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Abstract 

The kinesin-14 Kar3 from Saccharomyces cerevisiae (Sc) is a C-terminal motor that 

forms a heterodimer with the kinesin-accessory protein Vik1. Although Vik1 possesses a typical 

kinesin motor domain (MD) fold, it lacks a nucleotide-binding site. However, it binds 

microtubules with affinities that can be regulated Kar3’s nucleotide state. This implies 

intermolecular communication between its subunits. This thesis aimed to understand this 

communication by studying the structures and functions of Kar3Vik1 orthologs.   

First, we biochemically characterized Kar3 from Ashbya gossypii (Ag) and determined 

the crystal structure of its MD. It was shown that the active site features of the AgKar3MD are 

similar to that of the ScKar3 R598A mutant, and that the β1 lobe at the edge of the MD was 

unique in structure and amino acid content. These results may provide a rationale for the unique 

enzymatic properties of this motor that could be relevant to its interaction with AgVik1 and 

function in Ashbya gossypii.    

We also determined the crystal structures of Kar3 and Vik1 orthologs from Candida 

glabrata (Cg). While the CgKar3MD structure was very similar to that of ScKar3MD, crystals of 

CgVik1 captured three novel conformations of the Vik1 motor homology domain (MHD). We 

observed that when the N-terminal neck helix docks against the MHD core in two unique 

positions, the C-terminus resembling neck mimics of kinesin-14 motors also docks against the 

neck-core junction. However, when the neck is non-helical and disengaged from the MHD, the C-

terminus is undocked and disordered.  

To assess the functional importance of these N- and C-terminal segments of Vik1 MHD, 

we created CgKar3Vik1 constructs whose Vik1 subunit contained either a point mutation or 

complete truncation of the C-terminus (neck mimic), and analyzed their biophysical properties. 

All mutants showed defective ATPase activity and microtubule-gliding ability. Characterization 

of the mutations in CgVik1MHD by molecular dynamics simulations showed that residues Ile578 
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and Asn580 are not only involved in stabilizing interactions between the neck and neck mimic but 

they also influence and respond to conformational changes of the neck. These observations 

implicate the N- and C-termini of Vik1 as a key element of Kar3Vik1 function and 

communication. 
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Chapter 1 

General Introduction 

1.1 Motor proteins 

Movement is a central theme amongst life on Earth. The survival of any organism 

depends on its ability to perform countless types of movement that may be visible or invisible to 

the naked eye. Running and walking, for example, are visible physical movements derived from 

concerted contractions of the muscular tissue, while shuttling of neurotransmitters down an axon 

cannot be perceived without a high-powered microscope. Given the spatial differences between 

these two types of movement, intuition quickly dismisses any association between them. 

However, through studies that began over four decades ago, it was soon realized that a 

specialized group of mechanoenzymes known as motor proteins underlie the molecular basis of 

most types of movement.  

Three superfamilies of motor proteins exist: myosins, dyneins and kinesins. Myosins 

were the first to be discovered, and have been found to function in muscle contraction, cell 

morphogenesis, cytokinesis, vesicle transport, organelle tethering, structuring and anchoring of 

stereocilia in the inner ear, membrane trafficking, and cell movement [1-4]. Dyneins are the 

largest motor proteins, and are perhaps the most distinct. Their primary functions involve sliding 

microtubules in axonemes of cilia and flagella, organelle transport, centrosome assembly, 

movement of chromosomes, and positioning of mitotic spindles [5-7]. Kinesins are the most 

diverse form of motor protein, and are generally dwarfed by myosins and dyneins in terms of 

their molecular size. They assist with mitotic spindle and chromosome distribution, movement of 

organelles and vesicles, and regulation of microtubule dynamics [5, 6, 8-10]. My thesis is focused 
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on this family of motors, with a particular emphasis on a mitotic kinesin whose structure and 

motile properties seem to defy convention. 

I found it exhilarating that at the time I begin writing this thesis, the Albert Lasker Award 

in Basic Medical Research was just awarded to Michael Sheetz, James Spudich and Ronald Vale 

“for discoveries concerning cytoskeletal motor proteins, machines that move cargoes within cells, 

contract muscles, and enable cell movements” [11]. These scientists developed the first 

reconstituted in vitro systems and pioneered the techniques to study motor protein functions. 

From squid giant axons, they identified and named the class of motor that has captured my 

interest for the past five years – kinesin.  They found that, much like a modern automobile, motor 

proteins possess an engine. This engine, known as the ‘motor domain’ (MD), harbors the unique 

ability to couple ATP-hydrolysis to a conformational change cycle that enables motor proteins to 

move unidirectionally along the cytoskeleton of a cell. The ability of cells to maintain control 

over how these cytoskeletal tracks are deposited in the cytoplasm, and over the direction in which 

they “point”, establishes the fundamental basis for organized spatial distribution of cellular 

components and coordinated morphological changes in all cell types. Sequences beyond the MD, 

as well as accessory binding and regulatory proteins of different motors, exhibit significant 

dissimilarity. These adaptations have led to enormous expansions of the functions that even 

closely related motor proteins can have within a cell. It has also opened the door of possibility for 

discovery of new and unusual motor forms whose identification and analysis could have a 

dramatic impact on modern cell biology and medicine [12].  

1.2 The eukaryotic cytoskeleton 

The cytoskeleton of a eukaryotic cell is made up of three types of protein polymers: actin 

microfilaments, intermediate filaments and microtubules. All three are assembled from smaller 
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protein subunits that differ in size, structure and arrangement within the polymer. Actin and 

microtubules are ATPases and GTPases, respectively, whose nucleotide state confers their 

polymeric state and stability [13-16]. At the quaternary level, actin and microtubule subunits are 

assembled in a head-to-tail fashion resulting in polar filaments with a ‘plus end’ and a ‘minus 

end’. Filamentous-actin (F-actin) is a two-start double helical filament compromised of two 

protofilaments that wind around each other [17]. Microtubules on the other hand, are assembled 

from 13 to 15 linear protofilaments arranged laterally to form a hollow tube [18]. Together, actin 

and microtubules are responsible for providing structural integrity to the cell. They also 

coordinate the distribution and positioning of cellular contents, and generate the required forces to 

influence cell morphology and mobility [19]. Relative to actin and microtubules, intermediate 

filaments are much less well characterized but they have been shown to be involved in the 

maintenance of structural integrity of the cytoplasm and cell shape [20-22]. Since kinesins take 

the spotlight in this thesis, the structure and dynamics of microtubules will be discussed in the 

most detail.  

The basic subunit of microtubules is a heterodimer formed by α- and β-tubulin, which 

share ~50% identity in amino acid sequence [23]. When in concentrations higher than their 

critical concentration, α/β-tubulin heterodimers will polymerize linearly [24]. The resulting 

filament has α-tubulin exposed at the minus end and β-tubulin exposed at the plus end. Cryo-

electron microscopy (EM) studies showed that 13 protofilaments arrange in a staggered parallel 

fashion to form a three-start helix with a seam that runs parallel to the protofilaments. This results 

in a cylindrical tube-like macrostructure with a diameter of ~24 Å [25].  Although both α- and β-

tubulin can bind GTP, only β-tubulin hydrolyzes and exchanges GTP [26]. When the rate of 

heterodimer addition exceeds the rate of GTP-hydrolysis, a GTP cap prevents microtubule 
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depolymerization and the microtubule will grow in length (Figure 1-1) [27]. In contrast, when the 

rate of addition of α/β-tubulin heterodimers is equal to the rate of GTP-hydrolysis, 

conformational strain induced by GDP-bound α/β-tubulin within the filament causes 

depolymerization very rapidly (Figure 1-1) [27]. The constant growing and shortening of 

microtubules is termed “dynamic instability” [28]. During mitosis, dynamic instability enables 

mitotic spindles to search for and segregate chromosomes efficiently [29]. The importance of this 

activity was further illustrated by the development of an anti-cancer drug paclitaxel (taxol) which 

stabilizes microtubules and blocks mitosis [30]. As will be discussed in detail below, 

microtubules also serve as the molecular track for dyneins and kinesins (Figure 1-2).         

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

5 

 

 

 

 

 

Figure 1-1. Cartoon schematic of microtubules and dynamic instability.  

α-tubulin is represented as blue beads and β-tubulin is represented as green beads. Microtubules 
are made α/β-tubulin subunits polymerized in a linear fashion and 13-15 polar protofilaments 
make up a microtubule. In the presence of GTP, α-tubulin does not hydrolyze or exchange GTP 
thus remains blue while GTP-bound β-tubulin is represented as red beads. GTP-bound tubulin 
subunits are being added at a rate that is faster than the rate of GTP-hydrolysis in β-tubulin results 
in a GTP cap, which facilitate polymerization or microtubule growth. In the bottom panel, as the 
rate of GTP hydrolysis equals the rate of GTP-hydrolysis in β-tubulin, loss of the GTP cap and 
the tension created by GDP-bound tubulin subunits cause the subunits to depolymerize and 
shortening of microtubule results. (Figure adapted from Cheeseman and Desai, 2008 [31])     
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Figure 1-2. Cartoon representation of microtubule-based motors dynein and kinesins.  

Both types of motors are colored green. Kinesins are typically homodimeric and move 
unidirectionally. Kinesin-1 (N-terminal kinesin) and kinesin-14 (C-terminal kinesin) are shown to 
move towards the plus end and minus end, respectively. Cytoplasmic Dynein only moves towards 
the minus end of microtubules. (Figure adapted from Goodman et al. 2012 [32])    
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1.3 Kinesin overview 

Kinesins are a large superfamily of motor proteins with 15 subfamilies that can be 

broadly grouped into three types based on the location of their MD at the N-terminus, middle, or 

C-terminus of the polypeptide (Figure 1-3) [33]. N-terminal kinesins are the most abundant and 

function mainly in intracellular transport. Phylogenetic analysis shows that there are 37 N-

terminal kinesins in humans and mice, 20 in Drosophila, 16 in Caenorhabditis elegans and 4 in 

Saccharomyces cerevisiae (S. cerevisiae/Sc) (Figure 1-3) [34]. In the neuron, anterograde 

transport of synaptophysin, Ptdlns(4,5)P2, mitochondrial proteins, LAMP2, SNAP25, N-cadherin, 

β-catenin and many other macromolecules along microtubules that originate from the cell body 

(minus-end) and extend into to the axon (plus-end) primarily involves N-kinesins such as KIF1A, 

KIF1Bα, KIF5, KIF5A, KIF3A, KIF13B and KIF21A [33]. In other cell types, N-kinesins such as 

KIF5, KIF3A, KIF20A, KIFC3, KIF13A, KIFC2, KIF16B and KIF4 are responsible for the 

translocation of macromolecules, organelles, vesicles within the cell body and from the Golgi to 

the endoplasmic reticulum and plasma membrane [33].  

While many kinesins play important roles during intracellular transport, a subset of 

kinesins also play major roles during nuclear processes. Studies show that these mitotic kinesins 

participate in the assembly and maintenance of the bipolar mitotic spindle (kinesin-5 motors such 

as ScCin8, SpCut7, HsEg5 and ScKip1), chromosome positioning (kinesin-4 motors such as 

HsKIF4 and GgChromokinesin, kinesin-10 motors such as HsKIF22 and DmNOD), spindle pole 

organization (kinesin-12 motors such as MmKIF12 and MmKIF15, kinesin-14 motors such as 

HsHSET, DmNCD and ScKar3), proper kinetochore-microtubule attachment and chromosome 

congression (kinesin-7 motors such as HsCENPE, MmKIF10 and ScKIP2) and chromosome 

segregation (kinesin-13 motors such as HsKIF2C, HsKIF2A and HsKIF2B) [35]. Kinesin-13 
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motors are particularly interesting as, although non-motile, their microtubule plus- or minus-end 

tracking and depolymerization activities have been shown to be crucial for mitotic spindle length 

control during chromosome segregation [36]. These kinesins possess a centrally located MD. 

Kinesin-14 motors, on the other hand, are motile and have shown microtubule-depolymerization 

activity as well. What sets these motors apart from the other kinesins is that their movement is 

microtubule minus-end-directed as a consequence of their C-terminally positioned MD [37]. 
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Figure 1-3. Phylogeny and domain organization of kinesins in mouse and fungi.  

(A) 45 kinesins have been discovered in mouse and humans which can be further classified into 
15 superfamilies and 3 broad types based on the location of their MD (Figure adapted from 
Hirokawa et al. 2009 [33]). (B) Unrooted phylogenetic tree of fungal kinesins and their domain 
organizations. Similar domain organizations were also observed in Vik1 and Cik1 (Figure 
adapted from Steinberg, 2007 [38]).     
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1.4 The motor domain 

 The hallmark of kinesins is their evolutionarily conserved ~350 amino acid MD, which 

contains a nucleotide-binding pocket and microtubule-binding site (Figure 1-4) [39]. In order to 

produce movement, the MD couples a chemical cycle to a mechanical cycle. The chemical cycle 

involves binding of ATP, hydrolysis of the bond to the γ phosphate, and release of post-

hydrolytic products ADP and Pi. These events are orchestrated by the highly conserved P-loop 

(GQTxxGKT), Switch I (NxxSSR) and Switch II (DxxGxE) loops using a water-mediated 

mechanism common to nucleotide triphosphatases (Figure 1-4) [40-45]. The mechanical cycle 

involves two other regions: 1) a region connected to the MD known as the neck, and 2) the 

microtubule-binding site formed primarily by Loop12 and helices α4 and α5 [46]. Although 

amino acid sequence of the neck module is subfamily specific, it generally functions as an 

amplifier of subtle changes in the MD and determines the direction of movement of the kinesin 

based on its position relative to the MD [47-49]. Conformational changes in the microtubule-

binding site are also coordinated with structural changes in the ATP-binding pocket and its 

affinity for the microtubule can be altered depending on the nucleotide bound. Interestingly, 

slight variations of this mechanochemical coupling can result in very distinct types of motility 

[50, 51].  

Beyond the neck is the ‘stalk’ region where coiled-coil forming sequences allow for 

dimerization of two kinesin molecules. At the end of the polypeptide opposite to the MD is a 

cargo-binding domain that has a high degree of specificity for its cargo. Studies have suggested 

that different cargoes can either interact directly with the cargo binding domain or indirectly 

through adaptor proteins [33]. 
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Figure 1-4. Cartoon representation of a typical kinesin MD.  

MDs are characterized by a central β-sheet comprised of 7 to 8 β-strands that are surrounded by 3 
α-helices on either side. Structural elements involved in the binding and hydrolysis are 
highlighted. The well-conserved ATP-binding motif P-loop is in green. Switch I and Switch II 
motifs are highlighted in pink and blue respectively. Conserved Arg and Glu residues involved in 
the formation of the salt bridge between Switch-I and Switch-II are shown in sticks. Mg2+ is 
shown as a green sphere and ADP is shown as sticks. The putative microtubule binding surface is 
at the back of the protein formed primarily by Loop 11, Loop 12, α4 and α5 (PDB ID 1BG2) [46]. 

 

  



 

12 

 

1.5 Modes of Kinesin Motility 

1.5.1 Processive motility 

Conventional kinesin or Kinesin-1, was discovered in 1985 by Vale et al. during their 

investigation of organelle transport in axons and neurons in squid [8, 52, 53]. A decade later, the 

crystal structure of its MD was determined by Kull et al. in 1996 [41]. In its functional form, 

Kinesin-1 adopts a homodimeric configuration with two identical polypeptides (Figure 1-5), 

whose activity can be regulated by two kinesin accessory proteins, known as kinesin light chains 

(KLCs) [35, 54]. The present model of the Kinesin-1 mechanochemical cycle is shown in Figure 

1-6. Kinesin-1 dimers are in an ADP-bound state in solution as kinesin MDs have been shown to 

be very unstable and denature readily in the absence of nucleotide [55]. In this state, the neck-

linker is disordered and the MD exhibits a low affinity for microtubules [56]. As soon as either 

MD engages the microtubule, release of ADP and exchange for ATP is stimulated (Figure 1-6A) 

[57]. ATP-binding causes the neck-linker to transition from a disordered-to-ordered state, which 

allows it to dock against the core of the MD [58]. It has been proposed that neck-linker docking is 

the mechanical event that moves the tethered head (trailing) towards the plus end (Figure 1-6B) 

[59, 60]. During this 8.3 nm displacement, the leading head remains in a high microtubule-

affinity state and remains attached to its track [56, 57].  The subsequent release of ADP from the 

leading head is the slowest and thus the rate limiting step of the chemical cycle [61]. After a 

diffusional search, the formerly trailing head engages a new forward position on the microtubule 

[62]. A new cycle begins by microtubule-stimulated exchange of nucleotide in this new leading 

head, which will also facilitate ADP-release and dissociation of the new trailing head (Figure 

1-6C) [63].  
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Figure 1-5. Crystal structure of Kinesin-1 homodimer.  

N- and C- termini are labeled. ADPs are shown as sticks (PDB ID 3KIN) [64]. 
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Figure 1-6. Processive motility mechanism of Kinesin-1.  

Shown is a cartoon representation of Kinesin-1 homodimer moving processively along a single 
microtubule protofilament. The leading head is colored dark brown, the trailing head is in light 
brown and the necks are in red. KLCs are labeled. The plus- and minus-ends of the green 
microtubule protofilament are also labeled. (A) As the leading head (left) engages the 
microtubule, ADP-release is stimulated and ATP binding can occur. (B) ATP-binding in the 
leading head results in a conformation change in the neck-linker that swings the trailing head 
towards the plus-end. During this 8.3 nm displacement, the leading head remains in a high 
affinity state for the microtubule. (C) Post ATP-hydrolysis, the leading head is bound with 
ADP+Pi and becomes the new trailing head. After a diffusional search, the new leading head 
engages a new forward position on the microtubule. With the exchange of nucleotide upon 
microtubule-binding of the new leading head, the cycle begins again.   
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Although neck-linker docking was widely accepted as the main force-producing element 

for Kinesin-1 motility, recent studies showed that the energy involved in neck-linker docking is 

much smaller than that of the MD displacement, suggesting that assistance from another part of 

the MD is required [65]. This led to a series of molecular dynamics studies that implicate the 

“cover strand” in this assisting role. The cover strand is formed by the N-terminus of the MD (the 

neck-linker is located at the C-terminus), and was shown to form a small anti-parallel β-sheet 

with the neck-linker upon ATP binding to create a “cover-neck bundle” that is capable of force 

generation upon proper folding (Figure 1-7) [66]. Later analysis revealed that cover strand 

mutants exhibit defects during motility, adding further support to cover-neck bundle formation as 

the force generating event underlying kinesin movement [67].   

As a homodimeric motor assembly, a single Kinesin-1 molecule can take hundreds of 

steps before detaching from its track. This type of motile mechanism has been coined the “hand-

over-hand” mechanism [68-70]. Kinetic studies suggest that this mode of movement hinges upon 

communication between the MDs so that their mechanochemical cycles are appropriately tuned 

with each other to prevent pro-longed simultaneous microtubule engagement of both MDs or 

their pre-mature detachment from microtubules before the trailing head can bind to the next 

position on the protofilament [71-74]. In a recent review by Gennerich and Vale, several different 

mechanisms of this communication pathway were proposed [75]. Most involved the development 

of intramolecular tension during an intermediate step when both MDs are microtubule-bound [76, 

77]. A central theme of this and other proposals is that the neck-linker provides the main conduit 

of communication. In support of this, Yildiz et al. showed that extending the neck-linker reduced 

microtubule-gliding velocity, and that microtubule-gliding velocity was restored when external 

tension was applied to these mutants using an optical trap [78].  Moreover, differences in forward  
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Figure 1-7. Cartoon representation of the cover-neck bundle in Kinesin-1.  

Most of the Kinesin-1 MD is colored grey, the neck, neck-linker and cover strand are colored red 
for clarity (PDB ID 2KIN) [44].   
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tension or backward tension on the neck-linker have been shown to correlate with ADP-release 

and ATP-binding rates by kinesin [68, 79-82].  

1.5.2 Non-processive motility 

Equally well-studied as Kinesin-1 is the kinesin-14 Non-Claret Disjunctional (Ncd) 

motor from Drosophila melanogaster. Like Kinesin-1, Ncd is a homodimer, but its MD is located 

at the C-terminus and it exhibits minus-end directed motility (Figure 1-8) [83]. Early studies 

suggested that Ncd is involved in ensuring proper chromosome segregation during meiosis and 

mitosis [84, 85]. This was later confirmed by Hatsumi and Endow, who demonstrated its 

requirement for proper mitotic spindle assembly [86]. To achieve its functions, the N-terminus of 

Ncd contains a secondary microtubule-binding site that allows the motor to cross-link parallel and 

anti-parallel microtubules near the spindle poles and midzone, respectively [87, 88]. Additionally, 

three lines of evidence also suggest that Ncd’s mechanism of motility is different from Kinesin-1: 

1) in vitro motility assays showed that continuous microtubule gliding requires multiple Ncd 

motors, 2) single molecule experiments of Ncd-GFP fusion molecules exhibit very transient 

interactions with the microtubule, and 3) ATP hydrolysis in Ncd does not exhibit super-

stoichiometric burst rates such as that displayed by processive motors [47, 89, 90]. Based on these 

observations, it was proposed that Ncd is a non-processive kinesin that can only take a single step 

per microtubule encounter [89].  

In accordance with the functional results, structural studies by Sablin et al. in 1998, Yun 

et al. in 2003 and Endres et al. in 2006 demonstrate that Ncd’s force generating mechanism is 

also distinct from that of Kinesin-1. These studies showed that Ncd lacked a dockable neck-

linker, and that the force-producing step in Ncd’s mechanochemical cycle most likely involved a 

large ~70o rotation of the N-terminal α-helical neck, similar to that observed in the lever arm  
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Figure 1-8. Cartoon representation of a Ncd T436S mutant homodimer structure.  

Two truncated Ncd subunits form a coiled-coil through their N-terminal neck/stalk domain. In 
this structure, the two motor domains are rotated ~70o relative to each other (PDB ID 3L1C) [91]. 
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power-stroke of myosins (Figure 1-9) [48, 92, 93]. These findings suggest that in order to fulfill 

its role in mitosis, Ncd have evolved to function as microtubule cross-linking and tension-

generating motor ensembles, rather than as a conventional transport motor.  

Another major difference discovered early on about Ncd was that only one head of the 

homodimeric assembly was necessary for force generation and non-processive motility [93]. This 

raised questions about the relevance of the other non-microtubule bound MD. However, a later 

study by Kocik et al. showed that the two Ncd MDs play distinct roles and that the interactions 

between them are required for microtubule-binding and motility of the dimer [94, 95].  

One thing that has recently helped unify the characteristics of Ncd and Kinesin-1 motors 

is that Ncd possesses a C-terminal extension (also known as the “neck mimic”) that is analogous 

to the Kinesin-1 cover strand. Recent crystal structures of an Ncd mutant homodimer (PDB ID 

3L1C) has shown that, much like the neck-linker of Kinesin-1, the Ncd neck mimic undergoes a 

disordered-to-order transition as the motor exchanges ADP for ATP (Figure 1-10A) [91].  

Moreover, Szczesna and Kasprazak showed that mutations and deletions in the neck mimic 

severely impacted its microtubule-binding affinity, steady-state ATPase activity, and 

microtubule-gliding velocity [96]. Taken together, it appears that the N- and C-terminal segments 

of the MD play important roles in the mechanochemical cycle of all kinesins.    
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Figure 1-9. Non-processive motility mechanism of Ncd.  

Shown is a cartoon representation of an Ncd homodimer moving non-processively along a single 
microtubule protofilament. The Ncd head that will engage the microtubule and undergo 
powerstroke is colored in dark red, the tethered head is in peach and the necks are in cyan. The 
plus- and minus-ends of the green microtubule protofilament are also labeled. Both MDs of Ncd 
are ADP-bound in solution and exhibit low microtubule-binding affinity. (A) As one Ncd MD 
engages the microtubule, ADP is released and exchanged for ATP. The ADP-bound trailing head 
is held close by the neck coiled-coil between the two subunits. (B) ATP-binding in the 
microtubule-bound head results in neck rotation similar to myosin’s lever arm power-stroke that 
swings the dimer towards the minus-end. (C) After ATP-hydrolysis, the dimer detaches 
completely from the microtubule and is free to engage a different binding site on the same or 
different microtubule.  
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Figure 1-10. Neck mimic conformation Ncd in ATP-like state and KCBP in ADP-like state. 

Most of the MDs are colored in grey, Ncd’s neck mimic and neck are in red, KCBP’s neck mimic 
is in red and KIC is in green. (A) Neck mimic is ordered and docked against the neck-core 
junction of Ncd when the neck is in an ATP-like state (PDB ID 3L1C - chain B) [91]. (B) Neck 
mimic in KCBP interacts with KIC when it is in an ADP-like state (PDB ID 3H4S) [97].  
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1.6 Kinesin-specific forms of regulation 

1.7 Kinesin-1  

The KLCs possess tetratricopeptide repeat (TPR) domains that can interact with adaptor 

proteins such as JNK-interacting proteins (JIP), which upon binding to specific cargoes can 

alleviate the tail inhibition and activate Kinesin-1’s motility [98, 99]. Through a different 

autoinhibition mechanism, the IAK domain located at the C-terminal tail of Kinesin-1 can interact 

directly with the MD without adaptor proteins [100]. Recent crystallographic studies by Kaan et 

al showed that this occurs through formation of a cross link between the MDs via the tail, which 

significantly restricts their freedom of movement [101].  In doing so, the slowest step of the 

ATPase cycle, ADP release, is therefore perturbed due to the inability for the neck-linker to 

undock [100, 101].         

