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Abstract 

Kinesins use ATP hydrolysis-derived energy to power transport of cellular materials along 

microtubules and to regulate microtubule organization in eukaryotes. This enables them to 

serve various cellular functions including organelle and vesicle trafficking, chromosome 

segregation, and cellular morphogenesis. Association with these roles depends on the structural 

and mechanochemical properties of the specific kinesin, which can vary widely as the kinesin 

superfamily is large and structurally diverse compared to other cytoskeletal motors. The mitotic 

kinesin, KIF14, is an intriguing example of this diversity. It is essential for cytokinesis, and has 

been implicated in cerebral development and a variety of human cancers. It has unusual 

biochemical properties in comparison to other kinesins, including extremely tight microtubule 

binding, insensitivity of this affinity to the identity of the nucleotide bound in its active site, and 

very slow motility. Upstream of the motor domain is an unusually long N-terminal region that 

bears no homology to any other protein, yet is important for KIF14 localization to the central 

spindle and midbody during late anaphase and cytokinesis, respectively. Recent observations of 

this domain binding and bundling actin have not been previously demonstrated for a kinesin. 

Using X-ray crystallography and electron microscopy, a better understanding of the basis for 

these properties, as well as novel activities, is provided here. The crystal structure of the ADP-

bound form of the mouse KIF14 motor domain reveals a dramatically opened ATP-binding 

pocket, as if ready to exchange its bound ADP for Mg·ATP, as well as a much larger twist in 

the central β-sheet than in other kinesins. This configuration has only been seen in the 

nucleotide-free states of myosins – known as the ‘rigor’ state – and has never been captured for 

a kinesin in solution. Moreover, cryo-electron microscopy indicates a distinct binding 

configuration of the motor domain to microtubules, possibly explaining its high microtubule 
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affinity. Intriguingly, the KIF14 N-terminal extension also binds microtubules, and together 

with the motor domain, is capable of bundling microtubules. We postulate that these properties 

of KIF14 relate directly to its unique biochemical activity, and are functionally important for 

forming and stabilizing midbody microtubules during cytokinesis. 
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Chapter 1 

Introduction 

1.1 Motor proteins 

Two fundamental features of all eukaryotic forms of life that we know of are:  1) the 

capacity for directed movement and 2) morphogenesis [2]. In eukaryotes, the individual and 

coordinated activities of three linear motor proteins: myosin, dynein, and kinesin (Figure 1-

1) and their cytoskeletal filament trackways generate the bulk of the forces that power these 

processes [3-5]. Eukaryotes rely on these motor proteins to shuttle cargo efficiently and 

quickly from one location to another, as well as for cell division, ciliary or flagellar beating, 

and muscle contraction [5-7]. Defects in the operation of these biological machines have 

been linked to several diseases, most of which are related to changes in their force 

production cycle or the activity of their regulatory systems [5, 8, 9].   

Myosin, dynein, and kinesin bear many differences in their structure and mode of 

force-production, which corresponds to their different functions within the cell. However, 

they all couple the free energy changes of ATP binding, hydrolysis, and product release in 

their active site to a force-producing conformational change cycle in peripheral parts of the 

motor domain (MD) [10-19]. They can also ‘sense’ contacts with their track, tension from 

opposing forces, and interactions with their cargos to activate this mechanochemical cycle 

[20-22].  Many of the molecular details of how these events are integrated in each type of 

motor protein are still largely unknown, but are a major area of ongoing investigation 

because of their foreseeable impact on the future of protein engineering and therapeutics 

development [23, 24]. The following chapter will provide a brief introduction to the 

eukaryotic cytoskeleton and its associated motor proteins. 
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Figure 1-1: Structures of cytoskeletal motor proteins. A) Shows a model of the actin-
based motor protein myosin, in this case the dimeric myosin V, which is involved in vesicle 
transport [4]. The conserved MD, which contains the nucleotide-binding pocket, is coloured 
in dark blue. Motor proteins are often associated with light chains, with myosin V it is the 
regulatory light chain (RLC) in light blue. B) Shows an example of the microtubule-based 
kinesin motor protein, specifically the dimeric structure of kinesin-1, which is involved in 
vesicle and mRNA transport. Myosins and kinesins share a core MD (shown in dark blue for 
kinesin-1 as well), indicating a common ancestor. C) Dynein is the other microtubule-based 
motor protein. The cytoplasmic dynein dimer shown illustrates the unique macromolecular 
structure of this motor compared to kinesins and myosins. Several intermediate and light 
chains are coloured in green. This figure was adapted from Carter, 2013 [10].
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1.2 The eukaryotic cytoskeleton 

The cytoskeleton forms a dynamic intracellular infrastructure composed of three 

kinds of protein-based filaments: actin filaments, intermediate filaments, and microtubules 

[25]. All three are polymers assembled from smaller protein subunits whose three-

dimensional (3D) structures, ligands, and quaternary assemblies are fundamentally 

different; an outcome of evolutionary design to achieve specific cellular functions [26]. 

These differences provide a basis for discrimination by the types of motor proteins that 

traverse them. To date, no motor proteins have been shown to use intermediate filaments as 

tracks and until recently each class of motor protein was observed to associate with either 

actin or microtubules, but not both [27, 28]. 

Actin is the most abundant protein in eukaryotes and participates in the most 

numerous protein-protein interactions within the cell [29]. A classic example of this is 

actin-myosin cross-bridge interaction that forms the basis of muscle contraction [30]. 

Another major biological role of the actin cytoskeleton takes place during cell division. 

Here, it is involved in separating centrosomes during prophase and localizes to the cleavage 

furrow, where along with scaffold proteins, it forms the contractile ring that generates the 

force to cleave the cell into two equivalent daughter cells [31, 32].  

Microtubules also carry out the dynamic process of cell division, but have roles 

distinct from that of actin. They are required for formation of the mitotic spindle; a 

microtubule-based structure that facilitates proper chromosome movement to the daughter 

cells [33]. With the help of kinesins and other microtubule-associated proteins (MAPs), 
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microtubules organize to form the dense midbody structure that mediates the process of 

cell abscission [34].  

Actin filaments and microtubules serve as platforms for cell motility and 

intracellular trafficking, and are capable of binding and hydrolyzing nucleotides. While 

actin filaments are ATPases, formed from monomeric globular actin (G-actin) subunits, 

microtubules are GTPases that are assembled from α- and β-tubulin heterodimers [35-38]. 

