtubules were then diluted 20-fold into OSM-1 (OSM-0 buffer supplemented with 1.5 mM 

AMPPNP and 40 μM Taxol) and incubated for 5 min. The perfusion chamber was washed twice 

with OSM-2 (OSM-0 buffer supplemented with 1.5 mM ATP, 40 μM Taxol, 0.3 μg/μL Phospho-

creatine Kinase, and 2 mM Phosphocreatine) to remove any unattached microtubules. Microtubule 

movement was visualized by taking images every 15 secs for a period of 10 minutes using an 

Olympus IX-81 inverted microscope with total internal reflection fluorescence (TIRF) imaging 

capabilities (Quorum Technologies Inc.). Quorum WaveFX Metamorph software (Quorum 

Technologies Inc.) was used to process the images and compile them into movies.  

7.2  Results: Kip1 Constructs  

The Kip1 open reading frame was obtained from Candida Genome Database (orf19.712) 

and truncated to create two constructs. Design of the first construct, Kip1 MD, was guided by our 

previous knowledge of motor domain boundaries based on amino acid composition. Design of the 

second construct was done through bioinformatics-based analysis. The Kip1 gene sequence was 

inputted into the COILS prediction server, which predicts regions that are involved in coiled-coil 

formation. Based on the results, we chose to include the first predicted coiled-coil region, assuming 

that it would provide a sufficient binding interface to allow dimerization of the Kip1 motor domain. 

A description of each construct is illustrated in Figure 7-1. Both constructs were expressed in E. 

coil as described above. They were purified by Ni-NTA affinity purification using a 6X 

polyhistidine tag engineered onto the C-terminus of the constructs. To obtain pure protein, the Ni-

NTA fractions corresponding to the purified protein were further purified to near homogeneity by 

size-exclusion chromatography (not shown). Analysis of elution fractions by SDS-PAGE shows 

Kip1 MD at 41 kDa and Kip1 MDCC at 60 kDa (Figure 7-2). 
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Figure 7-1: Sequence analysis of Kip1 using COILS Prediction Server. Sequence analysis of 

Kip1 using COILS Prediction Server. (A) Full length sequence of Kip1 was inputted in COILS 

prediction server. The coiled-coil forming probability of each amino acid is shown in the graph. 

(B) Domain distribution of the full length Kip1 and the predicted Kip1 constructs obtained from 

the COILS analysis. Light blue represents the motor domain. Grey is indicated by the coiled-coil 

regions and black represents the tail domain.   
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Figure 7-2: Purification of Kip1 MD and Kip1 MDCC. SDS-PAGE analysis of the elution 

fractions following Ni-NTA purification of both Kip1 MD (A) and Kip1 MDCC (B). For each 

purification, the molecular weight standard is in the left lane, followed by the elution fractions. The 

expected molecular weight for each protein construct is as follows: Kip1 MD = 44 kDa and Kip1 

MDCC = 61 kDa.   
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7.3 Functional characterization of Kip1 

7.3.1 Kip1 binds MTs 

Once Kip1 constructs were purified, we moved on to functional characterization of the 

motor. Kip1 MD was assessed for MT binding. To do this, we incubated the motor with increasing 

concentrations of taxol-stabilized MTs with different nucleotide conditions. The mixture was then 

subjected to centrifugation to pellet MTs and bound Kip1, while non-MT-interacting proteins 

remain soluble in the supernatant fraction. Analysis of both fractions by SDS-PAGE revealed that 

the Kip1 MD construct binds to MTs, but also shows some evidence of MT-independent pelleting 

(Figure 7-3). These preliminary results need to be repeated to calculate Kd.  
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Figure 7-3: Microtubule binding analysis of Kip1.  Representative SDS-PAGE analysis of 

supernatant and pellet fractions recovered from microtubule co-sedimentation analysis with Kip1 

MD in the presence of ADP and non-hydrolyzable AMPPMP.   
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7.3.2 Kip1 does not display any gliding activity 

To evaluate the MT motility, MT-gliding assays were performed and imaged using a TIRF 

microscope. This experiment relies on the C-terminal His tag on the kinesin motor which is adhered 

to the microscope coverslip within a perfusion chamber using an anti-His antibody. Fluorescently 

labelled taxol-stabilized MTs are flowed into the perfusion chamber and allowed to incubate with 

the kinesin motor. Unbound MTs are then washed away from the perfusion chamber with buffer. 

Visualization of MTs in the chamber under the microscope confirms two things: 1) kinesin motor 

has adhered to the glass coverslip 2) the kinesin motor binds and forms a complex with the MTs. 

Failure of either one of these would result in an absence of MT visualization. For this assay, Kip1 

MDCC was used to assess the motile properties of dimeric Kip1 motors. Although MTs were 

present and visible in multiple analyses with Kip1 MDCC, no gliding was observed (not included 

in thesis). The lack of microtubule gliding could be a consequence of non-ideal experimental 

conditions for Kip1 motility, and thus careful consideration of these conditions may be needed to 

identify motile function. Another possibility is that Kip1 lacks robust MT motility and instead 

functions predominantly as a MT crosslinker.  

 

 

 

 

 

 

 