1.8 KCBP 

The plant kinesin-14 KCBP (kinesin-like calmodulin-binding protein) exhibits minus-end 

directed motility and possesses a second microtubule-binding site in its N-terminus [102]. Similar 

to Ncd, it is crucial for the movement of bipolar spindles during mitosis [103, 104], but KCBP 

has the unique property of being regulated by calmodulin and calcium [105-107]. Its microtubule-

binding interactions are inhibited by calmodulin binding to KCBP’s C-terminal neck mimic, 

which is a novel regulatory mechanism for kinesin motors [102]. A recent study by Reddy et al. 

showed that KCBP’s activity can also be regulated by the KCBP-interacting Ca2+-binding protein 

(KIC) [108]. A beautiful illustration of the KIC-mediated regulation of KCBP was provided by 

Vinogradova et al. through co-crystallization of the KCBP-KIC complex, which revealed that, 

like calmodulin, KIC also interacts with KCBP’s C-terminal neck mimic, but in a different 
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manner that prevents it from interacting with the MD to promote ATP binding and hydrolysis 

(Figure 1-10B).  

1.9 Kar3 

 Kar3 is one of six kinesins in the S. cerevisiae genome and the only kinesin-14 family 

member. It is involved in a number of different microtubule-based functions during karyogamy 

(fusion of two yeast nuclei) and vegetative growth (asexual reproduction by budding or fission), 

including spindle assembly, mitotic chromosome segregation, microtubule depolymerization, 

kinetochore-motor activity and spindle positioning [109, 110]. This versatility of Kar3 is derived 

from its associations with two separate regulatory proteins, Cik1 and Vik1 [111, 112]. Cik1 

localizes Kar3 onto cytoplasmic microtubules during mating pheromone response (pre-

karyogamy). The Kar3Cik1 complex then functions by crosslinking microtubules that originate 

from the nuclei of two mating partners and generates one of the forces that brings the nuclei 

together [111]. Vik1, on the other hand, is not expressed during karyogamy, but is required for 

the localization of Kar3 to mitotic spindle pole bodies during mitosis. The Kar3Vik1 complex 

also serves to generate forces to oppose the plus end-directed motors Cin8/Kip1 to ensure proper 

chromosome segregation. In the absence of Vik1, Kar3 accumulates along the mitotic spindle in a 

Cik1 dependent manner. In the absence of both Cik1 and Vik1, Kar3 localizes diffusely 

throughout the nucleus [112]. 

In a review by Snyder and Manning in 2000, Cik1 and Vik1 were described as light 

chains with regulatory functions similar to the light chains of Kinesin-1[111, 113]. In 2007, X-ray 

crystallographic analysis of Vik1 (PDB ID 2O0A) by Allingham et al. essentially invalidated this 

classification by revealing that Vik1’s C-terminal globular domain possesses a canonical kinesin 

MD fold (Figure 1-11), now designated as the Vik1 ‘motor homology domain’ (MHD) [114].  
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Figure 1-11. Comparison of Kar3MD and Vik1MHD crystal structures and sequences.  

(A) Cartoon representations of Vik1MHD (left) (PDB ID 2O0A) colored in blue and Kar3MD 
(3KAR) colored in red. (B) Sequence alignment of the Kar3MD and Vik1MHD without the neck. 
Secondary structures, P-loop, Switch-I, Switch-II and the putative microtubule-binding sites of 
Kar3 are labeled. Conservation is sparse throughout most of the alignment.    
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Allingham et al. also showed that Vik1 binds microtubules directly, and with a higher affinity 

than ADP-bound Kar3, and that the Kar3Vik1 heterodimer moves non-processively at a rate 

resembling that of other non-processive kinesins [114]. These findings were totally unexpected 

because of the extremely low sequence identity Vik1 (and Cik1) shares with kinesins, but they 

did help explain its ability to modulate the spatial localization of Kar3. 

Understanding how Kar3 and Vik1 work together to create an active motor assembly is 

complicated because Vik1 is incapable of binding ATP. Indeed, the topology of Vik1 places 

structural elements analogous to the P-loop, Switch I and Switch II motifs in a comparable 

arrangement to kinesin, but the primary sequence features that make them competent for catalysis 

are missing. Nonetheless, Vik1’s microtubule binding affinity appears to be modulated in a 

nucleotide-dependent manner. The interesting twist is that the affinity change seems to be elicited 

by its partner subunit Kar3 using another structural feature that Vik1 shares in common with 

kinesin-14 motors – the neck.  Like the neck of Ncd, this linear α-helical segment of Vik1 is N-

terminal of the motor homology domain and docks against the same face of the motor homology 

domain core [114]. Residues stabilizing this interaction are highly similar between Vik1 and Ncd, 

and they exist within areas of highest sequence conservation among all known Vik1 and Cik1 

homologs. On this basis, it was proposed that Vik1 may have evolved from an early homodimeric 

kinesin-14 family member whose subunits were able to communicate their ATPase states and 

microtubule binding interactions with each other through their neck element.  

1.10 Unanswered questions about Kar3Vik1 and Kar3Cik1  

 Kar3Vik1 and Kar3Cik1 are unprecedented molecular motor assemblies, and much about 

their structures and mechanochemical properties remains unknown. A major question is how they 

achieve motility with two microtubule-binding subunits, only one of which is catalytically active? 
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Based on the fact that the nucleotide state of the motor is normally the controlling factor for 

microtubule binding, Allingham et al. proposed that the microtubule-affinity of Vik1 is controlled 

by the nucleotide state of Kar3 through a form of allosteric communication (Figure 1-12) [114]. 

It was thought that a better understanding of this communication mechanism would arise once a 

crystal structure of the Kar3Vik1 complex is obtained, but unfortunately this was not the case. In 

order to obtain a complex suitable for crystallization, Rank et al. fused short coiled-coil forming 

sequences to the N-termini of truncated S. cerevisiae Kar3 and Vik1 constructs [115]. While this 

was successful in enhancing dimerization and condensing the size of the motor, the resultant 

crystal structure and cryo-EM data provided little in the way of new structural information to 

explain the Kar3’s apparent influence over Vik1 (Figure 1-13) [115].  This was partly due to the 

requirement of an intramolecular cross-link between the neck and the core of Vik1. Although it 

aided crystallization, the cross-link also restricted freedom of motion of the Vik1 neck, which is 

undoubtedly the key to Kar3-to-Vik1 communication. In a separate cryo-EM study by Cope et 

al., it was shown that the neck coiled-coil through which Kar3Vik1 associate undergoes a Ncd-

like large scale rotation of ~75o between the nucleotide-free and the ATP states in Kar3 [116]. 

They also showed that during these two states, Kar3 is the domain that engages the microtubule 

while Vik1 is extended away. Although this provided useful information about distinct catalytic 

states of Kar3, it did not help to define the mechanistic basis for involvement of Vik1 before, 

during, or after the Kar3 power-stroke. Perhaps the answer lay beyond Kar3, Cik1 and Vik1 from 

S. cerevisiae.  
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Figure 1-12. Proposed Kar3Vik1 motile mechanism.  

Shown is the proposed mechanism of a Kar3Vik1 heterodimer moving along two microtubule 
protofilaments. Kar3 is in red, Vik1 is in blue and the necks are in cyan. The plus- and minus-
ends of the green microtubule protofilaments are also labeled. (A) Vik1 has a high affinity for the 
microtubule when Kar3 is ADP-bound and thus facilitate the heterodimer to bind microtubules. 
(B) When Kar3 binds the microtubule, ADP is released in exchange for ATP. ATP-binding 
induces conformational changes in Kar3Vik1 that weakens Vik1’s affinity for the microtubule. 
(C) When Vik1 disengages the microtubule, the neck of Kar3 can rotate to produce the minus-end 
directed powerstroke. (D) After ATP-hydrolysis, the heterodimer detaches completely from the 
microtubule and is free to engage a different binding site on the same or different microtubule. 
(Adapted from Allingham et al. 2007 [114])  



 

28 

 

 

Figure 1-13. Crystal structure of Kar3Vik1 heterodimer by Rank et al. 2012 

Kar3 is colored in red, Vik1 in blue, fusion domains used to create the synthetic heterodimer 
(SHD) in Kar3 and Vik1 are colored in yellow and light yellow respectively. Mg is represented as 
a green sphere, the EBI molecule used for intramolecular cross-linking in Vik1 and ADP is 
shown as sticks (PDB ID 4ETP) [115]. Kar3MD and Vik1MHD are positioned in the same 
orientation as the two MDs in the Ncd T436S mutant dimer structure (PDB ID 3L1C) [91]. 
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1.11 Kar3 and Vik1 orthologs 

Kinesins related to Kar3 are present in nearly all eukaryotes, and show high amino acid 

sequence similarly to one another (~50% sequence homology). Conversely, proteins like Vik1 

(and Cik1) seem to be limited to certain fungal relatives of S. cerevisiae; such as those from the 

hemiascomycete family of fungi (Figure 1-14). These weakly similar proteins (~15-25% 

sequence homology) all possess an N-terminal globular domain and a central coiled-coil forming 

section, whose size and sequence vary significantly from one protein to the next. This diversity in 

N-terminal and central sections of orthologous proteins may be a reflection of adaptations for 

species-specific Kar3-based mitotic functions. However, they all harbor a globular C-terminal 

domain that is similar in size and sequence to the ScVik1 motor homology domain. Interestingly, 

the vast majority of the conserved residues are concentrated at the neck-motor core junction. 

Based on this observation, and the similarity of the neck-core structure of ScVik1 to catalytic 

kinesins like Ncd, we hypothesized that coordination between Kar3 and Vik1 (and by analogy 

Cik1) is mediated through the neck-core junction area of the protein. Our approach to proving this 

hypothesis involved examination of the structure and function of this and other modules in Kar3 

and Vik1-related proteins from fungi that are phenotypically unique from S. cerevisiae.  
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Figure 1-14. Kar3 and Vik1 orthologs in ascomycete fungi.  

A similarity index to ScKar3 and ScVik1 is shown beside the organism, and the orthologs studied 
this thesis are boxed. Most hemiascomycetes possess Kar3 orthologs but some species only 
possess one form of Vik1 or Cik1 (*). N/A stands for not applicable as there are neither Vik1 nor 
Cik1 in S. pombe. Sequence alignment was performed using the Lipman-Pearson Method in 
Megalign (DNAstar). (Figure adapted from Dujon, 2006 [117])   
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1.11.1 Kar3 and Vik1 in the filamentous fungus Ashbya gossypii 

In stark contrast to the unicellular dimorphic yeast S. cerevisiae, Ashbya gossypii (A. 

gossypii/Ag) has a multinucleated cytoplasm, filamentous morphology, haploid genome, and is 

mostly associated with insects and plants [118]. In spite of these differences, 95% of all A. 

gossypii genes have a homolog in S. cerevisiae, indicating a high degree of gene synteny between 

A. gossypii and S. cerevisiae. Kar3 is encoded by one of these shared genes (AGR253W), whose 

translated sequence is 47.4% similar to ScKar3 (Figure 1-14). Conversely, there is not a 

counterpart in A. gossypii for both ScCik1 and ScVik1. Only one CIK1/VIK1-like gene appears to 

exist (AFL170C), which shares 25.9% and 24.3% sequence similarity with ScCik1 and ScVik1, 

respectively (Figure 1-14). This supports previous arguments for the occurrence of a whole 

genome duplication event earlier in the Saccharomyces lineage [119, 120].  

Characterization of AgVik1 showed that similar to ScVik1, AgVik1 does not turn over 

ATP on its own but when in complex with AgKar3, the heterodimer exhibits an ATPase rate that 

is almost doubled compared to that the AgKar3 monomer [121]. Furthermore, AgKar3Vik1 is a 

motile complex that possesses robust microtubule-depolymerization activity reminiscent to that of 

the microtubule-depolymerase MCAK (Kinesin-13). However, it was found that AgVik1 does not 

appear to bind microtubules in the absence of AgKar3 and was recalcitrant to crystallization. 

Sequence analysis AgVik1 suggests that it may contain intrinsically disordered regions, which 

can hinder crystal packing. In contrast, as I will be showing in Chapter 2, AgKar3’s MD was 

successfully crystalized and its structure was determined. Given the similarity between MD 

structures of AgKar3 and ScKar3, differences in AgVik1 may underlie the potential for different 

roles of AgKar3Vik1 in the cellular function and adaptation of A. gossypii.   
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1.11.2 Kar3 and Vik1 in the human pathogen Candida glabrata 

 Candida glabrata (C. glabrata/Cg) is another member of the hemiascomycetes class of 

fungi that, unlike S. cerevisiae, appears to be asexual and can only exist in haploid form [122]. 

General morphological characteristics of C. glabrata are similar to S. cerevisiae, but C. glabrata 

is an opportunistic human fungal pathogen that represents an ever growing clinical problem in 

hospitals due to its innate resistance to azole-based anti-fungal drugs [123]. Interestingly, several 

phylogenetic analysis of the C. glabrata genome indicate that it is evolutionarily closer to 

Saccharomyces than to the Candida clade, and that perhaps C. glabrata may belong to the 

Saccharomyces genus [124, 125].  

 The KAR3 gene in C. glabrata (CAGL0D04994g) (CgKar3) encodes a protein that 

shares considerable sequence similarity with ScKar3 (53.5% similarity). Also in the genome are 

open reading frames for Cik1 and Vik1 orthologs (CAGL0L10626g and CAGL0D00638g) 

(CgCik1 and CgVik1), which bear a modest 24.3% and 26.3% similarity to ScCik1 and ScVik1, 

respectively (Figure 1-14). Given the absence of an identifiable mating cycle in C. glabrata, the 

need for a Cik1 protein is unclear considering its functions during karyogamy by S. cerevisiae. 

Nonetheless, these putative motor associated proteins, and their respective versions of Kar3, hold 

tremendous value towards identifying modules that evolution has perfected and preserved to 

coordinate the general mechanochemical function of their unusual motor assembly.   

1.12 Specific questions addressed in this thesis 

Kar3Vik1 from S. cerevisiae is clearly exceptional in terms of its structure and proposed 

mode of motility compared to conventional kinesins and other kinesin-14 motors. Yet, similar to 

other Kinesin-1 and Ncd, the study by Allingham et al. provided strong experimental evidence for 

allosteric communication between Kar3 and Vik1 [114]. We, and others, have recognized that the 
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lack of ATPase activity in Vik1 may present Kar3Vik1 as a simplified model for studying 

intramolecular communication in motor assemblies [126]. On the basis that kinesins of the same 

family generally share the same principles for force generation and motility, family-specific 

structural elements in Kar3Vik1 orthologs may shed light onto this problem. This thesis is aimed 

at understanding the evolutionarily conserved structural elements responsible for the modulation 

of Vik1’s microtubule binding affinity by Kar3 to allow for motility.  

I began the investigation by functionally characterizing truncated forms of the Kar3 and 

Vik1 from A. gossypii and C. glabrata by microtubule-binding, ATPase kinetic assays and in 

vitro motility assays. Next, I employed X-ray crystallography to determine the structures of Kar3 

MDs from both organisms and Vik1 motor homology domain from C. glabrata to identify 

structural elements that may be involved in motility and communication. The crystal structure of 

AgKar3MD was determined to 2.35Å and it showed a novel conformation of the ATP-binding 

site of this motor (Chapter 2). I also determined the crystal structure of a CgKar3MD construct 

that included the neck domain to 2.70 Å (Chapter 3). Unlike the related kinesin-14 Ncd, the neck 

region was disordered, but an additional segment of the C-terminus not previously observed in 

ScKar3 was visible due to crystal packing. More notably, I determined two crystal structures of 

two different CgVik1MHD constructs, which showed three entirely novel conformations 

(Chapter 3). These structures showed that the N-terminal region of the CgVik1 MHD (the neck) 

can rotate in a manner reminiscent of Ncd. Mutagenesis studies of the amino acids involved in 

stabilizing these neck conformations demonstrated that neck rotation in CgVik1 is important for 

the motile functions of CgKar3Vik1. Also shown in the structures is that CgVik1’s C-terminal 

domain (the neck mimic) becomes disordered when the neck is not interacting with the CgVik1 

MHD core. This led us to hypothesize that positioning of the neck may be directly related to neck 
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mimic conformations (Chapter 3). With help from Dr. Monika Joshi, I tested this hypothesis by 

characterizing the biochemical and biophysical functions of CgKar3Vik1 motors containing 

mutations in neck mimic of CgVik1. The results, along with analyses of the structural trajectories 

of CgVik1MHD WT and neck mimic mutants during molecular dynamics simulations, suggest 

that interactions between the neck and neck mimic in CgVik1 are highly specific and that they 

form a discrete folding module within Vik1 whose structural dynamics is under the direct 

influence of Kar3’s mechanochemical cycle (Chapter 4). 
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Chapter 2  

Crystal structure of the Kar3-like kinesin motor domain from the 

filamentous fungus Ashbya gossypii 

2.1 Abstract  

Kar3 kinesins are microtubule minus-end-directed motors with pleiotropic functions in 

mitotic spindle formation and nuclear movement in budding and fission yeasts. A Kar3-like 

kinesin is also expressed by the filamentous fungus Ashbya gossypii, which exhibits different 

nuclear movement challenges from its yeast relatives. Presented here is a 2.35 Å crystal structure 

and enzymatic analysis of the AgKar3 motor domain (MD) (AgKar3MD). Compared to the 

previously published Saccharomyces cerevisiae (Sc) Kar3 MD structure (ScKar3MD), 

AgKar3MD displays differences in the conformation of some of its nucleotide-binding motifs and 

peripheral elements. Unlike ScKar3MD, the salt bridge between Switch I and Switch II in 

AgKar3MD is broken. Most of Switch I, and the adjoining region of helix α3, are also disordered 

instead of bending into the active site cleft as is observed in ScKar3MD. These aspects of 

AgKar3MD are highly reminiscent of the ScKar3 R598A mutant that disrupts the Switch I - 

Switch II salt bridge and impairs microtubule-stimulated ATPase activity of the motor. Subtle 

differences in the disposition of secondary structure elements in the small lobe (β1a, β1b, and 

β1c) at the edge of the MD are also apparent even though it contains approximately the same 

number of residues as ScKar3. These differences may reflect the unique enzymatic properties we 

observed measured for this motor, which include a lower microtubule-stimulated ATPase rate 

relative to ScKar3, or they could relate to its interactions with different regulatory companion 

proteins than its budding yeast counterpart. 
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2.2 Introduction 

Kinesins mediate trafficking of intracellular cargo along microtubules in an ATP-

dependent fashion. Over time they have evolved into a large superfamily with high species- and 

mechanistic-specificity as a reflection of differences in sequence, modular arrangement, 

quaternary assembly, and directionality along microtubules. One unifying feature of these 

proteins is a highly conserved ~350 residue globular MD responsible for microtubule binding, 

ATP hydrolysis, and force production [39, 127]. However, subtle structural differences between 

kinesins in this region can result in variations in the rate and equilibrium constants governing 

their mechanochemical cycles, and in turn elicit unique motile properties and further separate 

their individual cellular roles.  

Kar3 kinesins possess a C-terminally positioned MD and exhibit microtubule minus-end-

directed motility, placing them within the kinesin-14 family of motors (Figure 2-1A). In budding 

and fission yeasts, Kar3 kinesins play numerous roles in spindle microtubule morphogenesis and 

chromosome movement during mitosis and meiosis [109, 128, 129]. In Saccharomyces 

cerevisiae, this multifunctionality is mediated with the help of two non-catalytic companion 

proteins, Vik1 and Cik1 [112, 130, 131]. In Schizosaccharomyces pombe on the other hand, two 

Kar3-like proteins named Pkl1p and Klp2p are expressed, which localize to different cellular 

regions and have distinct functions during mitotic division [129, 132].  

Kar3-like kinesins can be found in numerous other forms of ascomycetes fungi whose 

microtubule cytoskeleton and requirements for nuclear movement differ from those of budding 

and fission yeasts [118, 133]. This opens the door to the possibility that divergence in the 

structures, motile properties, and mode of multi-functionalization may exist among Kar3 

orthologs. The Kar3-like kinesin in the filamentous fungus Ashbya gossypii is particularly 



 

37 

 

interesting in this regard. Although its genome is closely related to budding yeast, A. gossypii 

grows as very long multinucleated hyphae in which nuclei exhibit long-range migration toward 

the hyphal tip upon hyphal extension, as well as extensive oscillations and intermittent bypassing 

of one another [119, 134, 135]. Accordingly, the microtubule cytoskeleton and nuclear movement 

activities of A. gossypii are strikingly different from budding and fission yeasts [136]. While the 

specific roles played by the A. gossypii Kar3 kinesin in these events have not yet been 

determined, expression profiling using Affymetrix Ashbya oligonucleotide chips showed that in 

slow and fast growing hyphae, which experience ongoing mitotic divisions, a single Kar3-like 

kinesin is expressed (R. Rischatsch and P. Philippsen, personal communication) [119, 137]. 

Alternatively, in spores and sporulating hyphae, which do not experience mitotic divisions, 

AgKAR3 mRNA is virtually absent, and mitotic division defects are observed in AgKAR3 

deletion strains (Cristina Alberti, Ph.D. Thesis, University of Basel 2002). Based on these 

observations, this kinesin must play a role in nuclear movement and mitosis in A. gossypii.  

To date, structural and functional information of purified forms of Kar3 kinesins has only 

been obtained for S. cerevisiae Kar3 [114, 138-141]. In order to gain a molecular and mechanistic 

description of the AgKar3 kinesin, we have cloned, expressed, and purified its MD region 

(AgKar3MD) and have determined its X-ray crystal structure in the presence of MgADP. Relative 

to the crystal structure of the ScKar3 MD (ScKar3MD), the most prominent differences in the 

structure of AgKar3MD are observed in the small three-stranded β-sheet at the N-terminus of the 

MD, and in the ‘Switch’ elements of the nucleotide-binding pocket. These structural distinctions 

may correlate with the differences we observe in the microtubule binding affinity and ATPase 

activity of AgKar3MD relative to ScKar3MD.    
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Figure 2-1. Phylogenetic tree of kinesin-14s in ascomycetes yeasts and sequence alignment 
of their MD.  

(A) An unrooted phylogenetic tree of representative kinesin-14 proteins was generated by 
neighbour-joining using percent identity in Jalview from a ClustalW mulitple sequence alignment 
of their MD regions [142, 143]. With the exception of H. sapiens KIFC3MD, the locus tags are 
shown beside each kinesin. The area shaded in yellow depicts ascomycetes kinesins. Those in red 
text are from filamentous fungi. (B) Sequence alignment of the AgKar3 MD with MDs of 
representative kinesins from ascomycetes yeasts. Blue shading represents the sequence 
conservation. Secondary structure elements were assigned by ESPript according to the 
AgKar3MD crystal structure, and the positions of the regions forming the nucleotide-binding 
pocket and microtubule-binding elements are indicated [144]. Residues discussed in the Results 
are indicated in red. 
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2.3 Materials and Methods  

2.3.1 Cloning, protein expression and purification 

AgKar3 MD (Leu363-Arg709) was amplified from Ashbya gossypii genomic DNA (ATCC 

No: 10895) by polymerase chain reaction and ligated into the pET24d vector (Novagen, Madison, 

WI) using Nco1 and Not1 restriction sites. This plasmid when expressed yields amino acid 

residues Met-Ala-Leu363-Arg709 with a predicted molecular mass (Mr) of 39,859. The AgKar3MD 

containing vector was transformed into BL21 (DE3) RIL CodonPlus E. coli cells (Stratgene, La 

Jolla, CA) and cells were grown in LB media supplemented with 50 μg/mL Kanamycin and 50 

μg/mL Chloramphenicol to OD600 ~0.8 and induced with 1.0 mM IPTG. After overnight induction 

at 20oC, cells were harvested by centrifugation and flash-frozen in liquid nitrogen for storage. 

Cells were lysed by sonication and AgKar3MD was purified as described previously [140]. The 

purified protein was flash frozen in liquid nitrogen for storage. 

2.3.2 Measurement of the steady state AgKar3 ATPase activity 

Steady state kinetics of the AgKar3MD motor were determined using an enzyme-coupled 

assay [145]. Microtubule concentration dependent reactions were assembled in A25 Buffer (25 

mM ACES, 2 mM magnesium acetate, 2 mM EGTA, 0.1 mM EDTA, 1 mM BME, pH 6.9), 1 

mM Mg-ATP, 2 mM phosphoenolpyruvate, 250 μM NADH, 60 μg/mL pyruvate kinase, 60 

μg/mL lactate dehydrogenase, 0-8 μM microtubules, and 200 nM motor in a total volume of 150 

μL. A subset of these reactions were supplemented with potassium acetate for reasons of 

comparability with the previous radiolabel-based ATPase measurements of ScKar3MD by 

Mackey and Gilbert [146]. Duplicate reactions were also carried out without potassium acetate 

because the concentration of microtubules required to achieve microtubule saturation in the 

presence of potassium salts (>8 μM) create light scattering artifacts that interfere with the optical 
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signal used by the enzyme-coupled system to measure ATP turnover. ATP concentration-

dependent reactions were assembled in A25 Buffer with 0-800 μM Mg-ATP, and 1 μM 

microtubules in a total volume of 150 μL.  The ΔA340nm/s was monitored for each reaction, and 

converted to units of MNADH/s using εNADH,340nm = 6220 M-1cm-1.  The ATPase rate per motor head 

in units of s-1 was calculated by dividing the change in NADH concentration per second by the 

concentration of the motor. Microtubule and ATP concentration were plotted against ATPase 

rates, and fit to the Michaelis-Menten equation using SigmaPlot®. 