Both actin and microtubule subunits polymerize in a head-to-tail fashion, resulting in polar 

structures that have a “plus” (+) and a “minus” (–)-end [39, 40].  Filamentous-actin (F-

actin) is a double-stranded polymer whose two strands twist around each other to create a 

two-start helical structure. F-actin filament growth occurs primarily from the plus-end 

towards the cell periphery. Rapid depolymerization occurs mainly at the minus-end where 

ADP-bound actin subunits accumulate following ATP hydrolysis [29]. Microtubules, on 

the other hand, form hollow cylindrical filaments as a result of lateral assembly of ~13 

repeating α- and β-tubulin subunit-containing protofilaments, with α-tubulin exposed at the 

minus-end and β-tubulin at the plus-end (Figure 1-2A, B) [40]. Electron microscopy (EM) 

has shown a staggered arrangement of the 13 protofilaments as they align laterally, 

resulting in a three-start helix with a seam running parallel to the microtubule long-axis 

(Figure 1-2B) [41]. The seam is characterized by a change in the lateral contacts occurring 

between adjacent tubulin subunits. The resultant polar structure has a diameter of 25 nm 

[40].  

While both α- and β-tubulin subunits bind GTP, only β-tubulin hydrolyzes and 

exchanges nucleotides [42]. If heterodimers are added to the plus-end faster than GTP is 

hydrolyzed, a cap of GTP-tubulin forms that prevents microtubule “shrinkage” and allows 
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for microtubule growth [43]. However, if the rate of GTP hydrolysis catches up to, or 

surpasses polymerization, the GTP-tubulin cap is lost and microtubules enter 

“catastrophe”; a process that results in microtubule depolymerization (Figure 1-2C) [43]. 

This process of microtubule growth and shrinkage is known as “dynamic instability” and is 

essential for cellular viability and underlies a cell’s ability to divide [44, 45].  
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Figure 1-2: Cartoon of microtubule dynamics. A) Shows the building blocks of 
microtubules. When bound to GTP, tubulin dimers arrange themselves linearly to form 
protofilaments. B) Shows the arrangement of 13 protofilaments into the hollow cylindrical 
microtubule structure. The point at which the first and the last protofilaments form inter-
head lateral contacts is termed the “seam”, (indicated by the dashed red line).  The 
asymmetric nature of tubulin dimers gives an inherent polarity to microtubules: β-tubulin is 
exposed at the plus-end of the microtubule and α-tubulin at the minus-end. C) Microtubules 
can spontaneously go through alternating periods of growth (polymerization) and shrinkage 
(depolymerization), but microtubule-associated proteins (MAPs) and kinesins often 
regulate these processes. A shrinking microtubule involves protofilaments peeling off 
mainly from the plus-end. The transition from a growing to a shrinking microtubule is 
termed “catastrophe”, while the opposite process is known as “rescue”.  This figure was 
adapted from Akhmanova and Steinmetz, 2008 [40]. 
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1.3 Interaction of motor proteins with the eukaryotic cytoskeleton 

1.3.1 Myosins 

Of the three eukaryotic cytoskeletal motor proteins, myosins have been the most 

extensively characterized [46]. These actin-based motor proteins form a superfamily 

composed of 35 different classes [47]. Perhaps best known is muscle myosin II, which 

generates a contraction-inducing sliding force between adjacent thin actin filaments and 

thick myosin filaments in skeletal muscle via a ‘powerstroke’ mechanism [5, 48]. Most 

myosins, including myosin II, move towards the plus-end of the actin filament, although 

some are have displayed minus-end-directed movement, such as myosin VI [49]. In 

addition to muscle myosin II, other non-muscle myosins are involved in skeletal muscle 

development and differentiation, cytokinesis, pinocytosis, and intracellular transport of 

membrane vesicles and organelles [50].   

Myosins consist of one or two heavy polypeptide chains and several light chains 

(Figure 1-1). The heavy chain can be divided into the head or MD, neck, and tail domains. 

The globular head has actin- and ATP-binding sites and is therefore the heart of this 

molecular machine [46]. This is followed by an α-helical neck region, which amplifies 

small conformational changes occurring in the head as a consequence of actin, and 

nucleotide binding and hydrolysis into the larger, force-generating, powerstroke event [3]. 

The neck region is also the site of light chain binding, which helps regulate force 

production [51]. Finally, the tail provides the point of interaction with other myosins or 

cargo molecules, and is a major determinant of the specific cellular roles of each myosin 

isoform [52].  

In order for myosin to properly coordinate actin binding with force production in a 
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manner that is useful to the cell, the relationship between the nucleotide state, actin affinity, 

and timing of the powerstroke event have been carefully fine-tuned by evolution.  Figure 

1-3 illustrates the current state of knowledge of the myosin mechanochemical cycle. 

Briefly, myosin dissociates from actin upon ATP entry and ATP hydrolysis then leads to a 

conformational change in the lever arm [5]. When myosin binds to actin, Pi is released, 

which results in the force-producing rotation of the lever arm. This occurs due to 

movement in switch II, which is linked to conformational changes in the relay helix that are 

translated to a rigid body movement of the converter domain and lever arm. This is 

followed by ADP release, resulting in the rigor or no-nucleotide state [5]. For myosins that 

have a low duty ratio (spend majority of their time dissociated from actin) they must work 

as ensembles to carry out their functions [30, 53].  

The actin-myosin interface changes when bound to ATP (weak actin binding state) 

and when in the rigor state (strong actin binding state) based on cryo-EM studies. Overall a 

myosin head binds to two actin monomers (Figure 1-4). Parts of the upper and lower 50 

kDa domain, which make up the actin binding site, are separated by an open cleft in the 

weak binding state. In the rigor state, this cleft is closed, forming a strong binding interface 

[54].  
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Figure 1-3: Myosin mechanochemical cycle. While ATP binding releases myosin from 
actin, the force-producing powerstroke step takes place upon Pi release. This figure was 
adapted from Kull and Endow, 2013 [5]. 
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Figure 1-4: Myosin-actin interface. Myosin V (PDB ID: 1OE9) [13] is shown on the F-
actin filament lattice in a configuration determined by cryo-EM. Myosin is shown as a 
ribbon model, while a molecular surface representation of F-actin is shown. This displays 
the rigor or the strong-binding state of myosin V [13]. The myosin motor head is seen 
binding to two actin monomers (dark grey) with the cleft closed. Part of the 50 kDa 
fragment that is separated into an upper and lower domain forms the actin-binding site 
[54]. The central β-sheet (green) is part of the core MD where the nucleotide-binding 
pocket is located [55]. This figure was prepared with PyMOL [56]. 
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1.3.2 Kinesins 

Unlike myosins, kinesins convey movement of cellular materials along 

microtubules. In doing so, they play essential roles in transport of vesicles and organelles, 

as well as mitotic spindle assembly and chromosome segregation [4, 6, 7, 57-59]. Similar 

to myosins though, kinesins take advantage of microtubule polarity by binding to the 

repeating α- and β-tubulin subunits in an orientation-specific manner and produce force in 

either one direction or the other along the long axis of the microtubule (Figure 1-5) [6, 18].  