2.3.3 Measurement of the steady state AgKar3 microtubule binding affinity 

The steady state microtubule binding affinity of AgKar3MD was determined as described 

previously, with the following modifications [114]. Tubulin with 2 mM MgCl2, 2 mM GTP and 1 

mM DTT, was recycled the morning of the experiment and its concentration determined by 

measuring absorbance at 280 nm using an extinction coefficient of 115000 M-1cm-1. Reactions of 

100 µl with varying microtubule concentrations (0-5 µM tubulin) were incubated with 4 µM 

AgKar3MD motor for 30 min at room temperature in ATPase buffer (20 mM HEPES, 5 mM 

magnesium acetate, 0.1 mM EGTA, 0.1 mM EDTA, 25 mM potassium acetate, 1 mM DTT, 40 

μM Taxol, pH 7.2) with either 1 µM Mg-AMPPNP or Mg-ADP. Reaction mixtures were 

sedimented by centrifugation at 312,530xg in a TLA100 rotor for 15 minutes at room 

temperature. Supernatant and pellet fractions were analyzed by SDS-PAGE and visualized with 

Coomassie Brilliant Blue R-250. The band intensities for the pellet fractions were quantified by 

densitometry using ImageJ. The amount of kinesin-microtubule complex was plotted as a 

function of microtubule concentration and fit to the quadratic equation in Sigmaplot®:  

          Equation 2-1 (MT·E)/(E) = 0.5*(( E0+Kd,MT+ MT 0) –(( E0+Kd,MT+ MT 0)
2-(4E0MT 0))

1/2), 
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where MT·E is the amount of kinesin that sedimented with the microtubule in the pellet, E0 is the 

total amount of kinesin and Kd,MT is the dissociation constant.  

2.3.4 Protein crystallization, data collection, and structure determination 

Crystals of AgKar3 MD-MgADP complex were obtained using the hanging drop vapor 

diffusion method at room temperature in the presence of 14% PEG 3350, 125 mM sodium 

malonate, 1 mM TCEP, 2 mM MgATP, and 0.1 M Bis-Tris propane pH 8.5. Prior to data 

collection, crystals were frozen in a cryo solution containing 16% PEG 3350, 150 mM sodium 

malonate, 1 mM TCEP, 0.1 M Bis-Tris propane, pH 8.5 and 25% ethylene glycol. X-ray 

diffraction data were collected from a single frozen crystal of the AgKar3 MD on the A1 

beamline at CHESS (Cornell University, NY). Diffraction data were integrated and scaled with 

the program HKL2000. The structure of AgKar3 MD was solved by molecular replacement using 

the program AutoMR in Phenix and ScKar3MD (PDB ID 3KAR) as a search model. A series of 

manual building cycles using Coot and iterative restrained refinement cycles using REFMAC and 

Phenix_Refine were performed to generate the final model. Data collection and refinement 

statistics are summarized in Table 2-1. Coordinates and structure factors have been deposited in 

the Protein Data Bank with accession number 3T0Q [140, 147-150]. 
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Table 2-1. AgKar3MD structure  data collection and refinement statistics. 

 AgKar3MD 

Crystal Parameters  

    Space group P212121 

    Cell dimensions (Å) a = 44.9, b = 84.6, c = 101.1 

Data Collection Statistics  

    Resolution range (Å) 45-2.35 (2.43-2.35) 

    Total reflections 61359 

    No. of unique reflections 16073 

    Rmerge
a 7.7 (24.4) 

    <I /σ(I)>  16.1 (6.5) 

    Completeness (%) 95.6 (97.8) 

    Redundancy 3.8 (4.1) 

    Wilson B-factor (Å2) 48.1 

Refinement and Model Statistics  

    Resolution range (Å) 39.6-2.35 (2.5-2.35) 

    No. of reflections  15916 

    Rwork/Rfree
b (%) 21/25.3 

    No. of atoms (protein/MgADP/water) 2312/28/96 

    Average B-factors (protein/MgADP/water) (Å2) 38.1/24.2/37.5 

    RMSD bond lengths (Å) 0.008 

    RMSD bond angles (°) 1.283 

Ramachandran plot by MOLPROBITY (%) 

    Favored 99.7 

    Allowed  0.3 

    Outliers 0.0 

PDB ID 3T0Q 

 

Data in parentheses represent highest resolution shell (2.43-2.35 Å).  
aRmerge =ΣhΣiIi(h) – <I(h)>/ΣhΣiIi (h), where Ii(h) is the intensity of an individual measurement of 
the reflection and <I(h)> is the mean intensity of the reflection. 
bRfactor =ΣF(obs) – F(calc)/ Σ F(obs), where Rwork refers to the Rfactor for the data utilized in the 
refinement and Rfree refers to the Rfactor for 5% of the data that were excluded from the refinement.   
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2.4 Results 

2.4.1 Overview of the AgKar3 MD structure 

A similarity search of the A. gossypii genome with the murine ubiquitous kinesin heavy 

chain region as a query revealed six contigs containing putative kinesins, one of which 

(AGOS_AGR253W) is a syntenic homolog of S. cerevisiae KAR3 [119]. The open reading frame 

of AGOS_AGR253W gives a 709 amino acid long protein that shares 65% sequence similarity 

and 47% sequence identity with ScKar3, and a high degree of primary structure homology with 

other C-terminal MD-containing kinesins. Based on its shared sequence identity with ScKar3, the 

boundaries of the MD of AgKar3 were mapped to Leu363-Arg709 (Figure 2-1B). Within this 

region, its sequence conservation with ScKar3 breaks down significantly at the small lobe (β1a, 

β1b, and β1c) at the edge of the MD, within part of the microtubule-binding cluster (L8a, β5a, 

L8b, and β5b), and along nearly the entire length of helix α3 upstream of the Switch I motif. 

In order to determine the effects of these sequence differences on the structure and 

function of AgKar3 as a motor, the MD region of AGR253W was cloned from Ashbya gossypii 

genomic DNA, and the corresponding protein was expressed and purified from a bacterial 

expression system. Although the AgKar3MD construct design was virtually identical to the 

ScKar3MD construct used by Gulick et al., crystals grew under different precipitant conditions 

and with a different space group than ScKar3MD [140]. Despite these differences, the structure of 

AgKar3MD was solved by molecular replacement to 2.35 Å resolution using the ScKar3MD 

coordinates as the search model (PDB ID 3KAR), and a single molecule was observed in the 

asymmetric unit whose structure adopts a typical α/β kinesin MD fold (Figure 2-2) [140]. The 

final electron density map allowed complete building of residues Gly365-Glu394, Gly397-Glu407,  
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Figure 2-2. AgKar3MD structure.  

The crystal structure of AgKar3MD is shown in ribbon representation. The secondary structure 
elements have been numbered consecutively from the N-terminus of the construct, adopting the 
system described by Fletterick and co-workers for kinesin heavy chain (KHC) and Ncd [151, 
152]. Poor electron density existed for several loops (dashed lines), which were not built into the 
final model. Bound MgADP in the nucleotide-binding pocket is displayed in ball-and-stick form. 
The domain structure of the full-length AgKar3 kinesin is shown below the 3-D structure. The 
coiled-coil regions were predicted by PAIRCOIL [153]. 
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Ile410-Arg511, Lys527-Ala562, Glu575-Asn615, Thr620-Ser703, and MgADP bound in the nucleotide-

binding pocket. Glu390, Lys391, Phe392, Glu394, Glu407 residues were modeled as alanines owing to 

lack of density to fully model the side chains. These truncated residues are surface amino acids on 

the small lobe of the AgKar3 MD (strands β1a, β1b, and β1c).  

2.4.2 Conformation of the ATPase site of AgKar3  

In comparison to the ScKar3MD structure by Gulick et al. (PDB ID 3KAR), the RMS 

deviation for 296 structurally equivalent α-carbons in AgKar3MD is 0.81 Å [140]. The greatest 

structural deviations are found in regions that compose the nucleotide-binding pocket (Figure 

2-3). Of these regions, the Switch I element of AgKar3MD shows the most disparity from 

ScKar3MD. Together with Switch II, this region helps organize catalytic water molecules and 

form a nucleotide γ-phosphate sensing mechanism in the nucleotide-binding pocket of kinesins, 

myosins, and G-proteins [40, 154, 155]. Switch I includes helix α3, loop L9, and helix α3a. The 

Switch II “cluster” includes loop L11, helix α4, loop L12, helix α5 and loop L13. Previous 

studies have indicated that with ADP in the nucleotide-binding pocket, or when the initial ATP-

kinesin collision complex forms, the Switch elements exhibit an ‘open’ conformation. When 

kinesin binds microtubules, a ‘closing’ of Switch I and Switch II occurs that promotes the 

hydrolysis of ATP [40, 156]. In this process, a salt bridge forms between Switch I and Switch II 

to stabilize this “closed” state and provide an environment for an ordered network of waters 

between the salt bridge and the γ-phosphate of ATP. This is evident in the recent structure of Eg5 

kinesin bound to MgAMPPNP (PDB ID 3HQD) determined by Parke et al. (Figure 2-4A) [40]. 

Following ATP hydrolysis, there is a structural rearrangement, particularly within Switch I (α3, 

L9, and α3a), which is associated with the loss of interactions between residues in these elements 

and the nucleotide. These rearrangements are in turn amplified in other elements of the protein  
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Figure 2-3. Comparison of the AgKar3MD and ScKar3MD structures.   

The coordinates for the α-carbons of AgKar3MD and ScKar3MD were superimposed and colored 
according to the value of the root mean square deviation (RMSD) between equivalent residues as 
calculated by PyMOL [157]. Residues not used for superposition, and hence for RMSD 
calculation, are colored yellow.  
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Figure 2-4. The configuration of the ATP binding pockets in kinesins.  

(A) Eg5 (PDB ID 3HQD), (B) wild-type ScKar3MD (PDB ID 3KAR), (C) AgKar3MD, and (D) 
ScKar3MD R598A mutant (PDB ID 1F9V). The interactions of Switch I and Switch II motif 
residues with the catalytic water molecules, Mg2+, and the nucleotide are shown to illustrate the 
differences in the active site conformations of each structure. Note that Switch I and Switch II of 
Eg5-AMPPNP approach the nucleotide to form a closed conformation with a salt bridge formed 
between Arg234 of Switch I and Glu270 of Switch II. In ScKar3MD, Switch I is farther away 
from the nucleotide and in a more open conformation, and the Switch I-Switch II bridge is 
imperfect. In AgKar3MD the Switch I-Switch II salt bridge is broken, and L9 and part of α3 of 
Switch I are disordered (shown as dashed lines). This conformation of the Switch I loop is similar 
to the structure of the salt bridge mutant R598A of ScKar3.   
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involved in microtubule binding and motility [155].  

While a partial salt bridge is formed between Switch I and Switch II in the 3KAR model 

of ScKar3MD (Figure 2-4B), it is completely absent between the analogous residues in 

AgKar3MD (Arg579 and Glu612) (Figure 2-4C). Instead, Arg579 is displaced toward Arg623 and 

Glu626 of loop L11 and helix α4, respectively. Furthermore, the C-terminus of α3 and all of L9 

are completely disordered, and the N-terminus of helix α3a is also partially unstructured. In 

Figure 2-3 it can be seen that the portion of α3 that could be modeled for AgKar3MD is offset 

from that of ScKar3MD by 13° and is angled away from the active site. This orientation of α3 is 

nearly the same as that in the MgAMPPCP-bound KIF1A structure, which was suggested to 

represent an ATP-kinesin collision complex [155, 158]. In the ScKar3MD structure on the other 

hand, α3 and L9 are bent inwards, reducing the size of the nucleotide binding pocket, and 

allowing Arg585, Thr587 from L9, and Asn593 from α3a to form water-mediated interactions with 

the nucleotide phosphates and Mg2+ (Figure 2-4B) [140]. The corresponding residues in AgKar3 

(Arg566, Thr568, and Asn574) are disordered (Figure 2-4C), and it also appears unlikely that L9 in 

AgKar3 could replicate the exact bulge loop conformation observed for L9 in the ScKar3MD 

structure because of the replacement of Ala591 in ScKar3 with a bulky arginine in AgKar3 (Arg572) 

(Figure 2-1B and Figure 2-5).  
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Figure 2-5. Comparison of loop L1 and the small β-lobe in AgKar3MD and ScKar3MD.   

The molecule shown in gray ribbon representation is ScKar3MD. Note that the length of strand 
β1a is shorter for AgKar3MD, while strand β1c is longer. Although loop L2 is disordered, we 
speculate that it may protrude from the small lobe to a greater degree than that of ScKar3 because 
of the length and orientation of β1c. Also shown is the alanine (Ala591) in the bulge in loop L9 of 
ScKar3MD Switch I, which is replaced by an arginine in AgKar3 (Figure 2-1B).  
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Although other crystal structures of kinesins with MgADP in the active site have been 

reported to exhibit this more open conformation of Switch I, the structure of the ScKar3MD 

R598A mutant that prevents formation of a conserved salt bridge between Arg598 of Switch I and 

Glu631 of Switch II (PDB ID 1F9V) bears the most similarity to AgKar3MD (Figure 2-4D) [141, 

151, 158, 159]. Like the R598A mutant, destabilization of loop L9 and the C-terminus of helix α3 

allows the invariant serine (Ser578) of Switch I (NxxSSR) to move closer to the nucleotide and 

Mg2+ in AgKar3 than the corresponding residue in ScKar3MD (Ser597) (Table 2-2). This does not, 

however, place Ser578 in a better position to coordinate Mg2+ as it normally would in preparation 

for nucleotide hydrolysis [40]. Instead, the side chain hydroxyl of Ser578 is rotated in the opposite 

direction to which Mg2+ coordination would occur in both AgKar3 and the R598A mutant of 

ScKar3 (Figure 2-4C and Figure 2-4D, respectively). Yun et al. suggest that in this configuration 

Mg2+ binding is weakened [141]. The only kinesin structure determined to date that adopts a 

closed, catalytically competent conformation in which the Switch I serine is appropriately 

positioned for coordinating Mg2+ is Ser233 in the MgAMPPNP-bound structure of Eg5 by Parke et 

al. (Figure 2-4A and Table 2-2) [40]. 

In Switch II, the distance between the conserved glycine at the beginning of the P-loop 

(GPQTxxGKS/T) and the conserved glycine in Switch II (DxxGswIIxE) in AgKar3MD is only 

marginally different from AMPPNP-bound Eg5 (Table 2-2). As the distance between these 

residues has been used as a measure for the openness of the nucleotide-binding pocket, this 

suggests that breaking the Switch I/II salt bridge in kinesins does not directly coincide with 

formation of a completely ‘open’ (Switch I-open, Switch II-open) active site [160]. Instead, it 

may simply favor formation of the Switch I-open state in which interactions between loop L9, 

Mg2+, the nucleotide, and the catalytic waters are less stable. Notably, previous studies have  
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Table 2-2. Distances between nucleotide-binding motif elements in Eg5, AgKar3, and 

ScKar3.   

Kinesin 

 

PDB 

ID 

Nucleotide 

state 

Salt-bridge Distance (Å) 

(Mg2+-SswI)
a 

Distance (Å) 

(Gp-GswII)
b 

Eg5 3HQD AMPPNP Yes 3.68 (S233) 5.37 (G105-G268) 

AgKar3  3T0Q ADP No 5.00 (S578) 5.65 (G453-G610) 

WT ScKar3  3KAR ADP Imperfect 5.84 (S597) 5.82 (G474-G629) 

R598A 

ScKar3  

1F9V ADP − 5.32 (S597) 5.84 (G474-G629) 

 
aDistance between Mg2+ and the second serine in the Switch I motif NxxSSR (SswI).  
bDistance between the first glycine in the P-loop motif GPQTxxGKS/T (Gp) and the conserved 
glycine in the Switch II motif DxxGswIIxE (GswII). Distances were measured from the α-carbons of 
the indicated residues using the program Coot (Emsley et al., 2004). Each of these distances is 
used as a measure of the closure of the nucleotide binding pocket.  
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shown that breakage of the salt bridge is exhibited in mixed states of Switch I/II in myosin as well 

[161]. In AgKar3MD this leads to formation of a wider ATP-binding pocket than that of 

ScKar3MD, and thus our structure could represent an intermediate Switch I-open, Switch II-

closed state that is more advanced toward a no-nucleotide or ATP-kinesin collision complex than 

ScKar3MD.  

2.4.3 Additional sites of structural divergence from ScKar3 

A number of other prominent and interesting differences between the AgKar3MD and 

ScKar3MD structures were observed. First, Leu377 near the RxRP nucleotide base binding motif 

of loop L1 is 1.3 Å closer to the ribose of ADP relative to ScKar3MD (Figure 2-5) This is likely 

a consequence of the replacement of the alanine in ScKar3 with a proline residue (Pro376) after 

RxRP, restricting the torsional freedom around Leu377. The effect of this is a narrowing of the top 

edge of the nucleotide pocket. It also coincides with formation of a salt bridge between Glu380 of 

loop L1 and Arg374 of β1 in AgKar3MD that has a slightly different conformation than the 

ScKar3MD structure. The rest of loop L1 is also more distant and makes fewer interactions with 

the beginning of the α6 helix in AgKar3MD than in ScKar3MD. These discrepancies in the loop 

L1 region largely end after His386, which faces toward the interior of the protein, in completely 

the opposite orientation from its counterpart in ScKar3 (Leu407).  

Continuing from loop L1, the lobe formed by the small three-stranded β-sheet (β1a, β1b, 

and β1c) at the edge of the MD is the final area showing structural features that distinguish 

AgKar3 from ScKar3. The length of strand β1a is shorter for AgKar3, contributing to the closer 

approach of loop L1 to the nucleotide, while strand β1c is longer (Figure 2-5). The latter of these 

differences may translate into loop L2 being more protrusive from the small lobe than that of 

ScKar3, however, we can only speculate on its configuration since the presence of a flexible 
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glycine (Gly408) and slightly fewer hydrophobic residues near its apex may be contributing to its 

less ordered character (Figure 2-1B). Nevertheless, the outcome of these structural divergences is 

a slightly different orientation of the small lobe relative to the motor core. Given that this region, 

specifically loop L2, has been shown to be a defining structural element of the microtubule-

depolymerizing Kinesin-13s, this difference may represent yet another site engineered by 

evolution for functional divergence between ScKar3 and AgKar3[162, 163]. This is particularly 

interesting because ScKar3 possesses microtubule-depolymerizing activity as well [139].  

2.4.4 AgKar3 has lower ATPase activity and microtubule binding affinity than ScKar3 

Because of the numerous structural differences observed around the nucleotide-binding 

pocket of AgKar3MD and ScKar3MD, the catalytic properties of the AgKar3MD construct were 

characterized (Figure 2-6). Using an enzyme-coupled assay to measure the steady state ATPase 

kinetics, the maximal microtubule-stimulated ATPase rate (kcat) for AgKar3MD was 

approximately 3-fold slower than ScKar3MD (Figure 2-6A and Figure 2-6C) [145, 146]. This 

discrepancy in activity was observed in both the presence (0.16 versus 0.58 s-1) and absence (0.17 

versus 0.42 s-1) of potassium acetate, which is often included in kinesin ATPase buffers to 

achieve optimal ionic strength for motor activity. Inclusion of potassium acetate was also useful 

for reasons of comparability of our enzyme-coupled assay data with the previous radiolabel-based 

ATPase measurements of ScKar3MD by Mackey and Gilbert [146]. As expected, the kcat values 

for ScKar3MD in the presence of 50 mM potassium acetate were similar between these 

experimental systems (Figure 2-6C and Figure 2-7).  
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Figure 2-6. AgKar3MD ATPase data.  

(A) The steady-state ATPase kinetics of AgKar3MD as a function of microtubule concentration.  
Assays were performed with 200 nM AgKar3MD or ScKar3MD, and 1 mM ATP. Previous 
kinesin ATPase assays have shown that the K1/2,MT shifts dramatically with changes in salt 
concentration,[164] thus the microtubule-dependent assay was performed at both 0 and 25 mM 
KAc. (B) The ATP-dependent assay was performed in 0 mM potassium acetate (KAc), to 
accommodate the use of a lower maximal-activation tubulin concentration (1 μM) required by the 
spectrophotometric constraints of the enzyme-coupled assay. (C) The table shows the steady-state 
parameters of AgKar3MD in comparison to ScKar3MD using the enzyme-coupled assay (see 
Figure 2-7 for ScKar3MD ATPase data). All error bars indicate standard error of the mean 
(SEM) for three separate experiments.  
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 0 mM KAc 

ScKar3MD 

50 mM KAc 

ScKar3MD 

50 mM KAc 

ScKar3MD [146] 

kcat 0.42 ± 0.01 s-1 0.58 ± 0.04 s-1 0.49 ± 0.02 s-1 

K1/2, MT 0.26 ± 0.03 μM 4.2 ± 0.6 μM 6.0 ± 0.7 μM 

 

Figure 2-7. ScKar3MD ATPase assay data.  

Comparison of 0 versus 50 mM KAc supplemented in A25 buffer (n=2 for each). Also included 
are the ScKar3MD ATPase rates determined by Mackey and Gilbert using a radiolabeled assay 
[146]. 
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Duplication of these analyses in the absence of potassium acetate permitted us to extract 

more kinetic constants from our ATPase measurements. By lowering the ionic strength, the 

saturating microtubule concentration required for KM,ATP determination was decreased to a level 

that light scattering artifacts from microtubules do not obscure the optical signal used by the 

enzyme-coupled system [150, 154]. This relates to the fact that kinesin-microtubule binding is 

dominated by electrostatic interactions, and that moderate decreases in ionic strength can 

significantly increase their affinity for microtubules [165-167]. Indeed, the microtubule 

concentration required for half maximal ATPase stimulation (K1/2,MT) was over 8-fold lower in the 

absence of potassium acetate than with 25 mM added (0.08 μM versus 0.7 μM, respectively; 

(Figure 2-6C). These values, along with the KM,ATP constant for AgKar3MD (1.6 μM) , were 

significantly lower than those determined for ScKar3MD [146].  

To examine the microtubule-binding properties of AgKar3 further, we incubated the MD 

construct with increasing concentrations of taxol-stabilized microtubules and measured the 

amount of microtubule-bound AgKar3MD under different nucleotide conditions by microtubule 

cosedimentation (Figure 2-8). In the presence of excess ADP (1 mM), the affinity of AgKar3MD 

for microtubules (Kd,MT) was approximately 6-fold lower than previously measured for 

ScKar3MD by Allingham et al. (1.4 versus 0.22 μM, respectively), but is comparable to that 

measured for ScKar3MD by Yun et al. (Kd = 1.10 μM) during their studies of the salt bridge 

mutants [114, 141]. Like other kinesins, addition of the ATP analog AMPPNP (1 mM) 

dramatically increased the microtubule affinity of AgKar3MD (Kd,MT = 0.3 μM), however this 

value was still slightly lower than that of ScKar3MD (Kd,MT = 0.12 μM) [114].  

Altogether, these results suggest that AgKar3 forms a relatively tight microtubule-motor 

interaction that is stimulated by ATP binding, but that it has a slower ATP turnover rate than  
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Figure 2-8. AgKar3MD microtubule binding data.   

(A) Fractional binding of 4 μM AgKar3MD to microtubules (0-8 μM tubulin) in the presence of 1 
mM MgADP or MgAMPPNP was measured by a cosedimentation assay. (B) Dissociation 
constants were obtained by fitting the fraction of AgKar3MD that partitioned with microtubules, 
determined from Coomassie Blue stained SDS-PAGE gels, and plotted as a quadratic function of 
microtubule concentration (see Materials and Methods). All error bars indicate SEM for three 
separate experiments (n=3). 
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ScKar3. Since KM,ATP is fairly low, it is unlikely that defective ATP binding is responsible for the 

slow turnover. Instead, elements that compose the ATPase pocket and participate in 

conformational changes required for efficient ATP hydrolysis or products release may be 

different between AgKar3 and ScKar3. At this time we do not fully understand how the 

differences we observe in the AgKar3MD crystal structure relate to its unique ATPase kinetics.   

2.5 Discussion 

Despite being closely related to S. cerevisiae and other budding ascomycetes yeasts, 

Ashbya gossypii never reproduces by budding, but instead grows exclusively as hyphae 

containing linear arrays of multiple nuclei that can divide asynchronously within the same 

cytoplasm [120]. In order to maintain a uniform distribution of nuclei in this environment, nuclei 

must migrate over long distances toward the growing hyphal tip and divide within the hyphae. In 

S. cerevisiae on the other hand, positioning of the nucleus at the mother-daughter bud neck is the 

only major nuclear movement needed to prepare this fungus for cytokinesis. Therefore, the 

requirements for orchestrating nuclear dynamics in A. gossypii are relatively complex compared 

with some of its evolutionary cousins. This makes it an attractive source of microtubule-

associated motor proteins that may be uniquely adapted to orchestrate mitotic events under 

different cell shape and polarity constraints from budding yeast. Genetic studies, combined with 

the high degree of gene synteny between A. gossypii and budding yeast, have allowed 

identification of cytoskeletal molecular motors that are involved in A. gossypii nuclear dynamics 

[168, 169]. Philippsen et al. have recently taken advantage of this to study evolutionary diversity 

in the physiological functions of the microtubule-based motor dynein and the kinesin motors 

Kip2 (Kinesin-7) and Kip3 (Kinesin-8) in A. gossypii compared to S. cerevisiae [135, 170]. We 

have taken advantage of this information in a different way to clone, purify, and obtain the first 
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detailed structural and functional description of a motor protein from A. gossypii.  

While the structure of the AgKar3 MD exhibits a number of commonalities to S. 

cerevisiae Kar3, a novel conformation of the nucleotide-binding pocket was observed (Figure 

2-3). The critical salt bridge between Switch I and Switch II is unformed, and the C-terminus of 

α3, L9, and part of helix α3a of the Switch I region are unstructured (Figure 2-4C). What could 

be modeled of α3 is tilted considerably from its position in the wild-type ScKar3MD structure. 

As a result, several of the residues that would be involved in water-mediated interactions with the 

nucleotide and Mg2+ are displaced away from the nucleotide-binding site, leaving part of the 

pocket in a more open conformation. This state is reminiscent of the ScKar3 R598A salt bridge 

mutant that traps Kar3 in a state that binds weakly to microtubules and lacks microtubule-

stimulated ATPase activity, but also shows for the first time how the arginine gets displaced 

toward the microtubule-binding loop L11 and helix α4 [141]. It also supports the proposal that 

disruption of the Switch I to Switch II salt bridge is linked to larger scale effects along the rest of 

Switch I [141].  

Due to the replacement of an alanine in the bulging L9 loop between α3 and α3a of 

ScKar3 with a bulky arginine in AgKar3, we speculate that the conformation of this region, and as 

a result the dynamic properties of Switch I in general, may differ between these motors (Figure 

2-1B and Figure 2-5). Given that the size of the nucleotide-binding pocket is determined 

critically by the position of Switch I, such a difference could account for the discrepancies we 

observe in the ATPase rate and equilibrium microtubule-binding constants of AgKar3MD and 

ScKar3MD [171]. We do, however, acknowledge the existence of considerable variation in the 

conformation of Switch I of other ADP-bound kinesin structures [160]. We also acknowledge that 

the unique crystallization conditions of AgKar3MD or crystal-packing contacts could account for 
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the conformational state observed, however, it is unlikely that the conditions used played a direct 

role in the Switch salt bridge disruption. 

 Additional or alternative explanations for the lower ATPase activity observed for 

AgKar3MD could relate to the differences in the amino acid sequences and structures of loop L1, 

or the microtubule binding elements L8a, β5a, L8b, β5b, and L12. Indeed, noticeable changes in 

the arrangement of both of these regions can be seen from superposition of the two structures 

(Figure 2-3). The narrowing of the cleft between loop L1 and the ADP ribose as a consequence 

of restricted torsional freedom near the RxRP motif may be particularly relevant in this regard.  

Altogether, the unique aspects of the structure and activity of AgKar3MD observed in this 

study may represent a subset of the adaptations in AgKar3 that afford its specific functionality in 

this filamentous fungus. Undoubtedly, many of the other A. gossypii-specific adaptations reside in 

the less well-conserved N-terminal cargo-binding domain and stalk regions, the latter of which 

forms the site for interaction with a single ortholog (AFL170Cp) of the non-catalytic Kar3 

companion proteins ScCik1 and ScVik1 (our unpublished data). Studies to determine the 

structural and mechanochemical properties of these components of the AgKar3 motor assembly 

are underway.  

2.6 Conclusion 

The crystal structure AgKar3 kinesin MD shows unique conformations relative to ScKar3 

at several key functional regions for energy transduction, which may reflect the unique enzymatic 

and microtubule-binding properties of this motor. They may also represent conformational 

changes that have not yet been seen in the Kar3 kinesin subfamily, such as a new intermediate 

between the fully closed and fully open state of the nucleotide-binding pocket. At this time we do 

not know if the structural and mechanistic differences we observe reflect physiological 



 

62 

 

differences in the function of this protein in mitosis and nuclear movement in Ashbya gossypii 

relative to budding yeast because its specific roles in these events await characterization. By 

comparing multiple structures of these types of kinesins from other fungal forms, and carefully 

analyzing their mechanochemical properties and physiological functions, it should be feasible to 

identify patterns of conserved interactions and structural properties that are crucial for specific 

transport challenges. 
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Chapter 3 

Neck rotation and neck mimic docking in the non-catalytic Kar3-

associated protein Vik1 

3.1 Abstract  

It is widely accepted that movement of kinesin motor proteins is accomplished by 

coupling ATP binding, hydrolysis, and product release to conformational changes in the 

microtubule-binding and force-generating elements of their motor domain. Therefore, 

understanding how the Saccharomyces cerevisiae proteins Cik1 and Vik1 are able to function as 

direct participants in movement of Kar3Cik1 and Kar3Vik1 kinesin complexes presents an 

interesting challenge given that their motor homology domain (MHD) cannot bind ATP. Our 

crystal structures of the Vik1 ortholog from Candida glabrata may provide insight into this 

mechanism by showing that its neck and neck mimic-like element can adopt several different 

conformations reminiscent of those observed in catalytic kinesins. We found that when the neck is 

α-helical and interacting with the MHD core, the C-terminus of CgVik1 docks onto the central β-

sheet similarly to the ATP-bound form of Ncd. Alternatively, when neck-core interactions are 

broken, the C-terminus is disordered. Mutations designed to impair neck rotation, or some of the 

neck-MHD interactions, decreased microtubule gliding velocity and steady-state ATPase rate of 

CgKar3Vik1 complexes significantly. These results strongly suggest that neck rotation and neck 

mimic docking in Vik1 and Cik1 may be a structural mechanism for communication with Kar3. 
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3.2 Introduction 

Eukaryotic cells rely on nanometer-sized motors called kinesins to transport cellular 

components along microtubules [113], or to help build the mitotic spindle and distribute 

chromosomes between daughter cells [172, 173]. Recent studies have shown that dynamic 

interactions between the neck and a short region of either the N- or C-terminus of the motor 

domain (MD) forms a structure responsible for force generation by the neck [66, 174-176], and 

that its conformation and interactions with the motor domain core, or regulatory proteins, is linked 

to the nucleotide- and microtubule-binding state of the motor [177, 178]. In Kinesin-1, this region 

forms an N-terminal extension of the motor domain, called the ‘cover strand’ [66], and in Kinesin-

14 motors this region is at the C-terminus, after the α6 helix, and has been dubbed the ‘neck 

mimic’ [177].  

Kar3 is a Kinesin-14 that plays essential roles in mitosis, meiosis, and karyogamy in 

Saccharomyces cerevisiae (Sc) and Candida albicans [109, 179-181]. These include cross-linking, 

stabilizing and sliding spindle pole microtubules, as well as depolymerizing microtubules [109, 

131]. To accomplish this array of functions, Kar3 associates with two discrete regulatory subunits, 

Cik1 and Vik1 [130, 131, 182], whose motor homology domain (MHD) can bind microtubules but 

not ATP [114, 183]. Amazingly, the affinity of the Cik1 and Vik1 subunits in their respective 

complexes with Kar3 is reduced when ADP is exchanged in Kar3 for AMPPNP (a non-

hydrolyzable ATP analog), indicating that Kar3 controls disengagement of Cik1 and Vik1 from 

microtubules [114, 183]. This form of intramolecular coordination between a catalytic and non-

catalytic subunit-containing complex has not been previously observed in other motor proteins. 

The recently determined structure of a truncated version ScKar3Vik1 by Rank et al. shows 

that the stalk and neck domain of Kar3 and Vik1, like Drosophila Ncd, forms a continuous coiled 
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coil, nearly to the point of insertion of their neck into the motor (homology) domain (Figure 

3-4A) [184]. Also shown was that Kar3 and Vik1 interact laterally over two adjacent 

protofilaments when Kar3 is ADP-bound, but that the complex transitions to a single-head bound 

state involving only Kar3 when ADP is exchanged for AMPPNP. Uptake of AMPPNP also caused 

a minus-end-directed rotation of the stalk-neck element, which resembles the power-stroke of Ncd 

[93, 185]. In both these putative ‘pre-power-stroke’ and ‘post-power-stroke’ configurations, the 

Vik1 subunit is held in a similar conformation as the previous structure of the ScVik1MHD 

monomer [114], and thus conformational changes required to transition Vik1 from a high- to low-

affinity binding state for the microtubule remain uncertain.  

Orthologs of Cik1 and Vik1 can be found in numerous fungal relatives of S. cerevisiae 

[118, 133]. By studying the structure and function of these proteins, we hypothesized that it may 

be possible to identify functionally-conserved elements that underlie a general mechanism for 

communication with Kar3. This study focuses on Kar3 and Vik1 proteins from the human fungal 

pathogen, Candida glabrata (Cg). Its genome encodes a single 692 amino acid Kar3 homolog 

(CAGL0D04994g) that shares 53% sequence identity with ScKar3, and a 584 amino acid Vik1 

ortholog (CAGL0H00638g) that shares 23% identity with ScVik1. We have determined the X-ray 

structures of the motor domain regions of both CgKar3 and CgVik1, the latter of which 

crystallized in three unique conformations that were not previously observed of this protein. Two 

of the conformations exhibit rotation of the neck element in a manner similar to Ncd motors in 

different nucleotide states, suggesting that they may represent discrete intermediates during 

Kar3Vik1’s motile cycle. To determine the importance of neck rotation in CgVik1, we mutated the 

residue that appears to facilitate neck rotation, as well as one of the neck residues involved in a 

specific network of interactions with the MHD core. Analysis of these mutants in complex with 
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wild-type CgKar3 showed markedly reduced rates of microtubule gliding and ATP hydrolysis. In 

these structures, we also observed docking of the C-terminus of CgVik1 onto the central β-sheet 

and its interaction with residues at the neck-core junction in a conformation similar to the C-

terminus of the ATP-bound form of Ncd [176], the neck mimic of the calcium-regulated Kinesin-

14 KCBP [177], and the neck-linker of Kinesin-1 [44]. Interestingly, as seen in a separate CgVik1 

structure, this docking of the C-terminus seems to be completely abolished when the neck loses its 

α-helical structure and is stabilized in state where it is undocked from the MHD. Based on this 

new information, we propose that the neck of Vik1 must change positions during the motile cycle 

of Kar3Vik1, and that interactions between the neck and C-terminus of Vik1 may provide the 

critical link for coupling release of Vik1 and Cik1 from microtubules to microtubule binding and 

subsequent neck rotation in Kar3 during nucleotide exchange.  

3.3 Experimental Procedures 

3.3.1 Protein expression and purification  

Plasmids encoding truncated C. glabrata Kar3 and Vik1 proteins (Figure 3-1A, Figure 

3-7A, and Figure 3-10A) were constructed by amplifying relevant regions of C. glabrata genomic 

DNA (ATCC No: 2001D-5) by PCR and ligating them into either pET24d (Novagen) or a 

modified version of pET16b (Novagen) in which the Factor Xa cleavage site was replaced with an 

rTEV protease cleavage site. CgVik1 mutagenesis was performed using QuikChange (Stratagene). 

All plasmids were transformed into E. coli BL21-CodonPlus (DE3)-RIL cells (Stratagene) for 

protein expression in LB or M9 minimal media. Cells transformed with the pET24d vector 

encoding CgKar3−N+MD (MA-Glu324-Asn692) (Figure 3-10A) were grown in LB media 

supplemented with 50 µg/mL Kanamycin and 50 µg/mL Chloramphenicol to OD600 ~0.8, and were 

then induced with 1.0 mM IPTG and incubated at 20oC for a further 16 hours. Cells were 
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harvested by centrifugation, lysed by flash freezing and sonication, and the CgKar3−N+MD 

protein was purified by ion-exchange chromatography (DEAE SP Sepharose Fast Flow, GE 

Healthcare) as described previously [186]. Cells expressing CgVik1−sN+MHD 

(MGH10SSGRENLYFQGHM-Leu313-Lys584) or CgVik1−N+MHD (MGH10SSGRENLYFQGHM-

Thr302-Lys584) were grown in M9 minimal media supplemented with 50 µg/mL Ampicillin and 50 

µg/mL Chloramphenicol to OD600 ~0.8, and were then induced with 1.0 mM IPTG and incubated 

at 25oC for a further 16 hours. Both constructs were purified and digested with the rTEV protease 

to remove the polyhistidine tag as previously described for ScVik1MHD [114]. Cells co-

transformed with plasmids encoding CgVik1−CC+N+MHD (MGH10SSGRENLYFQGHM-

Asp152-Lys584) and CgKar3−CC+N+MD (Met198-Asn692) were grown in LB media supplemented 

with 50 µg/mL Kanamycin, 50 µg/mL Ampicillin and 50 µg/mL Chloramphenicol to OD600 ~0.8 

and induced with 1.0 mM IPTG. After continued growth at 20oC for 16 hours, cells were lysed by 

sonication and the dimer was purified as previously described followed by gel filtration on a 

HiLoad Superdex 200 26/60 column (GE Healthcare) [114]. All proteins are concentrated and 

flashed frozen in liquid nitrogen for storage. 

3.3.2 Protein crystallization, data collection, and structure determination  

Crystals of CgVik1−sN+MHD grew at 4oC in 0.1 M HEPES pH 7.5, 0.075 M NaAc pH 

5.5, 13% PEG6000 and 5% isopropanol by hanging drop vapor diffusion. Data was collected at 

the X6a beamline at National Synchrotron Light Source (Brookhaven National Laboratory, NY). 

CgVik1−N+MHD crystals grew by hanging drop in 0.1M Tris pH 8.5, 12% PEG 8000, 0.05 M 

MgCl2, 0.15 M NaCl, 5% ethylene glycol and 1 mM TCEP. Data was collected at the GM/CA-

CAT 23-ID-B beamline at Advanced Photon Source (Argonne National Laboratory, IL). 

CgKar3−N+MD crystals grew by hanging drop at room temperature in 0.1 M MIB buffer pH 7.0, 
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25% PEG 1500, 1 mM TCEP and 1 mM ATP. Data was collected at the A1 beamline at Cornell 

High Energy Synchrotron Source (Cornell University, NY). XDS was used to integrate and scale 

the reflection data of CgVik1−sN+MHD and CgVik1−N+MHD and HKL2000 was used for that 

of CgKar3−N+MD [147, 187]. All three structures were solved by molecular replacement with 

PHENIX AutoMR [148]. For CgVik1−sN+MHD, the motor homology domain region of S. 

cerevisiae Vik1 ((Protein Data Bank (PDB) ID 20OA (www.pdb.org)) was used as the initial 

search model [114]. For CgVik1−N+MHD, the CgVik1−sN+MHD structure was used as the 

initial search model. For CgKar3−N+MD, the motor domain of S. cerevisiae Kar3 (PDB ID 

3KAR) was used as the initial search model [140]. Manual building of the structures were done in 

COOT and refined in REFMAC to generate the final models 4GKP (CgVik1−sN+MHD), 4GKQ 

(CgVik1−N+MHD) and 4GKR (CgKar3−N+MD) [149, 150]. Diffraction data collection and 

structure refinement statistics are presented in Table 3-1. 
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Table 3-1. CgKar3 and CgVik1 structures data collection and refinement statistics. 
 

 CgKar3-N+MD CgVik1-sN+MHD CgVik1-N+MHD 
Space group P212121 P212121 H3 
Cell dimensions     
     a, b, c (Å) 58.7, 84.1, 151.1 66.7, 77.7, 107.7 197, 197, 50.2 
     α, β, γ (°)  90, 90, 90 90, 90, 90 90, 90, 120 
Wavelength 0.917 0.976 1.033 
Resolution (Å)a 40-2.7 (2.8-2.7) 20-2.42 (2.5-2.42) 20-2.99 (3.07-2.99) 
Rmerge

a 7.6 (64) 3.6 (22) 7.8 (79) 
I / I  a 26.5 (5.0) 37.65 (8.17) 13.1 (2.1) 
Completeness (%)a 96.2 (94.5) 98.5 (93.5) 98.8 (100) 
Redundancya 11.7 (10.7) 7.8 (5.4) 5.8 (5.8) 
No. observed 242709 168643 84512 
No. unique reflections 20662 21752 14501 
Rwork / Rfree

b 
 0.21 / 0.26 0.21 / 0.26 0.22 / 0.26 

No. atoms    
    Protein (Chain A) 2157 1789 1752 
    Protein (Chain B) 2214 1962 1571 
    Water 52 80 1 
Average B-factors (Å2)    
    Protein (Chain A) 47.9 45.2 110.2 
    Protein (Chain B) 51.7 41.6 118.2 
    Nucleotide (A) 32.9 - - 
    Nucleotide (B) 35.6 - - 
    Water  34.9  40.5 71.7 
R.m.s deviations    
    Bond lengths (Å) 0.009 0.009 0.007 
    Bond angles (°) 1.359 1.255 1.16 
    Favored 93.4 91.2 89.2 
    Allowed  6.6 8.1 10.1 
    Outliers 0.0 0.7 0.7 
PDB ID 4GKR 4GKP 4GKQ 
aData in parentheses represent highest resolution shell.  
bRfactor=ΣF(obs) – F(calc)/ Σ F(obs), where Rwork refers to the Rfactor for the data utilized in the 
refinement and Rfree refers to the Rfactor for 5% (models 4GKR and 4GKP) or 10% (model 4GKQ) 
of the data that were excluded from the refinement.   
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3.3.3 Analysis of kinesin motility  

Motility assays were performed using WT and mutant CgKar3Vik1 complexes at ~0.3 

µM. Rhodamine-labeled bovine tubulin (Cytoskeleton Inc.) was mixed with unlabeled tubulin 

purified from bovine brain at a molar ratio of 1:4, and the mixture was polymerized, centrifuged 

and resuspended in BRB80 (80 mM PIPES pH 6.8 (KOH), 1 mM MgCl2, 1 mM EGTA) and 40 

µM taxol. Polarity-marked microtubules were made with rhodamine-labelled microtubules and 

HiLyteTM 488 microtubules (Cytoskeleton Inc.) by adapting a protocol as previously described by 

Walter et al. [188]. Home-made perfusion chambers were constructed by sandwiching 22x60 mm 

and 22x22 mm glass coverslips using double-sided tape. Microtubules were shredded to generate 

short filaments before imaging. Anti-Histidine antibodies (Fisher Scientific) were used to attach 

the kinesins to the glass surface, which was then blocked with 1mg/mL BSA. Rhodamine-labeled 

microtubules in the presence of AMPPNP were infused into the chamber to stimulate binding to 

kinesins. Microtubule-gliding was initiated by washing the chamber with an oxygen scavenging 

system (OSM; BRB80, 1.5 mM MgAc, 1 mg/mL BSA, 200 µg/mL glucose oxidase, 175 µg/mL 

catalase, 25 mM glucose, 2 mM BME) supplemented with additional 0.4 µM kinesin and 1.5mM 

ATP. Imaging was performed on a spinning-disc confocal fluorescence microscope (Leica). To 

ensure sufficient ATP is present during the imaging process, ATP is regenerated by supplementing 

the OSM with 0.3 µg/mL phosphocreatine-kinase and 2mM phosphocreatine [186]. Quorum 

WaveFX software (Quorum Technologies Inc.) was used to process the images captured and 

compile them into movies. Microtubule movement was tracked using Image-pro Plus (Media 

Cybernetics Inc.).  
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3.3.4 Steady state ATPase activity   

ATPase kinetics of the WT and mutant CgKar3Vik1 motors were determined using a 

pyruvate kinase/lactate dehydrogenase-coupled NADH oxidation reaction [145] as previously 

described [189]. 

3.3.5 Steady state microtubule binding affinity   

Purified CgKar3-N+MD or CgKar3Vik1 (6 µM final concentration) were incubated with 

microtubules in ATPase buffer (20 mM HEPES, 5 mM magnesium acetate, 0.1 mM EGTA, 0.1 

mM EDTA, 25 mM potassium acetate, 1 mM DTT, 40 μM Taxol, pH 7.2) with either 1 mM 

MgAMPPNP or MgADP, and bound and unbound motors were separated by centrifugation at 

55,000 RPM in a TLA100 ultracentrifuge and analyzed by SDS-PAGE as described previously 

[189].                                                                                                                                                          

3.4 Results 

3.4.1 Crystal structures of the CgVik1 motor homology domain   

The structures of two different constructs comprising different portions of the neck region 

(N) and the entire MHD of CgVik1 were determined by X-ray crystallography (Figure 3-1A). The 

structure of the first construct, CgVik1−sN+MHD was solved to 2.42 Å by molecular replacement 

using the ScVik1MHD crystal structure (PDB ID 2O0A) as the search model [114]. The solution 

showed two molecules in the asymmetric unit whose intermolecular interactions are insufficient to 

indicate complex formation. Similar to ScVik1MHD, the CgVik1MHD structural motif is an α/β 

fold that lacks nucleotide binding pocket (Figure 3-1B). Unlike ScVik1MHD, the neck in 

molecule A of CgVik1−sN+MHD is completely disordered N-terminally from Arg325 (Figure 

3-2C), and in molecule B it is extended away (undocked) from the MHD core without defined  
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Figure 3-1. Schematic of CgVik1 constructs used for crystallization and their structures 
overview.  

(A) Domain architecture of the full-length CgVik1 is shown in a bar diagram and boundaries of 
constructs used for crystallization shown below. The MHD is colored from N- to C-terminus with 
a continuous spectrum of rainbow colors (blue to red) and the coiled-coil regions are in yellow 
[153]. (B and C) Ribbon representations of the CgVik1−sN+MHD structures (molecules A and 
B) and CgVik1−N+MHD structures (molecules A and B) colored the same as the MHD in the bar 
diagram in (A). Secondary structure elements are numbered consecutively from the N-terminus of 
the construct, adopting the system used previously by Allingham et al. 2007 [114]. Loops with 
poor electron density were not built into the final models. The ‘pivot glycine’ residue (G322) is 
indicated in each structure and shown as a sphere. This figure was prepared with PyMOL [190].    
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Figure 3-2. Electron density maps of CgVik1 crystal structures.  

Fo-Fc omit maps of the neck of each molecule from the CgVik1−N+MHD and 
CgVik1−sN+MHD crystals. Difference electron density maps, calculated in REFMAC after 
removing atoms for the neck and helix α1 from the final models, are shown as gray mesh around 
the respective areas of each model [149]. Maps were contoured to 1.5 σ level in PyMOL [190].  
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secondary structure (Figure 3-2D). The extended neck conformation is stabilized by symmetry 

contacts with the β5a/b strands of another molecule in the crystal lattice. 

Crystals for the CgVik1−N+MHD construct, which possesses 11 additional residues of the 

neck (Figure 3-1A) also showed two molecules in its asymmetric unit after refinement of its 

structure to 2.99 Å. In contrast to the CgVik1−sN+MHD molecules, the neck of both molecules of 

this construct is almost entirely helical and each differs in their alignment along the MHD core by 

a ~37° rotation about a conserved glycine residue (Figure 3-1B and Figure 3-1C). The neck of 

molecule A is oriented downward and away from the small β-lobe (β1a, β1b, and β1c) at the edge 

of the MHD in a manner that is surprisingly similar to several previous Ncd structures (PDB IDs 

1CZ7, 2NCD, 1N6M) (Figure 3-3A) [92, 176, 191]. In molecule B, the neck is rotated upward 

relative to molecule A and is in the same position as the ScVik1 neck in the ScVik1MHD and 

cross-linked SHD-Kar3Vik1 crystal structures (PDB IDs 2O0A, 4ETP) (Figure 3-3B and Figure 

3-4B) [114, 184].  

3.4.2 Interactions between the neck and motor homology domain core of CgVik1   

Core residues in the MHD that interact with the neck of the CgVik1−N+MHD construct 

are found in the β1 strand, the C-terminal half of helix α1, loop L13, and the N-terminus of the β8 

strand (Figure 3-5). These residues form discrete networks of electrostatic, hydrogen bonding, and 

van der Waals interactions to stabilize the neck against the core in molecule A and B, and cover 

317 Å2 and 372 Å2, respectively. In molecule A, Glu319 of the neck forms salt bridges with Arg325 

from strand β1 and Lys552 from β8 (Figure 3-5A). Also, Ser316 forms a hydrogen bond with Arg388 

from α1, and a single bridging water molecule forms an additional reinforcement between Asn315 

and Arg388. In conformation B, the side chain of Glu319 undergoes a 72° rotation to form salt 

bridges of different geometries with Lys552 and Arg325 (Figure 3-5B). 
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Figure 3-3. CgVik1−N+MHD structures superimposed onto related structures for neck 
position comparison.  

(A) Crystal structure of molecule A of CgVik1−N+MHD in yellow is aligned to the core of one 
of the heads of the wild-type Ncd structure (PDB ID 1CZ7) in blue. (B) Crystal structure of 
molecule B of CgVik1−N+MHD in yellow is aligned against ScVik1MHD (PDB ID 2O0A) in 
green and the NcdN600K mutant chain B (PDB ID 1N6M) in blue. 
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Figure 3-4. Structure of cross-linked SHD-Kar3Vik1 in comparison to conformations 
observed for CgVik1−N+MHD and CgVik1−sN+MHD.   

(A) Ribbon representation of the structure of cross-linked SHD-Kar3Vik1 (PDB ID 4ETP), where 
Vik1 is shown in green and Kar3 in white with MgADP bound to its active site. (B-E) Analogous 
sections of ScVik1 were hidden from the dimer model and CgVik1−N+MHD and 
CgVik1−sN+MHD structures were aligned to the corresponding section of the neck of ScVik1.   
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Figure 3-5. Close up view of amino acid interactions between the neck, core, and neck 
mimic in CgVik1.  