 

Figure 1-5: Kinesin-microtubule binding. A single kinesin motor domain (MD) (PDB 
ID: 4OQZ) is shown on the microtubule lattice in an orientation determined by cryo-EM 
[1]. The MD spans a single α/β tubulin heterodimer and is shown to be a plus-end directed 
motor. The figure was prepared with PyMOL [56].  
 
 

The kinesin superfamily is comprised of 15 different family members, named 

Kinesin-1 to -14A and B, based on sequence, structure, and function (Figure 1-6A) [59, 

60]. Genome sequencing has identified varying numbers of kinesin genes in different 

eukaryotes, and has shown that not all 15 families are represented in each organism.  

Humans, for example, encode 45 different kinesins, while Arabidopsis (a flowering plant) 

has 61 [61, 62].  
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Nearly all kinesins consist of 4 domains: a MD (the “catalytic head”), a neck 

linker, an α-helical coiled-coil forming region (the ‘stalk’), and a cargo binding domain 

(the ‘tail’) (Figure 1-1) [4, 57]. Kinesins have evolved to rearrange the position of these 

domains, or to incorporate additional subdomains that allow for diverse functionality, in 

addition to cargo transportation, such as the calmodulin-binding domain (CBD) or a 

kinetochore-binding site [33, 63]. Among these structural units, the neck linker and the MD 

are the most highly conserved across species (30-40% sequence identity) [64]. The 

functional form of most kinesins is a homodimer consisting of two catalytically active 

polypeptides joined via the α-helical coiled-coil stalk in a parallel arrangement (Figure 1-

1) [65]. This places the MD from each subunit in close proximity to each other so that their 

interactions with the microtubule track are tightly coupled and often coordinated with one 

another [18]. In this configuration, kinesin homodimers resemble the human body; 

comprising of two arms (the cargo-binding domains) on one end that hold the cargo, and 

two legs and feet (the MDs) on the other end that walk along microtubules.  

The MD forms the power plant that propels kinesins along microtubules and can be 

located at the N- or C-terminus or in the middle of the polypeptide, depending on the 

kinesin isoform (Figure 1-6B) [63]. This feature is unique from myosins. Its position, and 

the sequence of its attached “neck”, determines the direction and mechanism of motility [6, 

57, 66-68]. Notably, kinesins with centrally positioned MDs are generally non-motile, but 

instead locally regulate cytoskeleton structure by promoting or stabilizing microtubule 

growth, or by depolymerizing microtubules [6]. The dyneins studied thus far lack this 

ability, as do myosins with respect to actin filaments. 



 

 

 

 

13 

 

Figure 1-6: Kinesin superfamily. A) The phylogeny of 45 kinesins in the mouse and 
human genome categorized into 15 main families based on phylogenetic comparisons, 
structure, their directionality along microtubules, and their cellular function. B) Kinesins 
can also be classified based on the location of their MD within the polypeptide chain. This 
figure was adapted from Hirokawa et al. 2009 [6]. 
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Like myosins the core of the kinesin MD is built from a right-hand twisted central 

β-sheet that is flanked by helices on each side (Figure 1-7) [69]. For myosin, structural 

evidence has been brought forward to suggest that distortions of this structural element 

controls communication between the cytoskeletal interface and the nucleotide-binding site 

[5, 70]. A similar role as mechanochemical “transducer” has been proposed for the kinesin 

central β-sheet as well [5], but structural data supporting this is limited.  

The parallel arrangement of subunits formed by most kinesins can allow a single 

kinesin motor assembly to move processively (hand-over-hand) for great distances by 

alternating binding of its two MDs to the microtubule [65, 71]. Conventional kinesins 

(members of the Kinesin-1 family) are homodimeric motors that move by this mechanism 

by taking 8 nm steps, which is the distance between neighbouring α/β-tubulin binding sites 

[72, 73]. In these kinesins, alternate binding of the two MDs to the microtubule is achieved 

by alternating their ATPase cycles because, similar to myosin motors, the nucleotide state 

of the MD determines its microtubule affinity [5, 74].  

In the ADP bound state the neck-linker is disordered and kinesins exhibit low 

affinity for microtubules (Figure 1-8) [75, 76]. In the presence of microtubules, one of the 

MDs interacts with the microtubule, which triggers the release of ADP from the nucleotide-

binding pocket [77]. In the nucleotide-free state, kinesins have high affinity for 

microtubules. ATP then enters this leading head, which leads to docking of the neck-linker 

docking against the MD core and concomitant propulsion of the trailing head forward 

toward the next microtubule binding site [78, 79]. This is the force-producing step [80]. In 

this way, the former lagging head becomes the new leading head and the cycle repeats, 
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whereupon engaging the microtubule, this new leading head releases ADP and a new ATP 

molecule can enter [81].  

 

 

Figure 1-7: The core motor domain in kinesin and myosin share similar tertiary 
structural fold. The motor domain fold of a central 7-stranded β-sheet surrounded by three 
α-helices on both sides is seen in both myosins and kinesins, indicating a common 
ancestor. (Kinesin-1 PDB ID: 1BG2 [82]; Myosin V PDB ID: 1OE9 [13]). This figure was 
prepared using PyMOL [56]. 
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Figure 1-8: Processive kinesin movement. Kinesin-1, as a homodimer, undergoes a 
walking mechanism by alternating its leading head that engage the microtubule and bind 
and hydrolyze ATP.  Upon ATP binding the neck linker (in red), which facilitates kinesin 
movement, transitions from a disordered to an ordered state and docks against the MD’s 
core. This conformational change is thought to propel the lagging head forward, which will 
then bind to a new microtubule-binding site. This will accelerate ADP release from the 
former trailing head and the mechanochemical cycle is thereby repeated.  
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How the two motor heads communicate inter-molecularly to step in a continuous, 

processive manner remains ambiguous. Most theories propose a “gating” mechanism in 

which force-producing step in one head cannot take place until the second head has 

achieved a certain point in its mechanochemical cycle. Moreover, the question of “front 

head” vs. “rear head” gating also remains contentious, but either scenario is thought to 

involve the development of mechanical strain between the two motor heads [20, 83, 84]. 