Coloring scheme and secondary structure labeling are the same for all panels where neck helix and 
β1 are in green, α1 in pink, β8 in yellow and α6 in peach. Selected interacting residues are shown 
as stick models and are labeled. Bonding interactions are indicated with black dashed lines and 
water molecules are shown as single red spheres. (A and B) Interactions between residues of the 
neck and the core in molecules A and B of CgVik1−N+MHD. (C and D) Interactions between 
residues of the neck mimic (α6) and neck-core junction are shown for molecules A and B of 
CgVik1−N+MHD. Semi-transparent surface images of the structures are also shown to highlight 
the hydrophobic pocket (yellow) occupied by Ile578 of the neck mimic. (E and F) Secondary 
structures and amino acids in the same region for molecules A and B of CgVik1−sN+MHD. 
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The water-mediated hydrogen bond between Asn315 and Arg388 is also disrupted in favor of a new 

hydrogen bond between Asn315 and Arg325. These residues, and others immediately surrounding 

the neck-core junction of CgVik1, exhibit the highest degree of sequence conservation between 

different Vik1 orthologs and Kinesin-14 motors (Figure 3-6) [48, 159]. The residue allowing the 

neck to pivot between these interfaces, Gly322, is completely conserved among all kinesins and 

sequenced Vik1 and Cik1 orthologs (Figure 3-6C). Additional stabilizing interactions for each 

neck conformation of CgVik1−N+MHD are formed by contacts with symmetry-related molecules.   

3.4.3 Structural changes in the MHD core of CgVik1 that coincide with neck isomerization   

A major difference in the MHD core that coincides with structural changes in the neck 

involves the C-terminus of CgVik1 (Figure 3-5). In molecules A and B of the CgVik1−N+MHD 

crystal, and in molecule A of the CgVik1−sN+MHD crystal, five residues beyond the end of helix 

α6 can be modeled, three of which were not previously observed in ScVik1MHD  (Figure 3-5C-

Figure 3-5E). However, in molecule B of the CgVik1−sN+MHD crystal, the C-terminus is 

completely disordered and part of the α6 helix melts (Figure 3-5F). 

When the C-terminal region is visible, we observe it docking onto the central core of the 

MHD and forming a short, two-stranded β-sheet with the neck-core junction. This configuration is 

structurally analogous to the ‘neck mimic’ of Kinesin-14 family members (Figure 3-6D), which 

has been observed in recent structures of Ncd (PDB ID 3L1C) [176] and the calcium-regulated 

plant kinesin KCBP (PDB ID 1SDM) [177].  

In both molecules of the CgVik1−N+MHD construct, stabilizing hydrogen bonds between 

the neck and C-terminus are formed between the backbone amide of Ala324 and the carbonyl of 

Ile578, and between the backbone carbonyl of Gly322 and the amide of Asn580 (Figure 3-5C and 

Figure 3-5D). In this conformation, the side chain of Ile578 is inserted into a hydrophobic pocket  
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Figure 3-6. Sequence alignment of Vik1 proteins and conservation coloring.  

(A) Sequence alignment of the CgVik1 MHD with MHDs of representative Vik1 proteins from 
ascomycetes yeasts was generated by neighbor-joining using percent identity in Jalview from 
ClustalW [142, 192]. Blue shading represents the sequence conservation. Secondary structure 
elements were assigned by ESPript according to the CgVik1−N+MHD crystal structure [144]. 
Residues that are described to make clear interactions between the neck and MHD core are 
indicated in red. Glycine residues boxed in green are completely conserved across all proteins. 
(B) Surface representation of molecule B for CgVik1−N+MHD. Coloring indicates degree of 
sequence conservation as calculated by the ConSurf server (http://consurf.tau.ac.il/) using five 
Vik1 orthologs shown in (A). (C) Sequence alignment of the neck and pivot regions of CgVik1 
and selected kinesin-14 motors. (D) Sequence alignment of the C-terminal (neck mimic) regions 
of CgVik1 and selected kinesin-14 motors. 
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formed by Ala324, Thr530, Phe548, Phe555, and Leu575 within the MHD core, similar to the interaction 

observed in the ATP-like conformation of KCBP [177, 178]. Sequence alignment of the C-

terminus of other Vik1, Cik1 proteins shows that Ile578 is moderately conserved (Figure 3-6A), 

and also shows some conservation in Kinesin-14 motors (Figure 3-6D) [175]. Additionally, the 

side chain of Asn580 is sandwiched directly between Lys552 (β8) and the pivot point of the neck, 

and is only 4.0 Å away from the Glu319−Arg325 and Glu319−Lys552 salt bridges. In this position, it 

could potentially destabilize either of these interactions and allow the neck to transition from one 

conformation to the other more readily.  

The basis for complete disorder of the C-terminus and melting of part of the α6 helix in 

molecule B of CgVik1−sN+MHD may be related to the repositioning of the side chain of Arg325 in 

relation to Asn580 when the neck is stabilized in an extended, non-α-helical conformation (Figure 

3-5F). In this configuration, Arg325 moves towards Ser553 from strand β8, and into the pocket that 

was occupied by Asn580. Combined with the dramatic change in position of Ala324 and Gly322, 

which provide hydrogen bond acceptors and donors for aligning the C-terminus against the neck-

core junction, we speculate that these structural changes may be the basis for undocking the neck 

mimic from the MHD core. Interestingly, when the C-terminus is undocked, Phe577 takes the place 

of Ile578, perhaps as a means of stabilizing the core.  

The fact that the C-terminal segment in molecule A of CgVik1−sN+MHD is nearly 

identical to that of molecules A and B in the CgVik1−N+MHD crystal is more difficult to 

reconcile given the non-localized position of its neck (Figure 3-5E). Similar to molecule B of 

CgVik1−sN+MHD, Arg325 torsions towards Asn580 and Ser553 (Figure 3-5F), but in this case it 

hydrogen bonds with Asn580. Asn580 also interacts with a nearby water molecule that is bridged to 

the backbone amide of Ser553, and is within hydrogen bonding distance with the side chain of 
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Glu506 from a symmetry-related molecule. Perhaps these interactions, along with hydrophobic 

interactions between Ile578 and Pro581 of the C-terminus and the MHD core, are sufficient to 

achieve stabilization of the neck mimic in molecule A of the CgVik1−sN+MHD crystal.  

3.4.4 Mutations in the neck of Vik1 decrease the microtubule gliding velocity of 

CgKar3Vik1   

We were curious to understand the functional significance of CgVik1 neck isomerization 

in the motile cycle of CgKar3Vik1. To investigate this, mutations were created in two of the 

residues that enable the conformational changes observed. Glu319 was chosen for mutation to 

alanine because we suspected that its involvement in salt bridge formation with the highly-

conserved MHD core residues Arg325 and Lys552 functions to stabilize each neck conformation, 

and may create a neck position ‘sensor’ for the MHD. The other residue chosen for mutagenesis 

was Gly322.  It was mutated to alanine and proline in order to probe the importance of rotational 

freedom in the neck on the motile cycle of CgKar3Vik1. These mutations were generated in 

CgVik1 constructs that included the MHD, the neck, and an extended length of the native coiled-

coil in order to allow dimerization with similar constructs of CgKar3 (Figure 3-7A). Based on the 

arrangement of subunits in the cross-linked synthetic heterodimer of ScKar3Vik1 [184], none of 

the mutants should disrupt the inter-helical interactions required for coiled-coil formation between 

Kar3 and Vik1. Indeed, co-expression of CgKar3−CC+N+MD (Met198-Asn692) and 

CgVik1−CC+N+MHD (Asp152-Lys584) proteins from E. coli, and co-purification of their resulting 

wild-type (WT) and mutant complexes by Ni-NTA affinity chromatography produced stable 

heterodimers according to analytical size exclusion chromatography (Figure 3-7B and Figure 

3-7C).  
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Figure 3-7. Construct design and purification of CgKar3Vik1 WT dimer and purity of 

CgKar3Vik1 mutant dimers.  

(A) Boundaries of dimeric CgKar3, CgVik1 constructs used for functional studies shown below 
their respective domain architecture bar diagrams. (B) Gel filtration chromatogram showing the 
elution profile of CgKar3Vik1 dimer after Ni2+ affinity purification is in blue, the overlaid 
chromatogram in black is a molecular weight standard profile using same gel filtration column. 
X-axis represents the elution time in minutes and the Y-axis represents absorbance units (AU) at 
280 nm. The elongated structure of the CgKar3Vik1 complex causes it to elute from the column 
at an apparent molecular weight that is higher than its true molecular weight. (C) Proteins were 
extracted and purified as described in Experimental Procedures and analyzed by SDS-PAGE 
and stained with Coomassie Blue R250. 
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In microtubule-gliding assays, the CgKar3Vik1 G322A and G322P mutants were nearly 

2-fold and 7-fold slower, respectively, than CgKar3Vik1 WT complexes (4.79 ± 0.022 μm/min), 

which migrated with plus-ends leading (Figure 3-8, Figure 3-9A-C, Movie 3-1-4). The larger 

impact of the G332P substitution on motility is consistent with the additional restrictions proline 

would place on possible neck conformations relative to alanine. This indicates that 

conformational freedom of CgVik1’s neck at Gly322 is important for motility of the CgKar3Vik1 

motor. With an average microtubule gliding speed of 4.34 ± 0.047 μm/min, the E319A mutant 

had a more modest effect on motility compared to the G322A and G322P mutants, however, it 

did show a slightly higher number of microtubule ‘stalling’ events than WT (Figure 3-9D, Movie 

3-5). This suggests that the CgKar3Vik1 motor is sensitive to changes in interactions between the 

neck and core of CgVik1, and that disruption of the Glu319−Arg325 and Glu319−Lys552 salt bridges 

may allow the neck to rotate and acquire conformations that are not always conducive to 

appropriate Kar3-microtubule interactions or force production events. Notably, in none of the 

motility studies did we observe obvious dissociation of microtubules from the coverslips, 

indicating that the CgVik1 subunit was interacting with microtubules and that the mutations were 

not having a negative effect on microtubule binding of the CgKar3Vik1 complex.  

To confirm that both CgKar3 and CgVik1 participate in microtubule binding, equilibrium 

co-sedimentation experiments were performed on our wild-type CgKar3Vik1 dimer construct and 

a monomeric construct of CgKar3 (CgKar3−N+MD) (Figure 3-10 and Figure 3-11). 

Unfortunately, the CgVik1 monomers used for our crystallization studies pelleted in the centrifuge 

tube regardless of the presence of microtubules, presumably due to aggregation, and thus they 

could not be used reliably for direct measurement of dissociation constants. Instead, CgVik1’s 

microtubule binding affinity can be inferred from the difference in Kd,MT of the CgKar3Vik1 WT  
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Movie 3-1. CgKar3Vik1 WT dimer shows microtubule minus-end directed gliding with 
polarity marked microtubules. 

Representative time-lapse movie of rhodamine-labeled microtubules whose plus-ends are labeled 
with HiLyteTM 488 green tubulin gliding during a 7.5-min period, with frames collected every 15 
seconds on a spinning-disc confocal scope. The scale bar represents 10 µm and running time is in 
minutes: seconds with video playback at a rate of 1/6th second per frame. This movie will be 
available for download here.  

 

Movie 3-2. Microtubule-gliding by CgKar3Vik1 WT dimer.   

Representative time-lapse movie of rhodamine-labeled microtubules gliding during a 10-min 
period, with frames collected every 15 seconds on a spinning-disc confocal scope. The scale bar 
represents 10 µm and running time is in minutes: seconds with video playback at a rate of 1/6th 
second per frame. This movie will be available for download here.  

 

Movie 3-3. Microtubule-gliding by CgKar3Vik1 G322A mutant dimer.   

Representative time-lapse movie of rhodamine-labeled microtubules gliding during a 10-min 
period, with frames collected every 15 seconds on a spinning-disc confocal scope. The scale bar 
represents 10 µm and running time is in minutes: seconds with video playback at a rate of 1/6th 
second per frame. This movie will be available for download here.  
 

Movie 3-4. Microtubule-gliding by CgKar3Vik1 G322P mutant dimer.  

Representative time-lapse movie of rhodamine-labeled microtubules gliding during a 10-min 
period, with frames collected every 15 seconds on a spinning-disc confocal scope. The scale bar 
represents 10 µm and running time is in minutes: seconds with video playback at a rate of 1/6th 
second per frame. This movie will be available for download here.  
 
 

Movie 3-5. Microtubule-gliding by CgKar3Vik1 E319A mutant dimer.   

Representative time-lapse movie of rhodamine-labeled microtubules gliding during a 10-min 
period, with frames collected every 15 seconds on a spinning-disc confocal scope. The scale bar 
represents 10 µm and running time is in minutes: seconds with video playback at a rate of 1/6th 
second per frame. This movie will be available for download here.  
 

  

http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/4/Movie%203-1%20CgKar3Vik1%20WT%20PolarityMarked-MT%20gliding.mov
http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/5/Movie%203-2%20CgKar3Vik1%20WT%20MT%20gliding.mov
http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/6/Movie%203-3%20CgKar3Vik1%20GA%20mutant%20MT%20gliding.mov
http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/7/Movie%203-4%20CgKar3Vik1%20GP%20mutant%20MT%20gliding.mov
http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/8/Movie%203-5%20CgKar3Vik1%20EA%20mutant%20MT%20gliding.mov
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Figure 3-8. Snap-shots of polarity-marked (plus-end labelled green) microtubule gliding by 
CgKar3Vik1 WT dimer.   

All visible polarity-marked microtubules (>30) were observed to move with the plus-end leading. 
Scale bar is approximately 10 µm.  
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Figure 3-9. Histograms of the velocity distribution of gliding microtubules for CgKar3Vik1 
WT dimer, G322A, G322P and E319A mutants.  

(A-D) Rates for each motor are presented in 0.25 μm/min bins. Over 250 microtubules were 
tracked for each motor from movies obtained during 3 to 6 independent experiments. Movie 3-2 
to Movie 3-5 provide representative videos of microtubule gliding by each mutant.   
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dimer relative to the monomeric CgKar3−N+MD construct in the presence of ADP, which confers 

a weak microtubule-binding state in kinesins. From the binding curves in Figure 3-11C and 

Figure 3-11D, we were able to calculate that the Kd,MT for the ADP complex of CgKar3Vik1 WT 

dimer is 4.8 ± 1 μM, while CgKar3−N+MD is nearly twice as weak at 7.6 ± 2.7 μM. This result 

indicates that in the ADP state, CgVik1 is contributing to the microtubule binding affinity of the 

CgKar3Vik1 complex. Moreover, similar Kd,MT values for the AMPPNP complexes of 

CgKar3−N+MD and CgKar3Vik1 WT dimer (3.05 ± 0.8 μM and 3.65 ± 0.8 μM, respectively) 

suggests that, in the presence of ATP, the CgKar3 subunit must form the majority of the 

interactions between CgKar3Vik1 complexes and microtubules while CgVik1 contributes little to 

microtubule-binding. 
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Figure 3-10. CgKar3−N+MD construct design, crystal structure and ATPase activity data.  

(A) Domain architecture of full-length CgKar3 shown as a bar diagram with the boundaries of 
CgKar3-N+MD shown below. (B) Ribbon representation of CgKar3-N+MHD crystal structure 
solved to 2.7 Å (Table 3-1). Secondary structure numbering is the same as CgVik1 structures. 
(C) Tubulin- and ATP-dependent ATPase activity data fitted to the Michaelis-Menten equation. 
kcat, K0.5,MT  and KM.ATP values are calculated as previously described and shown in Figure 3-12 
[189].   
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Figure 3-11. CgKar3MD and CgKar3Vik1 microtubule binding.  

Representative SDS-PAGE gels showing supernatant and pellet of equilibrium microtubule co-
sedimentation assays with CgKar3−N+MD and CgKar3Vik1 WT dimer and dissociation constant 
calculation. (A and B) Fractional binding of 6 μM CgKar3−N+MD or CgKar3Vik1 WT dimer in 
the presence of 1 mM MgADP or MgAMPPNP. (C and D) Dissociation constants calculated by 
fitting fractional binding data to a quadratic equation described previously [189].  
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3.4.5 Vik1 neck mutants exhibit reduced microtubule-activated ATPase activity   

Even though the mutations we engineered were introduced into the non-catalytic subunit 

of the CgKar3Vik1 complex, we wanted to learn their effect on the biochemical function of Kar3. 

Compared to the WT dimer (0.95 s-1), the steady-state ATPase kinetics studies show a 1.8-fold and 

11-fold decrease in kcat for the CgKar3Vik1 G322A (0.54 s-1) and G322P (0.088 s-1) mutants 

respectively (Figure 3-12). These data suggest that the slower rate of motility of the mutants is 

related to their creation of defects in the ability of CgKar3’s ATPase activity to be activated by 

microtubules. This could be a consequence of the mutants impeding rotational freedom of the 

CgVik1 neck that is obligatory for appropriate CgKar3-microtubule interactions. An alternative 

possibility is that ATP binding or hydrolysis by CgKar3 is impeded by the CgVik1 neck rotation 

defects in a microtubule-independent manner, perhaps as a consequence of disruption of important 

interactions between the neck and motor domain core of CgKar3. 

Similar to, but much more dramatic than its effect in the microtubule-gliding assays, the 

E319A mutant lowered the kcat of CgKar3Vik1 by 3.7-fold (0.26 s-1) (Figure 3-12), providing 

further evidence that the interactions between the neck and MHD core of Vik1 forms a 

determinant of the mechanochemical cycle of the Kar3Vik1 motor. As is reflected by their similar 

K0.5,MT for ATPase activation (Figure 3-12C), none of the mutants dramatically lowered the 

affinity of the CgKar3Vik1 complex for microtubules. However, they did exhibit different trends 

in their ATP-concentration-dependent activities; CgKar3Vik1 G322P and E319A showed lowered 

KM.ATP relative to WT, while the KM.ATP for CgKar3Vik1 G322A increased. This may reflect 

differences in the effect of each mutant on Kar3’s ability to undergo ATP-promoted isomerization 

during the mechanochemical cycle.  
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Figure 3-12. ATPase data summary for CgKar3Vik1 WT dimer, G322A, E319A and G322P 
mutants.  

The results are averaged values from three independent experiments. (A) Tubulin-dependent data 
from assays performed using 200 nM of WT and mutant dimers in 1 mM ATP fitted to Michaelis-
Menten equation. (B) ATP-dependent data for the same motors in the exact same conditions of the 
tubulin-dependent assays using fixed tubulin concentrations (3-10 μM) fitted to Michaelis-Menten 
equation. (C) Steady-state kinetic parameters for the above-mentioned motors and 
CgKar3−N+MD (Figure 3-10). ScKar3MD and ScKar3Vik1 are included for comparison [114].   
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3.5 Discussion 

The mechanism by which kinesin motor assemblies coordinate the microtubule 

interactions and force production cycles of their subunits has mainly been studied in kinesins with 

two identical ATP-binding heads. In both processive and non-processive forms of these kinesins, 

the neck region is observed to be either docked onto, or undocked from, the motor core in crystal 

structures, and these states of the motor are generally determined by the nucleotide state of the 

motor domain.  

Recent structural studies of the heterodimeric ScKar3Vik1 motor have shown that Kar3 

and Vik1 bind side-by-side to adjacent protofilaments when Kar3 is in an ADP-bound state, and 

that there is an ATP-dependent rotation of the neck of Kar3 that is nearly identical to Ncd [184]. 

Unfortunately, high-resolution structural information could not be provided to describe in detail 

the configuration of Vik1 in this state, nor any of the other early states leading up to its release 

from microtubules when ADP is exchanged for ATP in Kar3. Our crystal structures of CgVik1 

provide information about previously unseen states of Vik1 that may be relevant to the initial 

association of Kar3Vik1 with the microtubule. Through mutational analysis, we also provide 

evidence of head-head communication in the heterodimeric Kar3Vik1 motor assembly, as well as 

mechanistic details about the communication route.  

Our studies show that the helical neck of CgVik1 can rotate with respect to the MHD, 

allowing separate clusters of conserved electrostatic, hydrophobic, and hydrogen bond forming 

residues in the neck and core to interact. This rotation occurs by a change in the backbone torsion 

angles at the conserved Gly322, which appears to be critical for the microtubule-activated ATPase 

activity and motility of CgKar3Vik1. Although motility analysis of the constrained ScKar3Vik1 

complex used for structural determination by Rank et al. (cross-linked SHD-Kar3Vik1) suggested 
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that rotation of the Vik1 neck is not critical for the Kar3Vik1 power-stroke, a reduction in the rate 

of motility of this construct relative to the non-cross-linked construct (non-cross-linked SHD-

Kar3Vik1) was observed [184].  

We propose that neck rotation observed in our unconstrained CgVik1−N+MHD construct 

represents early Vik1-microtubule binding states that facilitate proper Kar3 contacts on the 

adjacent microtubule protofilament (Figure 3-13). Specifically, we suggest that during initial 

collision of Kar3Vik1 with the microtubule (Step 1), before Kar3 binds, the neck of Vik1 is in the 

‘up’ position (i.e. molecule B of CgVik1−N+MHD crystals). Next, rotation of neck to the ‘down’ 

position (i.e. molecule A of CgVik1−N+MHD) could help orient the head of Kar3 into closer 

proximity with the available microtubule binding position on the adjacent protofilament (Step 2) 

in accord with the reverse orientation of Kar3 and Vik1 suggested by Rank et al. [184].  The 

resulting two-headed binding state of Kar3Vik1, and contemporaneous release of ADP, may cause 

some separation of the heads, placing strain on the neck of Vik1 sufficient to melt its helical 

structure in a manner analogous to molecule B of CgVik1−sN+MHD (Step 3). This is supported 

by the observation by Rank et al. that cross-linking Kar3Vik1 at the base of the neck in a manner 

restricting such head separation led to a change in the microtubule-binding stoichiometry and 

motility of the motor [114, 184]. Without sufficient interactions between the neck-core junction 

and C-terminus of Vik1 to maintain the small two-stranded β-sheet formed by these elements, 

undocking of the neck mimic could ensue. By analogy of the microtubule-binding and motility 

defects created by mutation or deletion of the neck mimic region in Ncd [175, 178, 193], and 

given the relationship between neck mimic docking and the ATPase state of KCBP [97, 108, 194], 

such movements of the C-terminus of Vik1 could lead to dissociation of Vik1 from the 

microtubule. In this state, the coiled-coil of Kar3Vik1 would be free to rotate toward microtubule 
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minus end as Kar3 binds ATP, completing the power-stroke (Step 4). 

We therefore propose that the residues involved in the interactions between the neck, 

MHD core, and neck mimic in Vik1 constitute part of the communication route between Kar3 and 

Vik1 (Figure 3-13), and that isomerization of the Vik1 neck may be the actuator that ‘flips’ a 

molecular switch controlling Vik1’s release from the microtubule to allow motility. As noted by 

Khalil et al. [174], most kinesins, and approximately half of all single-domain proteins in the 

Protein Data Bank [195], have interacting N- and C-terminal elements that experience dynamic 

interconversion between different types of secondary structure, or undergo disorder-to-order 

transitions. It appears that Vik1 may have adapted this behavior for regulation of its microtubule 

binding interactions by Kar3 in lieu of nucleotide binding and enzymatic function. 
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Figure 3-13. Cartoon model relating observed Vik1 conformations to Kar3Vik1 
microtubule binding and movement.  

Step 1 represents the initial collision of a Kar3Vik1 complex with microtubules where Vik1 is 
bound to the microtubule protofilament with its neck in the ‘up’ conformation (molecule B of 
CgVik1−N+MHD, shown in Figure 3-1D) and its neck mimic (NM) docked against the MHD. In 
this step, Kar3 is in a low affinity state for microtubules. Amino acid interactions that stabilize 
this conformation of Vik1 are shown in the right panel. In step 2, the Vik1 neck rotates downward 
(molecule A of CgVik1−N+MHD, shown in Figure 3-1C) and positions the Kar3 head closer to 
the microtubules. In step 3, Kar3 binding to microtubules and release of ADP induces strain in the 
coiled-coil that may melt the Vik1 neck and cause it to disengage (undock) from the MHD core 
(molecule B of CgVik1−sN+MHD, shown in Figure 3-1B). To illustrate this, Vik1 has been 
displaced slightly from its putative microtubule-binding site on the α-tubulin subunit lateral to the 
Kar3 interaction site. Accompanying this is the repositioning of Arg325 and contemporaneous 
undocking of the neck mimic, resulting in Vik1 release from microtubules (right panel). Step 4 
represents the completion of the power-stroke by Kar3’s neck rotation. When Vik1 is free from 
the microtubule, relief of strain in the coiled-coil could permit the neck to reform a helical 
structure. Step 5 shows detachment of Kar3Vik1 complex from the microtubule following ATP 
hydrolysis and product release. 
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Chapter 4 

Kar3Vik1 mechanochemistry is inhibited by changes in conformational 

dynamics or loss of the C-terminus of Vik1 

4.1 Abstract 

Force-production by kinesins has been linked to structural rearrangements of the N- and 

C-termini of their motor domain upon nucleotide binding. In recent crystal structures, the Kar3-

associated protein Vik1 showed unexpected homology to these conformational states even though 

it lacks a nucleotide-binding site. This conservation infers a degree of commonality in the 

function of the N- and C-terminal regions during the mechanochemical cycle of all kinesins and 

kinesin-related proteins. We tested this inference by examining the effects of mutating or deleting 

the C-terminal residues (the neck mimic) of Vik1 on microtubule-gliding and steady-state ATP 

hydrolysis by Kar3Vik1 motors. Point mutations at two moderately conserved Vik1 neck mimic 

residues drastically impaired motility and ATP turnover by Kar3Vik1. Motors lacking the neck 

mimic produced no gliding microtubules at all. Interestingly, none of the point mutants seemed to 

perturb the ability of Kar3Vik1 to bind microtubules, while the neck mimic truncation mutant did. 

Molecular dynamics simulations of the Vik1 mutants showed distinct root mean square 

fluctuations (r.m.s.f.) in the N-terminal neck module that connects Vik1 to Kar3. Here, the degree 

of motion in the Vik1 neck was highly correlated with that of the neck mimic. These observations 

suggest that the neck mimic of Vik1 forms a discrete folding module with the base of the neck 

domain and that this module is part of a communication pathway to the nucleotide-binding site of 

Kar3. 
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4.2 Introduction 

 Kinesins are microtubule-based motor proteins with roles in intracellular movement that 

include vesicle and organelle trafficking, and chromosome segregation [196]. They are typically 

assembled from two identical subunits whose microtubule interactions and force production 

cycles involve conformational changes in deformable regions of the motor domain (MD)1 in 

response to nucleotide binding [197]. These regions include the short segments at the N- and C-

termini of the motor domain [58, 66, 67, 93, 158]. In microtubule plus-end-directed kinesins like 

kinesin-1, these form the ‘cover strand’ and ‘neck linker’, and in the minus-end-directed kinesin-

14 they form the ‘neck’ and ‘neck mimic’, respectively. Docking and undocking of residues near 

the C-terminus of the motor domain correlate with ATP turnover and force production in both 

plus- and minus-end-directed kinesins [66, 67, 91, 96, 97, 198, 199] (Figure 4-1A and Figure 4-

1B). Although evolution has edited these structural elements to enable specific transport tasks, 

recent studies indicate that certain design principles have been preserved across different kinesin 

family members [200]. Crystallographic and biochemical studies of the Kar3 kinesin-associated 

protein Vik1 indicate that this theme may extend beyond the accepted definition of a kinesin 

motor protein [201]. 

Kar3 is a kinesin-14 found in most hemiascomycetes fungi. As a heterodimeric complex 

with Vik1, it is involved in organizing and bundling mitotic and meiotic spindles through its 

microtubule cross-linking and sliding activity [88, 202-204]. The Vik1 subunit regulates the 

localization and function of Kar3 via a canonical kinesin motor domain fold that can bind 

microtubules, but lacks a nucleotide-binding pocket [114]. It has recently been shown that the  
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Figure 4-1. Cartoon representations of N- and C-terminus conformations observed Kinesin-

1, Ncd and CgVik1 crystal structures.  

N-terminus is colored in cyan, the C-terminus and helix α6 in red, and the motor (homology) 
domain core is in beige. (A) Left: Kinesin-1 in ADP-state (PDB ID 1BG2, [41]); the neck-linker 
is undocked and the C-terminus (cover strand) is disordered. Right: Kinesin-1 in ATP-state (PDB 
ID 1MKJ, [60]); the neck-linker is docked against the motor core and forms a short anti-parallel 
two-stranded β-sheet with the structured cover strand. (B) Left: Ncd in ADP-state (PDB ID 3L1C 
chain A, [91]); the C-terminus (neck mimic) is disordered. Right: Ncd in ATP-state (PDB ID 
3L1C chain B, [91]); the neck is rotated ~70o and the neck mimic is structured and interacting 
with the neck-core junction. (C) Left: CgVik1−N+MHD’s neck is non-helical and dislocated 
from the MHD core, and the neck mimic is disordered (PDB ID 4GKP chain B, [201]). This 
conformation was proposed to reflect CgVik1 in a low microtubule-binding affinity state [201]. 
Middle and right: CgVik1−N+MHD’s neck in two different conformations where in both cases 
the neck mimic is interacting with the neck-core junction (PDB ID 4GKQ, [201]). These two 
conformations were proposed to reflect CgVik1 in a high microtubule-binding affinity state. 
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neck region of the Vik1 ‘motor homology domain’ (MHD) is important to the mechanochemical 

function of the Kar3Vik1 motor assembly [201]. Not only can it adopt different conformations 

that resemble those of kinesin-14 motors during their powerstroke (Figure 4-1C), perturbation of 

Vik1 neck rotation impedes gliding and ATPase activity of Kar3Vik1 complexes [93, 201].  

Another commonality between Vik1 and bona fide kinesin-14 motors involves the neck 

mimic at the end of helix α6. In recent crystal structures of Candida glabrata (C. glabrata/Cg) 

Vik1, this element docked against the core of the motor homology domain and formed a small 

two-stranded β-sheet with the neck-core junction (Figure 4-1C) [201]. Both Ncd and the kinesin-

like calmodulin-binding protein (KCBP), two well-studied kinesin-14 motors, form a similar 

structure [91, 97]. In Ncd, the neck mimic is 36 residues long and contains a high proportion of 

positively charged amino acids that may interact with the motor core or mediate motor domain 

binding to microtubules by charge-charge interactions. Replacement or deletion of these residues 

dramatically changed microtubule binding and motile function of Ncd, suggesting that the neck 

mimic is an important part of the force generating apparatus in kinesin-14 motors [96].  

We examined the importance of the neck mimic of Vik1 toward mechanochemical activity of 

the Kar3Vik1 motor assembly by mutating or deleting the neck mimic altogether. Mutated 

CgVik1 constructs consisting of the motor homology domain and a portion of the coiled-coil 

forming stalk region (formerly named CgVik1−CC+N+MHD) were co-purified with a 

comparable construct of wild-type (WT) CgKar3 (formerly named CgKar3−CC+N+MD) to yield 

mutant heterodimeric motors [201]. All of the mutants showed a marked decrease in the number 

of continuously gliding microtubules and a reduction in microtubule-gliding velocity relative to 

WT motor. Microtubule-activated ATPase activity assays of Kar3Vik1 motors showed that 

mutations at neck mimic residues Ile578 and Asn580 reduce the ATP turnover in Kar3 by at least 
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three-fold. The largest defects were associated with mutants that strengthen neck mimic docking 

through the Ile578 residue, or that disrupt interactions important for neck isomerization. Molecular 

dynamics simulations of mutant versions of the CgVik1 motor homology domain X-ray crystal 

structure showed clear differences in the neck and neck mimic conformations compared to the 

WT CgVik1 motor homology domain construct. They also provide new insights into interaction 

networks connecting the neck and neck mimic, which may be critical for transmitting nucleotide-

binding information from Kar3. This work suggests that neck rotation and neck mimic docking 

are part of the communication mechanism between Kar3 and Vik1. It also supports previous 

observations in other kinesins that implicate the neck and neck mimic modules in forming a 

functional subdomain whose isomerizations underlie discrete mechanical states of the motor. 
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4.3 Experimental procedures 

4.3.1 Mutagenesis, protein expression and purification 

Kar3 and Vik1 sequences were PCR amplified from C. glabrata genomic DNA (ATCC 

No: 2001D-5) and ligated into pCR2.1®-TOPO® (Invitrogen). Site-directed mutagenesis of 

CgVik1 was performed using QuikChange (Stratagene). Each mutant was co-expressed and co-

purified with wild-type CgKar3 as a truncated heterodimeric CgKar3Vik1 complex as previously 

described  [201]. The truncated wild-type CgKar3 construct comprised a portion of the central 

coiled-coil forming section, the neck, and the motor domain (CgKar3−CC+N+MD) and was 

cloned into pET24d to yield Met198−Asn692 of CgKar3 when overexpressed. The wild-type and 

mutant CgVik1 constructs comprised a portion of the central coiled-coil forming section, the 

neck, and the motor homology domain (CgVik1−CC+N+MHD). These were sub-cloned as into a 

modified version of pET16b (Novagen) in which the Factor Xa cleavage site was replaced with 

an rTEV protease cleavage site, which yielded the amino acid residues 

MGH10SSGRENLYFQGHM-Asp152−Lys584. The CgVik1 Δ578−584 mutant was generated by 

sub-cloning the corresponding section of the CgVik1−CC+N+MHD construct into the pETDuet-1 

vector (EMD Biosciences) along with CgKar3 (CgKar3−CC+N+MD) to allow simultaneous 

expression of both proteins off the same plasmid. Using this vector system, Vik1 lacks the rTEV 

protease cleavage site and is expressed as MGSSH6SQDP-Asp152−Phe577. Wild-type versions of 

Kar3 and Vik1 were cloned into the pETDuet-1 vector as well to account for possible differences 

in the activity of the expressed Kar3Vik1 complexes. 

All plasmids were transformed into Escherichia coli BL21-CodonPlus (DE3)-RIL cells 

(Stratagene) for protein expression in Luria-Bertani (LB) broth. Cells co-transformed with 

pET16b encoding CgVik1−CC+N+MHD and pET24d encoding CgKar3−CC+N+MD were 
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grown in LB media supplemented with 50 µg/mL kanamycin, 50 µg/mL ampicillin and 50 µg/mL 

chloramphenicol to OD600 ~0.8 and then induced with 1.0 mM IPTG. Cells transformed with 

CgKar3−CC+N+MD and CgVik1−CC+N+MHD in pETDuet-1 were grown in LB media 

supplemented with 50 µg/mL ampicillin and 50 µg/mL chloramphenicol to OD600 ~0.8 and then 

induced with 1.0 mM IPTG. After continued growth at 20oC for 16 hours, cells were lysed by 

sonication and the dimer was purified using Ni2+-NTA affinity chromatography followed by gel 

filtration on a HiLoad Superdex 200 26/60 column (GE Healthcare) as previously described 

[201]. All proteins were concentrated and flashed frozen in liquid nitrogen for storage [114]. 

Circular dichroism (CD) spectra of all point or truncation mutants were collected using a 

Chirascan CD Spectrometer (Applied Photophysics Ltd., Leatherhead, Surrey. U.K.) to assess for 

changes in their structure and stability relative to WT. All samples were dialyzed into 20 mM 

HEPES pH 7.2, 150 mM NaCl, 0.1 mM MgCl2, 1 mM TCEP, 0.2 mM ATP and 2.5 % sucrose 

prior to CD analysis. For each sample, six replicate circular dichroism scans were collected. 

Preliminary data processing and reference subtraction were performed with Chirascan ProViewer 

software. 

4.3.2 Analysis of kinesin motility 

Motility assays were performed using WT and mutant CgKar3Vik1 complexes at 

concentrations ranging from 0.4 µM to 4 µM. Rhodamine-labeled bovine tubulin (Cytoskeleton 

Inc.) was mixed with unlabeled tubulin purified from bovine brain at a molar ratio of 1:4. This 

mixture was polymerized, centrifuged and resuspended in BRB80 (80 mM PIPES pH 6.8 (KOH), 

1 mM MgCl2, 1 mM EGTA) and 40 µM taxol. Perfusion chambers were constructed by 

sandwiching 22x60 mm and 22x22 mm glass coverslips together using double-sided tape. 

Microtubules were shredded to generate short filaments before imaging. Anti-polyhistidine 
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antibodies (Fisher Scientific) were used to attach the kinesins to the glass surface, which was then 

blocked with 1 mg/mL bovine serum albumin. Microtubule imaging was performed at 25 °C on a 

spinning-disc confocal fluorescence or total internal reflection fluorescence (TIRF) microscope 

(Leica) in the presence of an oxygen scavenging system (OSM) comprised of BRB80, 1.5 mM 

MgAc, 1 mg/mL BSA, 200 µg/mL glucose oxidase, 175 µg/mL catalase, 25 mM glucose, 2 mM 

BME. Microtubule binding to kinesins was stimulated with inclusion of 1.5 mM AMPPNP. For 

Movie 4-1 to Movie 4-7, microtubule-gliding was initiated by washing chambers in OSM buffer 

supplemented with 1.5 mM ATP. For Movie 4-8 to Movie 4-14, gliding was initiated with 

washing chambers in OSM buffer supplemented with 1.5 mM ATP and 0.4 µM additional kinesin 

as described previously in Chapter 3. To ensure sufficient ATP was present during the imaging 

process, ATP was regenerated by supplementing the OSM with 0.3 µg/mL phosphocreatine-

kinase and 2 mM phosphocreatine [186]. Quorum WaveFX software (Quorum Technologies Inc.) 

was used to process the images and compile them into movies. Microtubule movement was 

tracked using Image-pro Plus 6 (Media Cybernetics Inc.). 

4.3.3 Steady state ATPase activity 

ATPase kinetics of the WT and mutant CgKar3Vik1 motors were determined at 25 °C 

using a pyruvate kinase/lactate dehydrogenase-coupled NADH oxidation reaction as previously 

described [145, 189]. Data were collected and analyzed from at least three independent 

experiments, and the plots represent the average of these experiments. Both microtubule and ATP 

concentration dependent data were fit to the Michaelis-Menten equation below (Figure 4-1). For 

ATP-dependent experiments, the MgATP concentration was varied (0–2 mM) with microtubules 

held constant between 3–5 µM for different mutants. 

Equation 4-1.V= (Vmax*[ S])/(Km+[S]) 
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S is the substrate concentration (tubulin heterodimer or MgATP), Vmax is the maximum rate of 

steady-state ATP turnover, Km is the steady-state Michaelis constant for microtubules or ATP, 

and represents the concentration needed to provide one-half the maximal velocity. 

4.3.4 Molecular dynamics simulations 

Chain A of the CgVik1 structure 4GKQ [201] was used as the starting model for all 

molecular dynamics simulations because it was the most complete of the CgVik1 models. 

Modeller was used to fill in missing residues Gly299, Phe366-Lys371, Pro403, Asn404, Asn433-Asp435, 

Asn443-Glu451, Ile473-Gln489, Thr532-Asn535, Gly583, and Lys584 [205]. Coordinates of some of the 

neck residues changed during this process so the original neck structure (residues 300 to 322) was 

grafted onto the structure prepared by Modeller. Mutations (I578F, I578A, N580D, N580K, 

N580A) and deletion of the neck-mimic (C-terminal residues Ile578–Lys584) were performed with 

Coot to generate the final models for molecular dynamics simulations [150]. All molecular 

dynamics simulations were performed using the program Gromacs v.4.5.5 with the CHARMM27 

force field [206, 207]. Prior to the full-scale molecular dynamics simulations, all structures were 

solvated in a box of waters using the TIP3P water model with a 1 nm distance between the 

protein and the box faces [208]. The structures were energy minimized using the steepest 

descents algorithm with a tolerance (maximum force) of 100 kJ/mol/nm. This was followed by 

two 20 ps position-restrained molecular dynamics simulations to relax the solvent around the 

protein. The first used the NVT (moles, volume, temperature are conserved) ensemble and the 

second used the NPT (moles, pressure and temperature are conserved) ensemble. All molecular 

dynamics simulations were performed at a temperature of 298 K and used the v-rescale 

temperature coupling, and the NPT simulations used Parrinello-Rahman pressure coupling. 

Electrostatics were treated with the Particle Mesh Ewald method with a 1.1 nm cutoff. Sodium 
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ions were added to neutralize the negative charge of the protein. After the position-restrained 

molecular dynamics runs completed, a 10 ns unrestrained molecular dynamics simulation was run 

and g_rmsf was used to perform the root mean square deviation (r.m.s.f.) calculations. g_covar 

was performed on all trajectories to generate covariance matrices for backbone atoms only. 

Principal component analysis (PCA) was performed with g_anaeig to transform the covariance 

matrices and generate eigenvalues and eigenvectors for all trajectories. Visual Molecular 

Dynamics was used to visualize the trajectories [209]. PyMOL was used to generate the movies 

of the trajectories [210]. 

4.4 Results 

4.4.1 CgVik1 neck mimic mutations 

We previously proposed that the N-terminal neck and C-terminal neck mimic of the non-

catalytic Vik1 motor homology domain were part of a communication route that conveyed 

information about the catalytic state of Kar3 to Vik1 to allow motility of the Kar3Vik1 

heterodimer [201]. In order to confirm the relevance of the neck mimic of Vik1 toward motility 

of Kar3Vik1 motors, a panel of mutants involving residues that follow the conserved C-terminal 

α6 helix of CgVik1 (Figure 4-2) were made by site-directed mutagenesis and were analyzed for 

their effects on the mechanochemical properties of recombinant CgKar3Vik1 complexes. Two of 

the mutations targeted Ile578, which forms a hydrophobic interaction with the motor homology 

domain core of CgVik1. Ile578 was substituted to phenylalanine or alanine to ascertain the effect 

of stabilizing or destabilizing, respectively, the interaction this residue makes with the core during 

neck mimic docking. The other mutations targeted Asn580, whose side chain occupies the narrow 

space between the motor homology domain core and the pivot glycine (Gly322) at the base of the 

neck. This residue is in close proximity to the Glu319-Arg325 salt bridge that helps stabilize neck-
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core interactions. Substitution of Asn580 to alanine was performed to examine the effects of 

nullifying its electrostatic interactions with this bond. Conversely, mutations to lysine and 

aspartic acid were generated in order to enable interactions of the neck mimic with other residues, 

which could promote or sterically block neck isomerization. Finally, deletion of all seven residues 

C-terminal to α6 (Δ578-584) was done to establish the overall importance of the neck mimic in 

motor function. The point mutants and the deletion mutant were each co-expressed and co-

purified with a WT CgKar3 construct (CgKar3−CC+N+MD). All motors formed stable 

heterodimers in solution and exhibited similar folding characteristics by CD analysis (Figure 4-

3).  
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Figure 4-2. Sequence alignment and design of CgVik1 constructs.  

(A) Domain architecture of the full-length CgVik1 is shown in a bar diagram. Sequence 
alignment of the CgVik1 neck and neck mimic region with those of representative Vik1 proteins 
from ascomycetes yeasts was generated by neighbor-joining using percent identity in Jalview 
from ClustalW and shown above the bar diagram [142, 192]. Gray shading represents the 
sequence conservation. Ile578 and Asn580 are shaded in orange, along with related residues in other 
Vik1 proteins. Shown below the bar diagram are sequences of the C-terminus of WT and mutant 
CgVik1 constructs used in this study. (B) and (C) show cartoon representations of the 
CgVik1−N+MHD structure (PDB ID 4GKQ, chain A) highlighting hydrophobic and polar 
interactions made by Ile578 and Asn580 with the motor homology domain core and neck-core 
junction, respectively.   
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Figure 4-3. CgKar3Vik1 WT and mutant dimer construct design and purification.   

(A) Boundaries of the CgKar3 and CgVik1 constructs used for Kar3Vik1 complex formation and 
functional studies are shown below their respective domain architecture bar diagrams. (B) Gel 
filtration chromatogram showing the elution profile of WT CgKar3Vik1 dimer (blue) and the 
I578A mutant dimer (green) from a HiLoad Superdex 200 26/60 column after Ni2+ affinity 
purification. The overlaid chromatogram in black is a molecular weight standard loaded onto the 
same gel filtration column under the same buffer conditions. X-axis represents the elution time in 
minutes and the Y-axis represents absorbance units (AU) at 280 nm. The elongated structure of 
the CgKar3Vik1 complex causes it to elute from the column at an apparent molecular weight that 
is higher than its true molecular weight. The presence of aggregated material and a contaminating 
protein of smaller molecular weight that Kar3 and Vik1 are shown as separate peaks labeled 
“void” and “contaminant” on the chromatogram. (C) SDS-PAGE gel of the peak fractions from 
the gel filtration purification of WT CgKar3Vik1 shown in (B). (D) SDS-PAGE gel of 
representative samples of the purified dimers used in the functional studies. The higher molecular 
weight species is a contaminant that is seen occasionally in different preparations of all proteins 
and is not mutant-specific. Its presence or absence does not appear to change the catalytic 
properties of Kar3Vik1. (E) Overlay of the CD spectra for WT and the neck mimic mutants 
showing no significant difference in their secondary structures. X-axis represents molar ellipticity 
and Y-axis represents wavelength. Due to interference from the sucrose component of our storage 
buffer, data below 198nm are not used for comparison. 
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4.4.2 Vik1 neck mimic mutations impede the ability of Kar3Vik1 to glide microtubules 

To examine the contribution of the Vik1 neck mimic to Kar3Vik1 motility, microtubule-

gliding tests were performed in which motors were affixed to perfusion chamber coverslips via 

antibodies that recognize the N-terminal polyhistidine tag on the CgVik1 subunit. Thereafter, 

rhodamine-labelled microtubules were bound to immobilized motors in the presence of 

MgAMPPNP. Following a brief incubation, unbound microtubules were washed from the 

chamber and microtubule gliding was initiated by addition of buffer supplemented with 1.5 mM 

MgATP. Each of the mutants was tested in parallel with WT CgKar3Vik1 (Movie 4-1).  

The Δ578-584 deletion mutant showed no microtubule-gliding ability and the I578F 

mutant exhibited minimal motility (Movie 4-2 and Movie 4-3, respectively). The other mutant 

motors showed less severe microtubule-gliding defects, but the vast majority of the microtubules 

were stationary (Movie 4-4 to Movie 4-7). Those that did move either halted intermittently or 

dissociated after short runs. Using only the fraction of microtubules that displayed smooth gliding 

behaviour, velocities were measured and compared to WT CgKar3Vik1, which showed a much 

lower proportion of stationary microtubules (Movie 4-1). The I578A, N580A, N580D, and 

N580K mutants all exhibited a ~two-fold reduction in average microtubule-gliding velocity 

(Table 4-1). However, when additional motor protein was included in the wash buffer used to 

expel unbound microtubules and initiate gliding, we observed very few stationary microtubules 

for most of the mutants (Movie 4-8 to Movie 4-14). Under these conditions, their gliding 

velocities were also comparable to WT CgKar3Vik1 (Table 4-1).  

One explanation for these observations is that most Kar3Vik1 motors with neck mimic 

mutations are more sensitive to drag forces developed by non-specific interactions between the 

microtubule and coverslip. Another is that the Kar3 subunit was in a suboptimal orientation for 
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full activity in a significant fraction of the motors attached to the coverslip. For both of these 

possibilities, we suspect that the second infusion of motors provided an assisting force to start and 

perpetuate movement because they were better oriented for microtubule engagement and force-

production by Kar3 and less apt to be trapped in a Vik1-tethered state. Pre- and post-powerstroke 

forms of such a microtubule bound Kar3Vik1 configuration have recently been characterized by 

cryo-EM [115, 116]. However, we also found that even with this apparent ‘rescue’ of normal 

motility, the number of gliding microtubules decreased significantly between the beginning and 

end of the experiment for many of the mutants (Figure 4-4). For the N580D and N580K mutants, 

~70-75% of the microtubules remained in the field of view at the 7.5 minute time point. For I578A 

and N580A, only ~30-40% of the microtubules were visible by this time. This suggests that 

mutations in the neck mimic impair some aspect of the mechanochemical cycle of Kar3Vik1 that 

relates to their microtubule interactions or coordination of force production between multiple 

motors. These results also suggest that the severity of the defect differs depending on the type of 

mutation. Interestingly, the I578F mutant did not show the same defect in continuous microtubule 

gliding as the other mutants when the wash step was supplemented with more I578F mutant 

protein. 
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Movie 4-1. WT dimer shows microtubule gliding without additional motor.  

Representative time-lapse movie of rhodamine-labeled microtubules gliding during a 10-min 
period, with frames collected every 15 seconds on a spinning-disc confocal scope. The scale bar 
represents 10 µm and running time is in minutes: seconds with video playback at a rate of 1/6th 
second per frame. This movie will be available for download here.  
 
 

Movie 4-2. I578F mutant dimer shows slight microtubule gliding briefly without additional 
motor.  

Representative time-lapse movie of rhodamine-labeled microtubules during a 10-min period, with 
frames collected every 15 seconds on a spinning-disc confocal scope. The scale bar represents 10 
µm and running time is in minutes: seconds with video playback at a rate of 1/6th second per 
frame. This movie will be available for download here.  
 

Movie 4-3. Δ578-584 mutant dimer shows no microtubule gliding without additional motor.   

Representative time-lapse movie of rhodamine-labeled microtubules during a 10-min period, with 
frames collected every 15 seconds on a TIRF confocal scope. The scale bar represents 10 µm and 
running time is in minutes: seconds with video playback at a rate of 1/6th second per frame. This 
movie will be available for download here. 
 

Movie 4-4. I578A mutant dimer shows limited microtubule gliding without additional 
motor.  

For dimers that showed microtubule gliding  velocity is reduced. Representative time-lapse movie 
of rhodamine-labeled microtubules gliding during a 10-min period, with frames collected every 
15 seconds on a spinning-disc confocal scope. The scale bar represents 10 µm and running time is 
in minutes: seconds with video playback at a rate of 1/6th second per frame. This movie will be 
available for download here. 
 

Movie 4-5. N580A mutant dimer shows limited microtubule gliding without additional 
motor.  

For dimers that showed microtubule gliding velocity is reduced. Representative time-lapse movie 
of rhodamine-labeled microtubules gliding during a 10-min period, with frames collected every 
15 seconds on a spinning-disc confocal scope. The scale bar represents 10 µm and running time is 
in minutes: seconds with video playback at a rate of 1/6th second per frame. This movie will be 
available for download here. 
 