1.3.3 Dyneins  

Dyneins are motor proteins that move towards the minus-end of microtubules, 

which typically reside near the centre of the cell. They can be classified into two main 

groups: axonemal and cytoplasmic dyneins [85]. Axonemal dyneins are highly abundant in 

cilia and flagella, where they function to power the beating movement [86]. Cytoplasmic 

dyneins on the other hand are associated with retrograde cargo transport (opposite the 

direction of most transport kinesins) and mitotic functions such as mitotic spindle assembly 

and chromosome movement [4, 87, 88].  

Unlike myosins and kinesins, dyneins belong in the AAA ATPase family (ATPases 

associated with various cellular activities) and differ dramatically in their macromolecular 

structure (Figure 1-1) [10, 89]. They are extremely large macromolecules (~2,000 kDa) 

that can function as monomers, dimers or trimers, in which each subunit can harbour 

varying numbers of light and intermediate chains [90, 91]. The N-terminus of the heavy 

chain is responsible for dynein subunit oligomerization and contains binding sites for 

accessory chains and cargos [91]. The remaining region of the heavy chain forms the MD, 

which is highly conserved. A section of the N-terminus of the MD is the “linker”, which is 

thought to facilitate movement as it changes conformation throughout the ATPase cycle. 
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The reminder of the MD contains six AAA domains that form a ring structure, the first four 

of which have ATP binding and hydrolysis motifs. The first AAA domain is responsible 

for generating movement, while the others appear to help regulate dynein motility. The 

microtubule-binding domain (MTBD) for dyneins is located at the end of a 15 nm coiled–

coil stalk, which elongates from the fourth and the fifth AAA domain [10, 65].  

Although much less is known about the mechanochemical cycle of dynein 

compared to myosin and kinesin, a recent study by Lin et al. indicates that it is the rotation 

of the motor head (the six AAA domains) relative to the linker that produces the force-

generating step, rather than structural changes within the linker or tail regions [92].  

1.4 Microtubule binding and force production by kinesins 

As the subject of this work involves structural and functional characterization of a 

novel kinesin motor protein, the next sections will give a more detailed overview of the 

current knowledge of kinesin structure-function relationships, with a particular focus on 

Kinesin-3 family members. 

1.4.1 Interface between kinesin motor domain and tubulin  

Cryo-EM studies and the crystal structure of monomeric kinesin-1 in complex with 

a tubulin dimer have shown that a single kinesin MD binds both α/β tubulin subunits of one 

heterodimer (Figure 1-9A) [18]. Within α-tubulin, the interface is composed of two short 

helices, H3’ and H11’, the N-terminal part of helix H12, and the loop between H11’ and 

H12. These regions interact with loop L11, and helices α4 and α6 of the kinesin. For β-

tubulin, the majority of the interaction zone consists of helix H12, in addition to a short 

loop between helix H8 and β-strand S7. On the kinesin side, loops L8 and L12 along with 
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S5a β-strand form the interface (Figure 1-9B) [18]. Helix α4 forms a major component of 

the kinesin-tubulin interface and has been observed to undergo nucleotide-dependent 

changes in terms of orientation and length [5, 20]. Prior to helix α4 is loop L11, which 

links the microtubule binding element to the active site, offering a communicative pathway 

between the nucleotide- and microtubule-binding sites. Another pathway might consist of 

helix α3, which forms part of the active site, as it is in close proximity to loop L8 [5].   
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Figure 1-9: The kinesin-tubulin interface. A) The crystal structure of the kinesin-tubulin 
complex (PDB IB: 4HNA) [18]. Kinesin-1 motor domain spans both α- and β-tubulin 
subunits. The interface is coloured in blue and magenta on α- and β- tubulin, respectively, 
and green on the kinesin.  B) The two regions that form the interactions in tubulin (left) and 
kinesin-1 (right) are highlighted in corresponding colours. The secondary structural 
elements that form the interface in both tubulin and kinesin are labeled according to 
standard nomenclature. This figure was adapted from Gigant et al. 2013 [18]. 
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1.4.2 The nucleotide binding pocket and force-producing elements 

The nucleotide-binding pocket consists of three highly conserved elements: the P-

loop or the Walker A motif (GQTxxGKT/S), switch I (NxxSSR), and switch II (DxxGxE) 

(Figure 1-10A) [5]. The P-loop is responsible for binding and orienting the nucleotide with 

an associated Mg2+ ion [5]. The switch elements are the γ-phosphate sensors that carry out 

the water-mediated catalytic reaction common to many nucleotide triphosphatases, 

including myosins [82, 93-95]. Switch I and switch II change conformations throughout the 

mechanochemical cycle to open and close the binding pocket. The changes that occur 

within the active site are translated to, and amplified by, other regions of the motor domain 

to generate movement [96, 97].  

The structural motifs involved in amplifying conformational changes in the core of 

the motor domain are the “neck linker” and the “neck” (Figure 1-10B) [98]. Coordination 

between these elements and the microtubule-binding interface is essential to translate the 

ATPase activity to motility, as well as regulate microtubule affinity [66, 99, 100].  

Upon ATP binding the neck linker undergoes a large conformational change; 

transitioning from a “disordered” to an “ordered” state in which it interacts with the MD 

core. This is termed the “powerstroke” [75, 76, 78, 79]. This change in the orientation of 

the neck linker is thought to propel the trailing head forward on the microtubule (Figure 1-

8) [80, 81]. Few of these structural changes have been observed in unbound MDs by X-ray 

crystallography [101, 102]. However, MDs change conformation upon binding to 

microtubules as observed by fitting the crystal structures in cryo-EM data [20, 103]. How 

the binding and hydrolysis of ATP influences the MD and its interaction with tubulin to 

generate movement requires higher resolution data of a microtubule-kinesin complex. A 
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recent crystal structure of the kinesin-tubulin complex indicates conformational changes in 

helices α4 and α6 upon tubulin binding and ATP binding, respectively, that allows for the 

neck linker to dock against the MD core [18]. 
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Figure 1-10: Crystal structures of the kinesin-1 MD and the kinesin-1 homodimer. A) 
The monomeric structure of kinesin-1 MD bound to Mg·ADP (PDB ID: 1BG2 [82]) 
displays the structural motifs found in kinesins nucleotide-binding pocket. The P-loop 
(GQTXXGKT/S), in green, binds and orients the nucleotide. Switch I (NXXSSR) is 
coloured in red, and switch II (DXXGXE) is coloured in yellow. The switch elements are 
responsible for hydrolyzing ATP into ADP. B) Kinesin-1 dimer (PDB ID: 3KIN [104]) 
highlights the mechanical elements that help generate motility. The neck linker is coloured 
in blue and the neck is coloured in pink. This figure was prepared using PyMOL [56]. 
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1.4.3 Fast and slow kinesin movement 

 Kinesin motility, particularly for N-kinesins, can also be fast or slow, with specific 

kinesins being capable of carrying out both types of movement. Kinesin-1, for example, is 

involved in fast and slow axonal transport depending on its cargo and its interaction with 

other adaptor proteins [105]. Slow motors can be divided based on their velocity as either 

“slow component a” (Sca; transportation rate of 0.1 – 1.0 mm/ day) or “slow component b” 

(Scb; transportation rate of 1.0 – 3.0 mm/ day) [106]. Fast axonal transport, on the other 

hand, occurs at speeds closer to 50 – 400 mm/ day [107].  