 

 

http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/9/Movie%204-1_WT_No_addition.avi
http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/10/Movie%204-2_I578F_No_addition.avi
http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/11/Movie%204-3_CTtruncate_No_addition.avi
http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/12/Movie%204-4_I578A_No_addition.avi
http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/13/Movie%204-5_N580A_No_addition.avi
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Movie 4-6. N580D mutant dimer shows limited microtubule gliding without additional 
motor.  

For dimers that showed microtubule gliding velocity is reduced. Representative time-lapse movie 
of rhodamine-labeled microtubules gliding during a 10-min period, with frames collected every 
15 seconds on a spinning-disc confocal scope. The scale bar represents 10 µm and running time is 
in minutes: seconds with video playback at a rate of 1/6th second per frame. This movie will be 
available for download here. 

 

Movie 4-7. N580K mutant dimer shows microtubule gliding without additional motor.   

For dimers that showed microtubule gliding velocity is reduced. Representative time-lapse movie 
of rhodamine-labeled microtubules gliding during a 10-min period, with frames collected every 
15 seconds on a spinning-disc confocal scope. The scale bar represents 10 µm and running time is 
in minutes: seconds with video playback at a rate of 1/6th second per frame. This movie will be 
available for download here. 

 

Movie 4-8. WT dimer shows microtubule gliding with additional motor. 

Representative time-lapse movie of rhodamine-labeled microtubules gliding during a 10-min 
period, with frames collected every 15 seconds on a spinning-disc confocal scope. The scale bar 
represents 10 µm and running time is in minutes: seconds with video playback at a rate of 1/6th 
second per frame. This movie will be available for download here. 
 

 

Movie 4-9. I578F mutant dimer shows microtubule gliding with additional motor similar to 
that of WT .  

Representative time-lapse movie of rhodamine-labeled microtubules gliding during a 10-min 
period, with frames collected every 15 seconds on a spinning-disc confocal scope. The scale bar 
represents 10 µm and running time is in minutes: seconds with video playback at a rate of 1/6th 
second per frame. This movie will be available for download here. 

 

Movie 4-10. Δ578-584 mutant dimer shows no microtubule gliding even with additional 

motor.  

Representative time-lapse movie of rhodamine-labeled microtubules gliding during a 10-min 
period, with frames collected every 15 seconds on a spinning-disc confocal scope. The scale bar 
represents 10 µm and running time is in minutes: seconds with video playback at a rate of 1/6th 
second per frame. This movie will be available for download here. 
 

http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/14/Movie%204-6_N580D_No_addition.avi
http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/15/Movie%204-7_N580K_No_addition.avi
http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/16/Movie%204-8_WT_addition.avi
http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/17/Movie%204-9_I578F_addition.avi
http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/18/Movie%204-10_CTtruncation_addition.avi
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Movie 4-11. I578A mutant dimer shows microtubule gliding with additional motor similar 

to that of WT.  

Representative time-lapse movie of rhodamine-labeled microtubules gliding during a 10-min 
period, with frames collected every 15 seconds on a spinning-disc confocal scope. The scale bar 
represents 10 µm and running time is in minutes: seconds with video playback at a rate of 1/6th 
second per frame. This movie will be available for download here. 

 

Movie 4-12. N580A mutant dimer shows microtubule gliding with additional motor similar 
to that of WT.  

Representative time-lapse movie of rhodamine-labeled microtubules gliding during a 10-min 
period, with frames collected every 15 seconds on a spinning-disc confocal scope. The scale bar 
represents 10 µm and running time is in minutes: seconds with video playback at a rate of 1/6th 
second per frame. This movie will be available for download here. 
 
 

Movie 4-13. N580D mutant dimer shows microtubule gliding with additional motor similar 
to that of WT.  

Representative time-lapse movie of rhodamine-labeled microtubules gliding during a 10-min 
period, with frames collected every 15 seconds on a spinning-disc confocal scope. The scale bar 
represents 10 µm and running time is in minutes: seconds with video playback at a rate of 1/6th 
second per frame. This movie will be available for download here. 
 

Movie 4-14. N580K mutant dimer shows microtubule gliding with additional motor similar 

to that of WT. 

Representative time-lapse movie of rhodamine-labeled microtubules gliding during a 10-min 
period, with frames collected every 15 seconds on a spinning-disc confocal scope. The scale bar 
represents 10 µm and running time is in minutes: seconds with video playback at a rate of 1/6th 
second per frame. This movie will be available for download here. 
 
  

http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/19/Movie%204-11_I578A_addition.avi
http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/20/Movie%204-12_N580A_addition.avi
http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/21/Movie%204-13_N580D_addition.avi
http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/22/Movie%204-14_N580K_addition.avi
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Table 4-1. Microtubule-gliding velocities of CgKar3Vik1 motors with CgVik1 neck mimic 

mutations and truncation. 

 No additional motor Additional motor 

Kinesin Construct Velocity a 

(µm/min) 

n b Velocity a 

(µm/min) 

n b 

Kar3 motor domain N/A  c  N/A  c  

Kar3Vik1 WT  4.37 ± 0.07 124 4.79 ± 0.02 280 

Kar3Vik1 I578A 2.54 ± 0.13 29 3.85 ± 0.06 390 

Kar3Vik1 I578F < 0.5 5 4.93 ± 0.02 252 

Kar3Vik1 N580A 2.59 ± 0.12 27 4.12 ± 0.11 167 

Kar3Vik1 N580D 2.35 ± 0.12 36 4.97 ± 0.04 390 

Kar3Vik1 N580K 2.48 ± 0.15 30 4.90 ± 0.03 187 

Kar3Vik1 Δ578-584 (pD) d No motility  No motility  

 
a Velocity reported as a mean value with ± standard error and represents assays performed with at 
least two independent preparations of motor. 
b n, number of microtubules tracked. 
c N/A, not applicable due to inability of the construct to be motile. 
d pD, pETDuet (The Kar3 and Vik1 constructs for this complex were co-expressed using the 
pETDuet vector system). 
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Figure 4-4. Microtubule-gliding defects of CgKar3Vik1 motors with CgVik1 neck mimic 

mutations.  

The graph shows the percentage of the starting microtubules that are visible in the perfusion 
chamber and exhibit sustained gliding when additional motor was included after microtubules 
were permitted to adhere within the gliding assay perfusion chamber. I578A (n=390) and N580A 
(n=167) showed a steady decrease in number of continuously gliding microtubules, with many 
microtubules detaching from the coverslip surface or pivoting about a single point. N580D 
(n=390) and N580K (n=187) showed normal microtubule gliding for the first ~5 minutes, after 
which microtubules were observed to detach from the coverslip. For I578F (n=252), ~15% of 
microtubules detach very early during the experiment, but the remaining microtubules showed 
relatively normal, continuous movement. n=number of microtubules tracked. Microtubule-gliding 
velocities are shown in Table 4-1. 
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4.4.3 ATP turnover by Kar3Vik1 motors is dramatically red uced when the Vik1 neck 

mimic is mutated 

To acquire more specific insights into how the CgVik1 neck mimic mutants impair 

motility of CgKar3Vik1 dimers, their ATPase activities were measured as a function of 

microtubule- and ATP-concentration at steady-state (Figure 4-5). The kcat, K0.5.MT, and Km.ATP 

values for each construct are summarized in Table 4-2 along with the values for WT 

CgKar3Vik1 and the CgKar3 motor domain (CgKar3MD) alone.  

The I578A and I578F mutants both exhibit a ~11-fold decrease in kcat relative to WT 

CgKar3Vik1, and a ~5-fold reduction compared to CgKar3MD. Similarly, the kcat of N580D was 

depressed ~10-fold, while N580A and N580K showed more moderate reductions of ~2.9-fold and 

~4.5-fold relative to WT CgKar3Vik1, respectively. Surprisingly, the K0.5.MT of all mutants was 

similar to WT CgKar3Vik1, or even lower in the case of the N580D mutant. This suggests that 

the mutant complexes bind microtubules with similar affinity to WT CgKar3Vik1, and that their 

ATPase defect may not be a result of abnormal activation of ATP turnover by microtubules. 

Instead, the defect may be a consequence of the mutant CgVik1 subunit impeding ATP turnover 

in CgKar3. In support of this, all mutants showed unique ATP-concentration dependent activities 

(Km.ATP) compared to WT CgKar3Vik1. For the I578A, I578F and N580A mutants, we measured 

a much lower Km.ATP relative to WT CgKar3Vik1 (24.7 µM), suggesting that they cause a 

significant strengthening of ATP binding. Conversely, N580K seems to weaken ATP binding, 

giving a Km.ATP of 35.5 µM. Due to its exceptionally low ATPase activity, the Km.ATP parameter for 

N580D could not be obtained.  

These results suggest that altering either the hydrophobic interface between the neck mimic 

and motor homology domain core or the electrostatic interactions between the neck mimic and 

neck-core junction of Vik1 compromises catalytic function of Kar3Vik1. Given the remote 
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location of the Vik1 neck mimic mutations from the ATP-binding pocket of Kar3 it is difficult to 

predict how they could affect ATP binding and slow ATP turnover. Perhaps the ATP-binding site 

of Kar3 is influenced by altered interactions between peripheral parts of the Kar3 motor domain 

and the mutant Vik1 subunit. It is also possible that the Vik1 mutants exhibit conformational 

dynamics that are not conducive to the powerstroke phase of Kar3’s mechanochemical cycle.  

In comparison to the WT CgKar3Vik1 motor expressed using the pETDuet vector system 

(Kar3Vik1 WT pD in Table 4-2 and Figure 4-5C), deletion of the neck mimic reduced kcat by 6-

fold. This is similar to the degree of inhibition imposed by the point mutants. However, the K0.5.MT 

of the Δ578-584 deletion mutant was 2.4-fold higher than Kar3Vik1 WT pD, which is nearly 

identical to the K0.5.MT of the CgKar3 motor domain alone. This indicates that Vik1 subunits 

lacking the neck mimic are not contributing appreciably to microtubule interactions. Moreover, the 

ATPase rate of the Δ578-584 mutant did not exhibit an ATP concentration dependence suitable for 

curve fitting (Figure 4-5D), and therefore the Km.ATP parameter could not be obtained Table 4-2. 

This suggests that the C-terminally truncated Vik1 subunit is altering the nucleotide binding 

properties of Kar3 directly. It is unclear why the pETDuet version of WT Kar3Vik1 shows a three-

fold higher ATP turnover rate given that its only difference from the other construct is that its N-

terminal polyhistidine sequence of Vik1 is slightly shorter and lacks a downstream rTEV protease 

recognition sequence. We found that these differences had no effect on the microtubule-gliding 

rate of WT Kar3Vik1 (data not shown). 
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Figure 4-5. ATPase activity assay data summary for CgKar3Vik1 WT, I578A, I578F, 
N580A, N580D, N580K and Δ578-584.  

(A) and (C) show plots of the microtubule concentration-dependent data from assays performed 
using 200 nM WT or mutant CgKar3Vik1 dimers in 1 mM ATP. (B) and (D) show ATP-
dependent data for 200 nM WT or mutant CgKar3Vik1 dimers using (3–5 μM) microtubules. The 
CgKarVik1 motors used in (A) and (B) were assembled from Kar3 and Vik1 that were expressed 
from the pET24d and modified pET16b plasmids, respectively. The CgKarVik1 motors used in 
(C) and (D) were assembled from Kar3 and Vik1 that were both expressed from the pETDuet-1 
vector, which places a shorter polyhistidine tag on the N-terminus of Vik1, and lacks an rTEV 
protease digestion sequence. All data were fitted to the Michaelis-Menten equation shown in 
Experimental Procedures to give the kinetic parameters in Table 4-2. The results are averaged 
values from three independent experiments.  
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Table 4-2. CgKar3Vik1 WT and neck mimic mutants steady-state ATPase kinetics 

 MT-activated ATPase kinetics 

Kinesin Construct kcat
  

(s-1) 

K0.5.MT 

(µM) 

Km.ATP 

(µM) 

Kar3 motor domain 0.39 ± 0.02 5.0 ± 0.5 11.0 ± 2.0 

Kar3Vik1 WT  0.95 ± 0.03 0.58 ± 0.1 24.7 ± 5.0 

Kar3Vik1 I578A 0.08 ± 0.004 0.53 ± 0.1 14.9 ± 1.8 

Kar3Vik1 I578F 0.09 ± 0.005 0.63 ± 0.2 4.8 ± 1.7 

Kar3Vik1 N580A 0.21 ± 0.013 0.74 ± 0.2 5.1 ± 2.2 

Kar3Vik1 N580D 0.08 ± 0.003 0.25 ± 0.1 ND a 

Kar3Vik1 N580K 0.33 ± 0.016 0.62 ± 0.2 35.5 ± 7.8 

 

Kar3Vik1 WT (pD) b 

 

2.83 ± 0.226 

 

2.17 ± 0.4 

 

21.50 ± 3.05 

Kar3Vik1 Δ578-584 (pD) b 0.46 ± 0.041 5.18 ± 0.8 ND a 

 
Data are reported as the mean and ± standard error of the steady-state parameters, derived from at 
least three independent assays. kcat, K0.5.MT, and Km.ATP values were derived from the best fit of the 
data to the hyperbolae shown in Figure 4-5. 
a ND, not determined. 
b pD, pETDuet. (The Kar3 and Vik1 constructs for these complexes were co-expressed using the 
pETDuet vector system). 
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4.4.4 Structural rearrangements of the neck and neck mimic of Vik1 are co-dependent 

In order to better understand the impact of the neck mimic mutations on the dynamic 

properties of Vik1, we performed molecular dynamics simulations on WT and mutant versions of 

the CgVik1−N+MHD crystal structure (PDB ID 4GKQ, chain A) [201]. The mutated structures 

were energy minimized and the explicit water molecules, as well as the entire system, were 

equilibrated prior to 10 ns molecular dynamics simulations at 298 K. Analysis of the WT CgVik1 

trajectories shows a net downward rotation of the neck, away from the small β1-lobe (Movie 4-

15). Shortly after this occurs, the C-terminal carboxyl group of Lys584 forms transient H-bonding 

and ionic interactions with Ser316 of the neck and Arg388 of the core. This extends the anti-parallel 

interaction between the neck and neck mimic beyond that seen in previous Vik1 crystal 

structures, giving a short-lived intermediate that is reminiscent of the cover-neck bundle (CNB) in 

Kinesin-1 [66]. What stands out in this simulation is that Ile578 and Asn580 in the neck mimic 

exhibit nominal changes in their position relative to the starting structure.  

Principal component analysis was used to analyze the overall atomic fluctuations of all 

trajectories. Transformation of the covariance matrix results in eigenvalues and a corresponding 

set of eigenvectors. Using the first eigenvector, which contains the most atomic fluctuations, 

extreme structures of the trajectory were generated. The magnitude and direction of the collective 

motion along the first eigenvector can then be visualized by the direction and length of arrows 

drawn from the average structure of the trajectory to the extreme structures using PyMOL.  

Figure 4-6 shows that mutations in the neck mimic elicit prominent differences in the collective 

atomic fluctuations of the neck and neck mimic relative to WT. This demonstrates that Ile578 and 

Asn580 are important determinants of neck mimic docking and that movements of the neck are 

interconnected with those of the neck mimic.  



 

126 

 

 

Movie 4-15. Molecular dynamics simulation movie of WT CgVik1−N+MHD.   

Shown is a ribbon representation of the 10-nanosecond trajectory. The neck helix and neck-core 
junction (residues 300-325) are colored in cyan. Glu319, Gly322, Cys323, Ala324 and Arg325 are 
shown in sticks. Helix α6 and the neck mimic (residues 564-584) are colored in red, with neck 
mimic residues 578-584 shown in sticks. The rest of the protein is in beige. Dotted lines represent 
hydrogen bond distances between Ala324-Ile578, Gly322-Asn580 and salt-bridge interaction between 
Glu319-Arg325. This movie will be available for download here.  
  

http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/23/Movie%204-15_WT_MD.avi
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Figure 4-6. Visual representation of the results from principle component analysis analysis 
of molecular dynamics simulations.  
The average structures of WT and all mutant forms of the CgVik1−N+MHD model after 
principle component analysis (PCA) are shown in ribbon representation and colored in rainbow 
coloring. The first eigenvector produced by PCA contains the largest conformational changes 
(variance). The two extreme structures that project along this vector were generated for the WT 
and mutant form of the CgVik1−N+MHD crystal structure (PDB ID 4GKQ, chain A). The arrows 
represent directional changes between the average structure and the two extreme structures. 
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As the eigenvalues only correspond to a fraction of the root mean square fluctuations 

(r.m.s.f.) of the system, the r.m.s.f. for the whole system was calculated independently. Figure 4-

7A shows an overlay of these r.ms.f. values for all α carbons of the mutated and WT form of the 

Vik1 motor homology domain. The largest movements are found in the neck and C-terminus of 

Vik1, and in loop regions between strands β4 and β6 and helices α4 and α5 of the motor 

homology domain core. By subtracting the r.m.s.f. values of each α carbon of the WT simulation 

from those of the mutants, we observe significantly increased motion of the neck and neck mimic 

for I578A and N580D (Figure 4-7B and Figure 4-7E). Conversely, I578F exhibits a dramatic 

decrease in mobility of these elements (Figure 4-7C). The other point mutants show more modest 

changes (Figure 4-7D and Figure 4-7F). The main themes we observe from these analyses are 

that increases or decreases in neck and neck mimic motions coincide with one another, and that 

the direction of neck motion is differentially affected by each mutation in the neck mimic of 

Vik1. As many of the flexible regions in the core were built separately by the comparative protein 

structure modeling program Modeller [205], confidence in the significance of mutant-specific 

fluctuations here is naturally lower. 

In the molecular dynamics simulation for I578A (Movie 4-16), downward rotation of the 

neck is much more rapid and exaggerated compared to the WT CgVik1 trajectory (Movie 4-15). 

The shorter side chain of alanine seems to allow the neck and neck mimic to undock from the 

motor homology domain core by destabilizing the hydrophobic interaction formed between Ala324 

of the neck-core junction and Thr530, Phe548, Phe555, and Leu575 of the core. As this happens, the 

neck mimic extends, allowing Arg312 to form an electrostatic bond with the terminal carboxyl of 

Lys584. This produces an anti-parallel interaction between the neck and neck mimic that is more 

long-lived than that seen in the WT trajectory.  
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Figure 4-7. Root mean square fluctuation calculations for all molecular dynamics 
trajectories.  
(A) Overlay of the WT (red), I578A (dark green), I578F (green), N580A (dark blue), N580D 
(blue), N580K (light blue) and Vik1Δ578-584 (brown) root mean square fluctuation (r.m.s.f.) 
calculations for all α carbons, including loops and side chains filled in by Modeller (modeled 
residues include Gly299, Phe366-Lys371, Pro403, Asn404, Asn433-Asp435, Asn443-Glu451, Ile473-Gln489, 
Thr532-Asn535, Gly583, and Lys584). X-axis represents residue number and Y-axis represents r.m.s.f. 
in Å. Secondary structure elements are represented just below the X-axis. (B, C, D, E, F and G) 
show bar graph representations of the r.m.s.f. differences between WT and mutant trajectories by 
subtracting away r.m.s.f. values of the WT from that of mutants. The X-axis represents residue 
number and Y-axis represents r.m.s.f. differences in Å. The sections comprising the neck and C-
terminus of each construct are labeled. 
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The I578F mutant showed the opposite effect of I578A (Movie 4-17, Figure 4-6B and 

Figure 4-6C). Phe578 immediately formed a π-stacking interaction with Phe548 from the α5 helix, 

which stabilized the neck mimic and reduced motion of the neck. We speculate that these changes 

may be the cause of a strong motility defect in the context of our microtubule-gliding assay.        

The Asn580 mutant trajectories were equally informative in modeling potential structural 

transitions of the elements linking Vik1 to Kar3. For N580A, it was clear that the neck becomes 

much more mobile in the absence of the polar interactions provided by the asparagine (Movie 4-

18). Without H-bonding between the side chain of Asn580 and the main chain carbonyl of Glu319, 

the Glu319-Arg325 salt bridge immediately changes conformation and the downward angle of the 

neck is no longer maintained (Figure 4-6D). Instead, rotation about Gly322 places the neck in a 

conformation similar to molecule B of the CgVik1−N+MHD crystal structure (4GKQ, chain B) 

(Figure 4-1C).  

During the N580D simulation, electrostatic repulsion between the side chain of Asp580 

and Glu319 causes the neck to be displaced from the neck mimic ( 

 

 

Movie 4-19). Similar to the N580A mutant, there is a lack of H-bonding between Asp580 

and Glu319, which allows for additional conformational freedom of neck-core junction (Figure 4-

7E). As a result, a new salt bridge between Glu319 and Lys522 formed in the simulation and caused 

the neck helix to pivot upward and to bend toward the motor homology domain core (Figure 4-

6E). As for N580K, the extended lysine side chain initially positioned itself into the small space 

between neck-core junction turn and the Glu319-Arg325 salt bridge (Movie 4-20).  At 

approximately 2.5 ns during the dynamics simulation, the Lys580 side chain is expelled from this 
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small space as the neck and neck mimic separate, and the neck helix rotates downwards (Figure 

4-6F). Following this, the terminal amino group of Lys580 establishes polar interactions with 

backbone carbonyls of Glu319 and Cys323, which seem to help rigidify a parallel arrangement of 

the neck and neck mimic. 

These simulations indicate that the neck and neck mimic are dynamic in nature, and that 

their stability is highly co-dependent. The Δ578-584 trajectory best illustrates this (Movie 4-21). 

In the absence of the neck mimic, the remainder of the C-terminus (helix α6) shows an 

enhancement of movement relative to WT, while fluctuations in the neck decrease relative to WT 

(Figure 4-7G). 
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Movie 4-16. Molecular dynamics simulation movie of I578A CgVik1−N+MHD mutant. 

Shown is a ribbon representation of the 10-nanosecond trajectory. The neck helix and neck-core 
junction (residues 300-325) are colored in cyan. Glu319, Gly322, Cys323, Ala324 and Arg325 are 
shown in sticks. Helix α6 and the neck mimic (residues 564-584) are colored in red, with neck 
mimic residues 578-584 shown in sticks. The mutated Ala578 is in green and the rest of the protein 
is in beige. Dotted lines represent hydrogen bond distances between Ala324-Ile578, Gly322-Asn580 
and salt-bridge interaction between Glu319-Arg325. Distances between Lys584-Arg312 are also 
shown. This movie will be available for download here. 
 

 

Movie 4-17. Molecular dynamics simulation movie of I578F CgVik1−N+MHD mutant.  

Shown is a ribbon representation of the 10-nanosecond trajectory. The neck helix and neck-core 
junction (residues 300-325) are colored in cyan. Glu319, Gly322, Cys323, Ala324 and Arg325 are 
shown in sticks. Helix α6 and the neck mimic (residues 564-584) are colored in red, with neck 
mimic residues 578-584 shown in sticks. The mutated Phe578 is in green and the rest of the protein 
is in beige. Dotted lines represent hydrogen bond distances between Ala324-Ile578, Gly322-Asn580 
and salt-bridge interaction between Glu319-Arg325. Phe548 is shown in orange sticks and was 
observed to form a π-stacking interaction with Phe578. This movie will be available for download 
here. 

 

 

Movie 4-18. Molecular dynamics simulation movie of N580A CgVik1−N+MHD mutant.  

Shown is a ribbon representation of the 10-nanosecond trajectory. The neck helix and neck-core 
junction (residues 300-325) are colored in cyan. Glu319, Gly322, Cys323, Ala324 and Arg325 are 
shown in sticks. Helix α6 and the neck mimic (residues 564-584) are colored in red, with neck 
mimic residues 578-584 shown in sticks. The mutated Ala580 is in green and the rest of the protein 
is in beige. Dotted lines represent hydrogen bond distances between Ala324-Ile578, Gly322-Asn580 
and salt-bridge interaction between Glu319-Arg325. The neck helix was observed to rotate upwards 
to adopt a conformation similar to that of 4GKQ chain B. This movie will be available for 
download here. 
 

 

 

 

 

http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/24/Movie%204-16_I578A_MD.avi
http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/25/Movie%204-17_I578F_MD.avi
http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/26/Movie%204-18_N580A_MD.avi
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Movie 4-19. Molecular dynamics simulation movie of N580D CgVik1−N+MHD mutant.  

Shown is a ribbon representation of the 10-nanosecond trajectory. The neck helix and neck-core 
junction (residues 300-325) are colored in cyan. Glu319, Gly322, Cys323, Ala324 and Arg325 are 
shown in sticks. Helix α6 and the neck mimic (residues 564-584) are colored in red, with neck 
mimic residues 578-584 shown in sticks. The mutated Asp580 is in green and the rest of the 
protein is in beige. Dotted lines represent hydrogen bond distances between Ala324-Ile578, Gly322-
Asn580 and salt-bridge interaction between Glu319-Arg325. Lys552 is shown in orange sticks and its 
distance to Glu319 is also shown. This movie will be available for download here. 
 

 

Movie 4-20. Molecular dynamics simulation movie of N580K CgVik1−N+MHD mutant.  

Shown is a ribbon representation of the 10-nanosecond trajectory. The neck helix and neck-core 
junction (residues 300-325) are colored in cyan. Glu319, Gly322, Cys323, Ala324 and Arg325 are 
shown in sticks. Helix α6 and the neck mimic (residues 564-584) are colored in red, with neck 
mimic residues 578-584 shown in sticks. The mutated Lys580 is in green and the rest of the protein 
is in beige. Dotted lines represent hydrogen bond distances between Ala324-Ile578, Gly322-Asn580 
and salt-bridge interaction between Glu319-Arg325. Distances are shown between side chain of 
Lys580 and main chain atoms of Cys323 and Glu319. This movie will be available for download 
here. 

 

 

Movie 4-21. Molecular dynamics simulation movie of Δ578-584 CgVik1−N+MHD mutant. 

Shown is a ribbon representation of the 10-nanosecond trajectory. The neck helix and neck-core 
junction (residues 300-325) are colored in cyan. Glu319, Gly322, Cys323, Ala324 and Arg325 are 
shown in sticks. Helix α6 (residues 564-577) is colored in red. The rest of the protein is in beige. 
Dotted lines represent salt-bridge interaction between Glu319-Arg325. This movie will be available 
for download here. 
  

http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/27/Movie%204-19_N580D_MD.avi
http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/28/Movie%204-20_N580K_MD.avi
http://qspace.library.queensu.ca/jspui/bitstream/1974/8118/29/Movie%204-21_CTtruncate_MD.avi
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4.5 Discussion 

Structural and kinetic analyses of Kar3Vik1 complexes have helped generate models 

describing the motile mechanism of this heterodimeric motor [115, 116, 201, 211]. These depict 

the Vik1 subunit making first contact with the microtubule while Kar3 is in an ADP-bound state. 

Subsequent binding of Kar3 to the microtubule weakens Vik1’s affinity and primes the complex 

for the powerstroke event. Here, rotation of the coiled-coil formed between Kar3 and Vik1 is 

triggered by exchange of ADP for ATP in Kar3 [115, 116, 211]. Dissociation of the Kar3Vik1-

microtubule complex occurs after ATP is hydrolyzed [115, 116, 211]. The striking resemblance 

between the conformations of the CgVik1 neck and neck mimic and those of bona fide kinesin 

motor domains suggests that these modules are somehow involved in this mechanochemical cycle 

(Figure 4-1) [58, 92, 93, 201] The studies presented here support this and show that the Vik1 

neck mimic is central to catalytic function of Kar3Vik1. 

We recently proposed that the neck mimic was a key determinant of Vik1’s microtubule 

affinity since docking of the C-terminus of Ncd and KCBP correlate with the high microtubule 

affinity ATP-bound state and CgVik1’s neck mimic exhibits a similar conformation to both these 

kinesins [91, 97, 201]. However, the data presented here suggest that the Vik1 neck mimic is 

more intimately connected to ATP turnover and force-production by Kar3. Alterations to two of 

the residues involved in annealing the CgVik1 C-terminus to the core of motor homology domain 

(Ile578 and Asn580) impaired motility and ATP consumption by CgKar3Vik1, but did not appear to 

weaken microtubule interactions. Complete deletion of the neck mimic abolished motility 

altogether and reduced ATP turnover as well, but it also appeared to reduce microtubule affinity 

as indicated by the increase in K0.5.MT relative to WT. 
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Ile578 is conserved among Vik1 proteins and has counterparts in most members of the 

kinesin-14 family (Leu639 in ScVik1) (Figure 4-2A). With the neck mimic docked, Ile578 fits into 

a hydrophobic cavity formed by the ends of helices α4 and α5, the core β-sheet, and the neck-core 

junction (Figure 4-2B). Here, it is positioned similarly to Met672 in Ncd, Ile1210 in KCBP, and 

Ile325 in Kinesin-1 [91, 97]. Based on this conservation, it is somewhat surprising to us that 

mutation of Met672 to asparagine in Ncd did not appreciably hinder its steady state parameters or 

microtubule-gliding ability [96]. We would expect that conversion to a polar residue would be 

more severe than changing the size of the hydrophobic side chain, as was our approach for Ile578 

in CgVik1. Instead, it was deletion of a stretch of basic residues downstream of Met672, or their 

replacement with uncharged residues, that lead to compromised activity of Ncd. Perhaps these 

residues help zipper the neck mimic to the motor domain core through electrostatic interactions, 

while Met672 plays an alignment role in the C-terminus rather than a major adhesion function. 

Nonetheless, the Vik1 I578A and I578F mutants clearly affected activity of Kar3Vik1, indicating 

that Ile578 makes critical hydrophobic interactions with the core. Molecular dynamics simulations 

of the CgVik1−N+MHD crystal structure with a phenylalanine substitution at Ile578 supports this 

by the striking enhancement of neck mimic annealing relative to WT and the I578A mutant. Like 

Ncd, Vik1 proteins also have several basic residues in their C-terminus (Figure 4-2A), but their 

importance in Kar3Vik1 function awaits investigation. 

 At Asn580, whose side chain projects toward key electrostatic interactions at the neck-core 

junction, all amino acid substitutions led to defects in ATP turnover by CgKar3Vik1. The N580K 

mutant had the mildest effect, while the N580D substitution was most severe. These results 

indicate that both the polarity and the size of this residue are important for proper functioning of 

Vik1 during Kar3Vik1 catalysis. Interestingly, the residue equivalent to Asn580 in ScVik1 is a 
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lysine (Lys641), and it is followed by a stretch of four other basic residues. Thus, it stands to 

reason that the functional role of Asn580 may be sustained by a lysine substitution. This may 

explain why the ATPase activity of the N580K mutation was least affected.  

The molecular dynamics simulations of the mutants reveal a possible mechanism for the 

influence of Asn580 in the Vik1 neck mimic on neck orientation, which could impact on 

Kar3−Vik1 interactions and/or Kar3−microtubule interactions related to motility. Contrary to the 

previously proposed role of Asn580 in facilitating neck rotation by destabilizing either the 

Glu319−Arg325 or Glu319−Lys552 salt bridges [201], the polar interactions it forms at the neck-core 

junction seem to secure the neck near the core and in a downward orientation. According to the 

N580A and N580D mutant trajectories, disruption of these polar interactions leads to rapid 

repositioning of the side chain of Arg325 and dramatic changes in the degree and direction of neck 

movement. Likewise, mutations that alter adhesion of the neck mimic to the motor homology 

domain core, or deletion of the neck mimic completely, lead to changes in neck mobility. Based 

on these results we propose that neck mimic dynamics of Vik1 are intimately connected to the 

lever-like rotation of the neck and coiled-coil-forming region of Kar3, which elicit the force-

producing powerstroke in Kar3Vik1 [116]. Changes in the dynamic properties of the Vik1 neck 

mimic, and its associated neck, as a result of mutations probably stabilize states of Kar3Vik1 

prior to the powerstroke. Alternatively, they may inhibit normal powerstroke completion. Slower 

ADP release would imply such a defect. Unfortunately, our steady-state kinetic analyses do not 

provide the temporal resolution required to identify specific steps in the ATPase cycle that are 

altered by the mutations. Therefore, transient state kinetic tests of the mutants will need to be 

pursued to address this further.  
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Since Vik1 neck isomerization has been proposed to encourage Kar3-microtubule 

interactions [201], the Vik1 neck mimic mutations may be impeding Kar3’s ability to orient 

properly on the adjacent α/β-tubulin subunit. This could provide a rationale for perturbation of 

ATPase activity and premature detachment of microtubules during microtubule-gliding assays. 

Given that our molecular dynamics simulations were performed with monomeric 

CgVik1−N+MHD and not the CgKar3Vik1 dimer, it is difficult to conclude with certainty how 

the neck mimic mutations would impose effects on CgVik1’s neck helix when it is attached to 

CgKar3’s neck as a coiled-coil. Nonetheless, the simulation studies did show that the neck mimic 

of CgVik1 is highly dynamic in nature, and that the interactions it forms with the neck-core 

junction and motor homology domain core are highly specific. It is not unreasonable then to 

suggest that, as Kar3 completes its powerstroke, intramolecular strain in Vik1’s neck changes its 

position relative to the core and in turn profoundly affects the structure of the neck mimic [81, 

212-214]. By specifically labeling the neck, neck mimic and motor homology domain core, it 

may be possible to use fluorescent resonance energy transfer studies to confirm and pinpoint the 

timing of Vik1 neck rotation and neck mimic docking/undocking events during the Kar3Vik1 

mechanochemical cycle [58, 215, 216]. 

We do not fully understand how influx of additional motors in the final step of the 

microtubule-gliding assay gives near normal gliding properties to most of the mutants. Although 

we lack the ability to visualize the motors beneath the microtubules, we propose that the 

secondarily added motors can attain conformations that are able to circumvent the defects imposed 

by the mutant Vik1 subunit. This assumes that the advance presence of adherent microtubules 

favours correct orientation of the secondarily added Kar3Vik1 motors, or allows them to bind 

immediately through the Kar3 subunit. In this way, some of these motors could bypass initial 
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motion-impeding Vik1 binding events and rescue motility defects. Even so, we note that 

microtubule gliding by some of the mutants exhibited similarities to a ScKar3Vik1 construct that 

was designed to restrict separation of the heads by including a cross-link at the bottom of the neck 

coiled-coil [115]. These microtubules detached prematurely from the coverslip, presumably due to 

an inability of the Kar3 and Vik1 to engage them simultaneously [115].  

In summary, our studies reaffirm the dependence of Kar3 on Vik1 for full activity and 

provide new insights into the structural elements in Vik1 that pertain to Kar3Vik1 

mechanochemistry. Our results also support the idea that structural elements distant from one 

another in dimerized motor domains are tightly integrated such that one subunit affects the 

catalytic performance of the partner subunit. Although Vik1 cannot bind ATP, it utilizes the same 

canonical elements found at the N- and C-termini of all kinesins for motor function. How 

interaction of the N- and C-termini germinated into the force-producing domain of kinesins is 

unclear, but it is interesting that early Vik1 proteins retained this structure in favor of a pocket for 

ATP. Additional mechanistic studies of mutated versions of Vik1 and Kar3 will be needed to 

further evaluate the structural and kinetic relationships underlying involvement of their N- and C-

termini for precise coordination of Kar3Vik1 movement. 
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Chapter 5 

General Discussion 

5.1 Towards a better understanding of kinesin motility 

Despite their multitude of functions and modes of regulation, most kinesins appear to 

employ similar general principles for coupling ATP binding, hydrolysis, and product release to 

microtubule affinity and motility [217]. During the kinesin mechanochemical cycle, small 

nucleotide-dependent conformational changes in the motor domain (MD) are amplified into 

motion-generating mechanical forces by the adjoining neck/neck-linker. Since ATP-hydrolysis is 

an extremely fast reaction that can happen at a rate of ~100-300 s-1 in the presence of 

microtubules, understanding this process at the molecular level is technically demanding [55]. 

One approach is to try to capture as many “snapshots” of the kinesin in action as possible and 

then reconstruct the entire sequence of events in their proper order given enough data.  

Over the past 17 years, three-dimensional structures of kinesin motors generated by X-

ray crystallography have provided us with much of this information. In combination with cryo-

electron microscopy (EM), steady-state and pre-steady state kinetics, and other biophysical 

studies, scientists have continuously added to the growing repository of intermediate states that 

kinesins pass through as they ratchet forward on their track. These studies have also expanded the 

repertoire of ‘parts’ in the kinesin toolkit that participate in motor displacement or “stepping”. 

However, studies thus far have primarily focused on kinesins that use a homodimeric 

configuration. The work presented in this thesis embarked on a different path towards 

understanding kinesin mechanochemistry. By studying the heterodimeric kinesin Kar3Vik1, 

whose Vik1 subunit has had the complexity of the nucleotide-binding pocket stripped away, we 
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surmise that the functions of remaining kinesin-like parts can be more easily understood. With 

this simplified model system, we can also study communication between Kar3Vik1’s subunits, 

which may relate to motility mechanisms of kinesins in general. The feasibility of this approach is 

based on the earlier observations that Vik1 possesses features with structural similarity to typical 

kinesins, and can bind to microtubules independently of Kar3 [114]. Our own observations that 

Vik1’s neck and neck mimic regions change conformation, and are important to ATP hydrolysis 

and motility of Kar3Vik1, affirmed our confidence in this approach. We are just starting to 

unravel some of the finer mechanical details of this unique system, and this chapter aims to 

discuss the implications of some of our current findings. It also outlines some of the future 

directions that I feel are worth exploring. 

5.1.1 Expansion of the motility toolkit: Vik1 and Cik1 

 As mentioned in Chapter 1, one rationale for the significant diversity that exists in 

sequences beyond the kinesin MD is to allow kinesins to perform different functions using the 

same mechanical engine. The discoveries of Kar3Vik1 and Kar3Cik1 from Saccharomyces 

cerevisiae (S. cerevisiae/Sc) suggest that a single kinesin can also be multi-functionalized by 

outfitting it with different partner subunits. There are several benefits for doing this. First of all, 

Vik1 and Cik1 can bestow Kar3 with separate motile, cellular localization and microtubule 

remodeling functions. Furthermore, these functions can be triggered at different times as needed 

by differentially expressing Vik1 and Cik1 at separate stages of the budding yeast’s mitotic and 

mating cycles [111, 112, 130]. In other hemiascomycetes fungi such as Ashbya gossypii (A. 

gossypii/Ag), which possess only a single Vik1/Cik1-like protein (AgVik1), multi-

functionalization of the Kar3 subunit can also achieved, albeit differently. It was found that that 

AgVik1 is able to modulate AgKar3’s ATPase activity and the dimer’s microtubule-binding 
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affinity without being able to bind microtubules itself (unpublished data from M.Sc. Thesis of 

Daniel J. Hnatchuk) [121]. When in complex with AgKar3, AgVik1 also enables the dimer to 

depolymerize microtubules robustly, similar to the non-motile kinesin-13 MCAK (unpublished 

data from M.Sc. Thesis of Daniel J. Hnatchuk) [121, 218]. Given the high degree of similarity 

between Kar3 MD structures (Chapter 2 and 3), these results indicate that Vik1 is highly prone to 

nature’s editing such that a single Kar3 motor can meet different functional requirements in 

dissimilar organisms.            

Another benefit is that this heterodimeric arrangement can enhance the probability of 

microtubule encounters. This notion is based on the earlier observation that ScVik1’s 

microtubule-binding affinity is higher than ADP-bound Kar3 in solution, but its affinity is 

lowered upon exchange for ATP in ScKar3 [114]. In order for this to occur, it is logical to expect 

that ScKar3 and ScVik1 would have to be bound to microtubules simultaneously at some point 

during their motile cycle (Figure 1-6). In 2012, Rank et al. provided indirect evidence for a dual-

head binding mode by showing that ScKar3Vik1 binds microtubules with a 1:2 stoichiometry in 

equilibrium co-sedimentation studies [115]. By rotary shadowing EM, they also showed 

examples of what appeared to be two-headed binding events in which Kar3 and Vik1 were 

adjacent to each other on separate protofilaments. However, these were less convincing. In 

Chapters 3 and 4, we showed that mutations in Candida glabrata (C. glabrata/Cg) Vik1 

significantly perturb microtubule gliding and ATPase activity of the CgKar3Vik1 heterodimer. 

We proposed that the negative effects observed may stem from a defective dual-head binding 

mode in which either Kar3 cannot properly engage the microtubule or Vik1 cannot properly 

release. Confirmation of this awaits detailed visual evidence of a dual-head binding intermediate 

of Kar3Vik1 or Kar3Cik1. 
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An explanation for Kar3’s use of catalytically inactive kinesin-like subunits as regulators 

may be that it provides a way to conserve ATP. ATP is the universal energy source for most 

cellular activity and thus its expenditure must be tightly regulated. To prevent squandering of 

ATP by the Kinesin-1, ATPase activity is autoinhibited by its tail folding back onto the MDs 

while not transporting cargo [99-101]. Since such inhibitory mechanisms have not been observed 

for Kar3Vik1, the inability of Vik1 to bind ATP is perhaps evolutionarily selected as a way to 

reduce ATP consumption and yet remain in contact with microtubules while the motor is idle.  

5.1.2 N-C termini interactions as activity-regulating molecular switches 

There is a dominant presence of N-C termini interactions within independent folding 

domains of proteins in the Protein Data Bank. Amongst crystal structures with less than 50% 

amino acid sequence similarity, 35% (6206/17718) exhibit average distances less than 6Å 

between 3 consecutive residues in the first (N-terminus) and last (C-terminus) 50 residues. 

Interestingly, 70% (82/117) of kinesin MD structures in the PDB met the same search criteria. In 

2005, detailed studies by Krishna and Englander showed that the common occurrence of this 

phenomenon is unlikely to be random and may be built into the structural design of all proteins to 

facilitate protein folding [219]. The same authors also noted that N-C termini interactions are 

particularly important to protein stability and turn over [219]. Indeed, there is an abundance of 

literature implicating the importance of N-C termini interactions in a wide of variety of proteins 

and their functions. To name a few, in the study by Kern et al. 2009, it was shown that binding of 

arrestin2 to clathrin as an initiation of receptor internalization is mediated by arrestin2’s N-C 

termini interactions [220]. In another study of an important component of the MAPK pathway, 

Chong and Guan 2003 showed that N-C termini interactions of the Raf kinase are important for 

the regulation of its kinase activity [221]. Investigations of the hERG potassium channel by 
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Gustina and Trudeau 2011 also suggest that the channel’s rate of deactivation is dependent upon 

the interaction of its N- and C- terminal domains [222].     

  In light of these findings, and the results from Chapters 3 and 4, we propose that the N-C 

termini interactions observed in the motor homology domain (MHD) of Vik1 may be critical for 

function regulation. Specifically, we propose that it forms a molecular switch for communication 

with Kar3, and that this type of system may also be applicable to communication between 

subunits of other dimeric kinesins. In the case of Kar3Vik1, we envisioned that this switch could 

operate in one of two ways. The first involves use of the Vik1 neck mimic as a microtubule 

affinity regulator, which can be controlled by the position of the neck helix. As Vik1’s neck helix 

is directly connected to the stalk region that forms a coiled-coil with that of Kar3, nucleotide-

dependent conformational changes in the neck of Kar3 may be transmitted through the neck of 

Vik1 in the form of tension or strain [116]. In doing so, the neck of Vik1 can in turn modulate the 

order-to-disorder transitions of its neck mimic. Based on the analogy that neck mimic docking 

relates to the ATP state of the kinesin-14 Ncd, changes in the docking character of the Vik1 neck 

mimic may control its microtubule-binding affinity.      

An alternative scenario is that more direct interactions exist between the heads of Kar3 

and Vik1. Rudimentary modeling of our individual CgVik1 structures onto the ScKar3Vik1 

heterodimer crystal structure by Rank et al. 2012, showed that one of the CgVik1 neck 

conformations places the MHD in close proximity to the Kar3 MD (Figure 3-4). Moreover, we 

found that CgVik1 neck mimic mutants can inhibit CgKar3’s ATPase activity without hindering 

microtubule binding. Based on these observations, it is possible that the neck mimic and neck 

may directly mediate head-head interactions with Kar3 that are required for full ATPase 

activation.  
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5.2 Collective behavior of motors during multiple motor microtubule-gliding assays 

An important assay used to examine the motile functions of kinesin motors is the multiple 

motor microtubule-gliding assay. With perseverance, we were able to adapt this technique to the 

study of Kar3Vik1 motility in our own lab. Although we have obtained informative results from 

this experimental system, we can only speculate on the basis for the variability in microtubule-

gliding displayed by some of the neck mimic mutant dimers in the presence and absence of an 

additional motor influx (Chapter 4). This is likely because of the inability to reliably control the 

number, spacing and orientation of motors attached to the glass coverslip - all of which are 

inherent problems of this assay. Indeed, Howard et al. have shown that the rate of microtubule-

gliding by Kinesin-1 is inversely related with the number of Kinesin-1 molecules [62].  

 To overcome these problems, Furuta et al. and Goodman et al. separately designed DNA-

based scaffolds that can precisely define the number and spacing of motors involved in 

microtubule engagement and motility [32, 223]. With this system, one can better examine a 

motor’s ability to function as an ensemble attached to, and moving, the same cargo, which is 

obviously relevant to the function of Kar3Vik1 kinesins at the mitotic spindle. Other questions 

that could be addressed with this system include: How do Kar3Vik1 ensembles respond to 

different loads, obstacles, or crowding on microtubules? When groups of Kar3Vik1 motors are 

exerting forces in the opposite direction to ensembles of plus-end-directed motors, which group 

wins the tug-of-war? While writing this thesis, other members of the Allingham lab have been 

working towards using this approach to study microtubule-gliding by Kar3Vik1 as a complement 

to our present gliding assay setup.  

Another factor that may contribute to non-synchronized motility is the design of the 

kinesin construct. In a study by Bieling et al. in 2008, shorter Kinesin-1 constructs were shown to 



 

146 

 

experience tighter mechanical constraints compared to longer constructs, such that their 

microtubule-gliding velocities were significantly lowered relative to longer constructs [224]. On 

this basis, the motors originally infused may not have achieved optimal force coordination to 

produce motility. Along a similar line of thought, studies by Jamison et al. 2010 suggest that 

Kinesin-1 motors attached to the same cargo may not share the load equally which in turn affect 

their mechanochemical cycles that can also cause negative cooperativity [225]. In the context of 

our assays, the inability to control motor orientation points to a possibility that the additional 

motors may have attained conformations that can overcome these effects to allow microtubule-

gliding.                        

5.3 Anti-fungal drug discovery 

The best-characterized member of the hemiascomycetes class of fungi is the budding 

yeast S. cerevisiae. To some it may be considered man’s second best friend due to its applications 

in wine making and beer brewing but to others they are instrumental to the studying of molecular 

and cell biology by serving as a model organism. However, not all hemiascomycetes are as 

friendly as S. cerevisiae. Both C. glabrata and A. gossypii are in fact pathogenic fungi that can 

cause diseases in humans and plants. Unlike S. cerevisiae, C. glabrata is haploid and does not 

seem to exhibit a sexual cycle [226]. It is normally considered as a human commensal but in 

immunocompromised patients it becomes a nosocomial opportunistic pathogen that can cause 

systemic infections with high rate rates of morbidity and mortality [123]. Moreover, C. glabrata 

shows low sensitivity towards azole-based antimycotics and it has been proposed that this is due 

to the innate ability to actively efflux anti-fungal substances from their systems [227]. Although 

much is known about the genetics of C. glabrata, its virulence factors remain enigmatic as it does 
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not form hyphae, which is the primary form of virulence exhibited by Candida albicans to invade 

and damage tissues [228].  

Given the importance of kinesins in cellular activity, it is not surprising that defects in 

kinesin functions lead to a variety of human diseases. One such defect is protein aggregation 

caused by the disruption of long range transport in neurons that can result in neurodegenerative 

diseases such as amyotropic lateral sclerosis (ALS) and Alzheimer’s disease [229]. Another is 

deregulation of mitosis caused by mitotic kinesins such as Eg5 and CENPE that can result in 

cancer [229]. Since the discovery of monastrol by Mayer et al. in 1999, seven other inhibitors of 

the mitotic kinesin Eg5 have entered clinical trials Phases 1 and 2 [230].  However, most of these 

small molecules target the same induced binding pocket occupied by monastrol, which was 

initially discovered from a phenotypic screen that was searching for mitosis inhibitors. Hence, 

another important goal for studying Kar3 and Vik1 from C. glabrata is the hope of using the 

information gained to facilitate rationale design of novel anti-fungal drugs from the bottom up. 

As shown in Chapters 2 and 3, Kar3 orthologs exhibit the same general structural features 

observed in all kinesin MDs and given their ubiquitous presence in all cell types, Kar3 may not be 

the best target for drug design. In contrast, Vik1 and Cik1 are exclusive to hemiascomycetes and 

based on the data shown in Chapter 3 and 4 regarding their influence on the motile functions of 

CgKar3Vik1, they may be more ideal targets for drug development against C. glabrata.        

5.4 Going forward 

The data presented in this thesis has highlighted Vik1’s motor-like structural elements as 

a key component of the Kar3Vik1’s motile functions. It has also identified specific amino acids in 

Vik1’s neck and neck mimic that may participate in communication between Kar3 and Vik1. 



 

148 

 

However, there are a number of questions that remain unanswered. At what point in the 

Kar3Vik1 motile cycle is Vik1 involved in microtubule binding? What is the exact structural 

mechanism by which Vik1’s neck mimic acts in these processes? Do all forms of Vik1 work in 

this way? To answer some of these questions, crystal and cryo-EM structures of the native 

heterodimer in additional conformations are required. Likewise, molecular dynamics simulations 

involving wild-type and mutant forms of the Kar3Vik1 heterodimer could prove useful. These 

structural studies will also undoubtedly benefit from fluorescence resonance energy transfer 

studies to help discern the relative positions of the neck and neck mimic during specific 

intermediate states, and the kinetics of their conformational changes during the motile cycle. In 

order to better understand the precise molecular functions of Vik1 during Kar3Vik1’s ATPase 

activity, transient kinetic analysis will be required to locate the exact step of Vik1’s involvement 

during the hydrolytic cycle, as well as its influence on ATP binding, hydrolysis and product 

release. To facilitate our drug discovery efforts and confirm the results from our reconstituted in 

vitro studies, in vivo studies involving the creation of fluorescently tagged or mutagenized Kar3 

or Vik1 in C. glabrata are also currently underway.  

Perhaps current or future students interested in this research will be inspired by the words 

written by physicist Richard Feynman on his blackboard “What I cannot create, I do not 

understand”, and will embark on the process of engineering Vik1 into a catalytic motor as a way 

to truly appreciate the basic principles of motor design. 
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