Though the mechanisms that differentiate between fast and slow motors are not 

very well understood, a study conducted by Yildiz et al. observed that altering the length of 

the neck linker changed the run lengths and velocities of various different families of 

kinesins [108]. Increasing the length of the neck linker led to a decrease in the kinesins’ 

motility due to the lack of strain between the two MDs [108]. This indicates how the motor 

subunits sense and utilize tension in their partner via the neck linker to communicate and 

walk processively along the microtubule.  

1.5 Mitotic Kinesins 

Mitosis requires multiple kinesin families to carry out the vast number of tasks 

involved in this dynamic process [33]. Mitotic kinesins and cytoplasmic dyneins work 

antagonistically and synergistically with the mitotic spindle to drive chromosome 

segregation and cell division [7]. Eg5, which belongs in the kinesin-5 family, is responsible 

for separating the two centrosomes to opposite sides of the cell during prophase [33].  As a 

tetramer composed of two homodimers that are arranged in an antiparallel manner, it is 

capable of crosslinking microtubules causing them to slide against each other in an outward 
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direction resulting in centrosome separation [109, 110]. Like many other members of its 

family, Eg5 is capable of reversing direction along the microtubule [111]. The kinesin-7 

family motor KIF10 initiates chromosome capture and transports chromosomes to the 

metaphase plate, as it is a plus-end directed, processive motor [112]. Kinetochores work 

with mitotic kinesins that regulate microtubule dynamics to separate the sister chromatids 

towards their spindle poles. These kinesins help mediate the push and pull movements 

through cycles of microtubule growth and shrinkage [33]. KIF2 motors (members of the 

kinesin-13 family) depolymerize microtubules at the minus-end, which is attached to the 

spindle pole, resulting in pole-ward movement of the kinetochores and the attached sister 

chromatids; and at the plus-end, which aids in fixing incorrect kinetochore-microtubule 

attachments and controlling kinetochore movement [113]. Recent studies of the kinesin-3 

motor KIF14 have highlighted its putative roles as a mitotic motor as well, which will be 

discussed in greater detail below. 

1.6 KIF14 

KIF14 has essential roles during cell division and has been implicated in normal 

development and in cancer (Figure 1-11) [114-118]. Knockdown studies have revealed 

KIF14’s role in the late stages of cytokinesis, wherein depletion of KIF14 leads to the 

formation of binucleated cells due to cytokinesis failure [119-121]. Homozygous mutation 

of human KIF14 has been shown to result in lethality [118]. On the other hand, KIF14 

overexpression has been associated with multiple cancers and correlates with poor 

prognosis in cancer patients [117, 122-124]. For this reason, KIF14 has been referred to as 

an oncogenic kinesin. Despite its importance knowledge of KIF14 as a mitotic motor 
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protein is rather limited. 

During cell division, KIF14 localizes to the mitotic spindle in metaphase, to the 

spindle midzone in anaphase, and to the midbody during cytokinesis [120, 121]. Since 

KIF14 depletion has resulted in cytokinesis failure, its midbody localization has drawn the 

most attention. Within the midbody, KIF14 has been shown to be associated with the 

centralspindlin complex via interaction with protein regulating cytokinesis-1 (PRC1) and 

citron kinase (CIT-K) [121]. However, the precise functions of KIF14 in the complex 

remain unclear. Similar to the mitotic spindle, the midbody is also composed of parallel 

and antiparallel microtubule bundles [125]. One major difference between them is that 

midbody microtubules are in general more stable than the bulk of the spindle microtubules 

[126, 127]. In the spindle, the kinesin-5 motor Eg5 crosslinks adjacent microtubules by 

bundling parallel microtubules together and sliding antiparallel ones apart [128, 129]. 

KIF14 may function in a similar manner to bind, bundle and stabilize midbody 

microtubules. However, none of these aspects have been formally characterized. 
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Figure 1-11: KIF14’s role in mitosis. Based on various knockdown studies, it appears that 
KIF14 is involved in chromosome congression and alignment during prometaphase. This 
kinesin is also critical for the process of cell abscission or cytokinesis.  This figure was 
adapted from Rath and Kozielski, 2012 [130].  
 
 
 

KIF14 belongs in one of the largest kinesin families - the kinesin-3 family [131]. 

This family of motors can be divided into five subfamilies in mammals: KIF1, KIF13, 

KIF14, KIF16, and KIF28, all of which are N-kinesins (Figure 1-12) [61, 132]. Kinesin-3 

motor proteins are classified by high sequence conservation in their MDs, a forkhead-

associated (FHA) domain, and in most motors a C-terminal lipid-binding domain such as a 

pleckstrin homology (PH) domain [132]. They are found to participate in various 

intracellular roles ranging from cargo transport to mitosis [61].  
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Figure 1-12: Kinesin-3 family. A phylogenetic tree displaying the largest kinesin family 
across different species. Kinesin-3 family is divided into five different subfamilies: KIF1, 
KIF13, KIF28, KIF16, and KIF14 based on the amino acid sequence of the motor domain. 
Code: v – vertebrate, i – insect, n – nematode, and f – fungi. This figure was adapted from 
Miki et al. 2005 [57]. 
 

The kinesin-3 family also includes the well-characterized KIF1A kinesin [131]. 

KIF1A functions as an anterograde motor protein that transports membranous organelles 

along axonal microtubules and is an atypical processive monomeric kinesin [131]. It 

undergoes what is known as a one-dimensional simple Brownian motion due to its ability 

to maintain contact with the microtubule in the ADP-bound state, where most kinesins 

would be detached [133, 134]. This is because KIF1A has an insertion of six lysine 

residues, termed the K-loop, within loop L12, which forms part of the microtubule-binding 
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surface in kinesins (Figure 1-9) [133]. The positively charged loop interacts with the 

glutamate-rich C-terminal region, known as the E-hook, of α- and β- tubulin [133]. This 

motif is specific for the KIF1 family and allows KIF1A to diffuse along the microtubule to 

the next binding site when it is bound to ADP [135]. Recent studies with kinesin-3 family 

members, including KIF1A, indicate that they undergo cargo-mediated dimerization. As 

dimers, the kinesin-3 motors carry out “superprocessive motion”, traveling an average 

distance of ~10 µm at high velocity [132]. Crystal structures and cryo-EM images of 

KIF1A MD with its nucleotide-binding pocket occupied by ATP analogs or ADP have 

shown areas of the MD that are sensitive to the nucleotide- and tubulin-binding state [20, 

102, 136]. This has helped generate a detailed map of the communication links between the 

nucleotide pocket, the microtubule, and the force producing neck linker, which compose 

the major elements for mechanochemical coupling in kinesins [20, 102, 136]. Very recent 

computational studies involving single MDs of KIF1A have also shown that the β-sheet 

core undergoes a twist during phosphate release and ATP binding in molecular dynamics 

simulations [137], similar to myosin [13, 14]. Together with kinetic measurements of 

KIF1A homologs, [138] electron paramagnetic resonance (EPR) spectroscopy, and 

fluorescence resonance energy transfer (FRET) analysis of other N-terminal kinesin motors 

[80, 139, 140], interpretation of KIF1A’s physiological roles and its performance following 

mutation [141] or inhibition with small molecules is increasingly plausible. Absent, 

however, is a comparable understanding of KIF14. 

1.6.1 KIF14’s unusual modular structure 

KIF14 has an unusually long N-terminal region upstream of its MD (Figure 1-13) 

[121], making it unique not only within the kinesin-3 family but the entire kinesin 
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superfamily. Despite this modular arrangement, it is classified as a N-kinesin, rather than a 

M-kinesin, because its neck linker and the neck are located at the C-terminal of the MD 

and both motifs contain plus-end directed elements [68, 120]. The N-terminal extension 

(NTE) of KIF14 is important for its localization to the central spindle and midbody during 

late anaphase and cytokinesis, respectively [121]. This localization appears to be regulated 

by its interaction with PRC1 [121]. Adding to the complexity, studies show that the NTE of 

KIF14, and its germline paralogue NabKin (Nuclear and meiotic actin-bundling kinesin) 

are capable of binding and bundling actin [27]. Such activity has not yet been observed for 

any other kinesin. At this point no information exists on the structure of KIF14 NTE to 

offer an explanation as to how it might be capable of bundling actin.  

Following the motor domain is the FHA domain [121], however, its binding 

partners are not yet known. The C-terminal region of KIF14 consists of predicted coiled-

coils and interacts with CIT-K, an enzyme that is critical for proper midbody formation 

[142]. The two proteins are interdependent for their localization during cytokinesis in 

mammalian cells [142].  

Despite recent advances in understanding KIF14’s physiological roles, a number of 

questions regarding its biochemical and structural properties remain unanswered. What is 

the function of the unusual NTE of KIF14? Are there any unique properties of the MD, and 

if so how do they relate to KIF14’s biological functions? How does KIF14 interact with 

microtubules? Are there structural characteristics within the MD that can be targeted with 

chemotherapeutics, considering KIF14’s significance in various cancers? These are some 

of the questions that led our collaborator, Dr. Benjamin Kwok at the University of 

Montreal, to study KIF14. The next three sections of this chapter relay data from studies 



 

 

 

 

31 

conducted by Dr. Kwok and his lab on this interesting motor. These studies, and the 

majority of the work presented in Chapter 3, were recently published in the Journal of 

Molecular Biology [1].  

 

 

 

Figure 1-13: Primary structure of Homo sapiens and Mus musculus KIF14. Regions 
forming the N-terminal extension (NTE), the motor domain (MD), coiled-coils (CC), and 
the forkhead-associated (FHA) domain are shown. 
 
 
 

1.6.2 KIF14’s atypical microtubule binding and catalytic activity 

KIF14’s basal ATPase activity, tubulin dimer-stimulated ATPase activity, and 

microtubule-stimulated ATPase activity were measured using a malachite green-based 

assay to detect phosphate release over time. Using this method, Dr. Kwok found that 

KIF14 MD has an unusually high basal ATPase rate (at 0.88 s-1 [1]*; Table 1-1) compared 

to other kinesins (kinesin-1: ~0.01 s-1 [98, 143]; kinesin-5: 0.02 s-1 [144]), but similar to 

KIF1A (~0.5 s-1 [20]). Like other kinesins, KIF14 MD ATPase activity can be stimulated 

by the presence of microtubules. Addition of microtubules increased the ATPase rate by 

approximately 3-fold [1]*. This is distinct from kinesin-1 whose rate increases by ~5000-

fold to 50 s-1 upon microtubule stimulation [12, 143]. From the microtubule titration curve, 
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they determined the kcat to be ~2.65 s-1 and the K1/2, MT to be 0.02 µM for KIF14 MD [1]*. 

This turnover rate is comparable to other mitotic kinesins such as Eg5 (0.1-10 s-1 [109, 144, 

145]), but is much lower than the kinesin-3 motor KIF1A (110 s-1) [134]. However, KIF14 

MD K1/2, MT value of ~20 nM [1]* was at least an order of magnitude lower than most 

kinesins (kinesin-1: 1.1 µM [98], kinesin-5: 0.3 – 6.78 µM [144, 146]), but was in the same 

range as KIF1A (16±8 nM [134]), implying that KIF14 associates tightly with 

microtubules. Interestingly, tubulin dimers also stimulated the ATPase rate of KIF14 MD 

to a similar level as microtubules did, albeit the K1/2, MT value was higher (0.33 µM [1]*; 

Table 1-1). Taken together, these data show that the KIF14 MD has a robust ATPase 

activity with unusually high basal and tubulin dimer-stimulated activities.  

 

Table 1-1: Biochemical characterization of KIF14 MD. 

 

ATP turnover rate (kcat; s-1) 
Km, ATP 

(µM) 

K1/2, MT 

(nM) 

Motility 

(nm/ s) Basal 
Tubulin-dimer 

stimulated 

Microtubule-

stimulated 

KIF14 0.88 2.99 2.65 33 20 4.8 

KIF1A ~ 0.5 N/A 110 100 16 1200 

Kinesin-1 0.01 N/A 50 10 1100 1000 

Eg5 0.02 ~0.4 1.42 13 370 63 

 
Rates of KIF14’s ATPase activity, microtubule binding affinity, and motility are shown in 
comparison to KIF1A (a Kinesin-3 family member), Kinesin-1 or the conventional kinesin, 
and a mitotic kinesin Eg5 [1, 12, 20, 98, 134, 143-146].  
 
 

To determine KIF14’s change in affinity for microtubules during the ATP 

hydrolysis cycle co-sedimentation assays in the ADP-, AMPPNP- (non-hydrolyzable form 
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of ATP), and no-nucleotide-bound states were conducted [1]*. Surprisingly, KIF14 MD 

does not differentiate between ADP and AMPPNP as it was found to pellet completely in 

the presence of both nucleotides and the binding affinities were essentially the same 

(Figure 1-14) [1]*. Therefore, unlike the majority of kinesins that detach from 

microtubules following ATP hydrolysis, KIF14 appears to be less sensitive to nucleotide-

exchange. As KIF14 MD lacks the characteristic K-loop that determines KIF1A’s affinity 

for microtubules when bound to ADP, this biochemical property has to be attributed to 

other feature(s) of the motor domain [1]*.  

 

 

Figure 1-14: KIF14MD binds to microtubules with high affinity. Microtubule co-
sedimentation assay with KIF14MD without nucleotide, or in the presence of 1 mM ADP 
or AMPPNP, a non-hydrolyzable ATP analog. Supernatant (S) and pellet (P) fractions were 
resolved by SDS-PAGE and gels were stained with coomassie-blue dye. This figure was 
adapted from Arora et al. [1]*.   
 
 

1.6.3 KIF14 is a slow plus end-directed motor 

Given the robustness of KIF14 MD in hydrolyzing ATP, Dr. Kwok next 

determined its motile activity in a microscopy-based microtubule-gliding assay using 
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polarity-marked microtubules with surface-absorbed motors [1]*. They observed that 

nearly all of the microtubules moved with their minus ends leading. Therefore, they 

concluded that KIF14 is indeed a plus-end directed motor, as predicted by the location of 

the neck linker relative to the motor domain [1]*. However, they found that KIF14 MD has 

an average gliding velocity of 4.8 nm/s [1]*, which is approximately three times slower 

than Eg5 and more than 200 times slower than the kinesin-3 motor KIF1A (Table 1-1) 

[109, 131].  

1.6.4 The N-terminal extension binds microtubules and actin, and exhibits a 

stabilizing effect on microtubules. 

 Similar to the results seen by Samwer et al. [27], Dr. Kwok’s laboratory has also 

identified that the NTE of human KIF14 is capable of binding and bundling actin. 

Truncations of KIF14 indicate that the first 149 amino acids (1-149) contain the actin-

binding domain. Furthermore, microtubule co-sedimentation assays show that in addition 

to the MD, the NTE also has a microtubule-binding site but cannot bind and hydrolyze 

ATP (unpublished data).   

 In vitro assays that assess inhibition of cold-induced microtubule depolymerization 

indicate that KIF14’s MD has a stabilizing effect on microtubules as its presence prevents 

microtubule disassembly [1]*. This property of KIF14 is enhanced by the addition of the 

NTE, possibly due to its microtubule polymerization activity (unpublished data). While 

secondary structural analysis indicates the NTE to be highly unstructured, the biochemical 

data suggests that it must obtain a structural fold upon binding MTs, actin, and possibly 

other cellular partners, such as PRC1.  
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1.7 Specific aims and summary of this thesis  

The biochemical characterization of KIF14 carried out by Dr. Benjamin Kwok’s 

lab unearthed several unusual and puzzling properties. These mainly pertain to the 

mechanochemical cycle of its MD and the cytoskeleton interactions of its N-terminal 

region. The overall objective of my thesis research has been to elucidate a molecular basis 

for these properties by providing atomic or near-atomic descriptions of this motor. Toward 

this goal, three specific aims were addressed:  

1) Determine the mode of microtubule binding of the NTE and the MD of KIF14 

2) Determine the structural basis for the biochemical properties of KIF14 MD 

3) Determine the structural nature of the NTE and how it functions in concert 

with the adjacent MD.  

My studies found that mouse KIF14 MD crystal structure exhibits a conformation 

that explains its very high affinity for microtubules and an ability to stabilize them against 

low-temperature-stimulated depolymerization. Intriguingly, the crystal structure of the 

KIF14 MD shows a wide-open nucleotide pocket and a distorted central β-sheet that is 

similar to the state captured for the nucleotide-free forms of myosin V and myosin II [1, 13, 

14]‡. By analogy to actin-induced Pi and ADP release by myosin, this state has been 

predicted to occur during ADP release and rigor binding of the kinesin motor domain to the 

microtubule [5], but has not been observed in kinesin crystal structures or by cryo-EM until 

now. KIF14’s inclination to crystallize in this ‘rigor-like’ state could explain another of our 

observations; that the affinity of this motor for microtubules is largely insensitive to the 

nucleotide state of its active site [1]‡.  Also, according to cryo-EM studies, its motor 

domain assumes a skewed orientation on microtubules in the presence of AMPPNP 
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(mimicking an ATP state) compared to other kinesins [1]*. Furthermore, the microtubule 

polymerization activity displayed by the NTE (unpublished data) was also established via 

negative-staining EM. Together the NTE and the MD form massive bundled microtubules; 

a property that could pertain to KIF14’s function(s) in cytokinesis.  

Other major outcomes of this research is a clearer understanding of the structural 

basis for communication between the microtubule-binding, ATP-binding, and force-

producing subdomains of kinesin, and confirmation of its evolutionary link to myosin.  
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Chapter 2 

Materials and Methods 

2.1  KIF14 construct design 

Based on the Protein Homology/analogY Recognition Engine v. 2.0 (Phyre2) 

secondary structure prediction tool [147], two different types of recombinant NTE were 

constructed for human KIF14 (hKIF14), the first of which was full-length (residues 2-356) 

and the second construct was truncated at both the N- and C-termini (residues 11-312). 

Two groups of recombinant MDs were also constructed for both human and mouse KIF14 

(mKIF14). The first group of constructs consisted of just the MD [residues 355-703 

(human); 390-738 (mouse)], while the second set was designed to include both the MD and 

the neck linker region [residues 355-712 (human); 390-747 (mouse)]. All sequences were 

amplified from constructs provided by Dr. Benjamin Kwok and cloned into pMal-MATa1 

(purchased from Addgene, ampillicin resistance) using HindIII and PstI (for mouse) or 

HindIII and NsiI (for human). This vector introduced a maltose-binding protein (MBP) 

domain at the N-terminus of the polypeptide chain. See Table 2-1 for all the PCR primers 

utilized in this study. The PCR fragments were ligated into the plasmid vector using T4 

DNA ligase (New England Biolabs) at 16°C for 18 hrs with 400 ng of insert and 100 ng of 

vector backbone DNA. The resultant plasmids were transformed by electroporation into 

Top10 Escherichia coli cells and plated supplemented with ampicillin. Positive colonies 

were selected and sequenced. Information regarding each construct can be found in Table 

2-2.  
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Table 2-1: Primers utilized in this study. 

Name Sequence (5’ to 3’) 
hKIF14NTE #1 
Forward CTATATGCATCATCATTACACAGTACTCATAATAGAAATAAC 

hKIF14NTE #1 
Reverse CTATAAGCTTTTAATTCTCTACTTTTAAGGGGTCTTTTCC 

hKIF14NTE #2 
Forward CTATATGCATCAAACAGCGGTGATATTCTTGATATTC 

hKIF14NTE #2 
Reverse CTATAAGCTTTTATTGAAGGTTAGACATTCTATTCTTCAG 

hKIF14MD 
Forward CTATCTGCAGCGGAGAATAGTCAAGTGAC 

hKIF14MD #1 
Reverse CTATAAGCTTTTAGTTGACTATTAAACGGGCTTGGTTAG 

hKIF14MD #2 
Reverse CTATAAGCTTTTAGTTCATATCTTCATTTACTTTAGCAATGTTG 

mKIF14MD 
Forward CTATCTGCAGCGGAGAACAGTCAGGTGACC 

mKIF14MD #1 
Reverse CTATAAGCTTTTAATTGACTATCAGGCGGGCTTGGGTGGCG 

mKIF14MD #2 
Reverse CTATAAGCTTTTAATTCATGTCCTCGTTGACTTTGGCG 

Oligonucleotides were purchased from IDT. Restriction enzyme sites are underlined.   
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Table 2-2: KIF14 construct summary. 

Construct Boundaries Number of 
amino acids 

Molecular 
weight (Da) ε (M-1 cm-1) 

hKIF14NTE-N356 
(with MBP tag) 2-256 726 79798.3 77810 

hKIF14NTE-Q312 
(with MBP tag) 11-312 673 73857.7 77810 

hKIF14MD-N703 
(with MBP tag) 355-703 720 79914.6 102220 

hKIF14MD-N712 
(with MBP tag) 355-712 729 80929.7 102220 

mKIF14MD-N738 
(with MBP tag) 390-738 720 79386.8 102220 

mKIF14MD-N747 
(with MBP tag) 390-747 729 80402.0 102220 

mKIF14MD-
L735* 390-735 346 38570.4 35870 

hKIF14NTE-
E355* 2-355 354 39178.1 11460 

The molecular weight (MW) and the extinction coefficient (ε) were calculated using 
ProtParam. 
* These constructs were provided by Dr. Benjamin Kwok as purified protein samples.  
 

2.2  Protein expression and purification of KIF14 constructs 

2.2.1  Protein expression  

The vectors were expressed in the BL21-CodonPlus (DE3)-RIL E. coli cell line 

(purchased from Stratagene, chloramphenicol resistance) in Luria-Bertani (LB) media 

supplemented with the appropriate antibiotics. The optimal growth conditions were 

determined for each construct by conducting a small-scale expression test using 250 mL of 

LB media grown in varying temperatures and induced with different concentrations of 

IPTG. 10 mL of cell culture was taken at varying time points and spun down by 

centrifugation at 4,550xg (4,000 rpm) for 20 min in a JS-4.2 rotor and the cell pellets were 

stored at -80°C. A small-scale purification test was performed and recombinant protein 
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expression was evaluated by analyzing total cell lysates (TCLs), cell pellet, supernatant, 

and elution fractions from the amylose resin.  

Each recombinant KIF14 construct was inoculated individually into 250 mL of LB 

and grown overnight at 37°C with the appropriate antibiotics. 15 mL of the overnight 

culture was then added to each 1 L LB media flask (10 L total) and grown at 37°C, shaking 

at 200 rpm, until an OD600 between 0.6 and 0.8 was reached (3-4 hrs). The culture was then 

induced with IPTG and incubated at a temperature and length of time indicated in Table 2-

3. Cells were spun down in a JS-4.2 rotor at a speed of 4,550xg (4,000 rpm) for 20 min at 

4°C, and the cell pellet was frozen in liquid nitrogen and stored at -80°C.  

2.2.2  Protein purification  

Cells were re-suspended in Column Buffer (10 mM NaPO4, pH 7.2, 200 mM NaCl, 

2 mM MgCl2, 1 mM EGTA, 0.2 mM ATP, 5 mM β-mercaptoethanol (BME), and 1 EDTA-

free Complete® Protease Inhibitor tablet (Roche®) per 100 mL) and lysed on ice by 

sonication. Soluble protein was recovered by centrifugation at 53,300xg (21,000 rpm) for 

40 min in a Beckman JA-25.5 rotor, and the supernatant was loaded onto an amylose resin 

column (New England Biolabs) that had been equilibrated with Column Buffer. After 

thorough washing with 12 column volumes of Column Buffer, the recombinant protein was 

eluted using a linear gradient with 50 mL of Column Buffer and 50 mL of Column Buffer 

supplemented with 10 mM maltose. Peak fractions containing purified protein were pooled 

and dialyzed overnight at 4°C in Dialysis Buffer (20 mM HEPES, pH 7.2, 1 mM MgCl2, 

150 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine (TCEP), and 0.2 mM ATP). KIF14 

protein was further purified by size exclusion chromatography. Final peak fractions from 

column chromatography were pooled and concentrated with a 30 kDa MWCO (molecular 
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weight cut-off) Amicon Ultra concentrators (Millipore®) and flash frozen in liquid 

nitrogen as 30 µL aliquots and stored at -80°C. 

Table 2-3: Growth conditions for MBP-KIF14 constructs. 

Construct IPTG (mM) Induction time (hr) Induction temperature (°C) 

hKIF14NTE-N356 1 6 20 

hKIF14NTE-Q312 1 6 20 

hKIF14MD-N703 0.2 O/N 16 

hKIF14MD-N712 0.2 O/N 16 

mKIF14MD-N738 1 O/N 20 

mKIF14MD-N747 1 O/N 20 

 

2.3  Tubulin purification and recycling 

2.3.1  Tubulin purification 

Bovine brains were cleaned, weighed, and transferred to a Waring blender. 1L of 

cold HMPB Buffer (1 M PIPES pH 6.9, 1 mM MgCl2, 20 mM EGTA) per kg of brain 

tissue was then added. Brains were homogenized using 10 sec pulses of blending followed 

by cooling periods on ice. The pooled supernatants were then centrifuged at 29,400xg 

(14,000 rpm) in a JLA 16.250 rotor for 70 min at 4°C. The supernatants were pooled and 

measured, to which ATP and GTP were added to a final concentration of 1.5 mM and 0.5 

mM, respectively. To initiate polymerization an equal volume of glycerol at 37°C was 

added. The solution was incubated at 37°C for 1 hr and then centrifuged in a JLA 16.250 

rotor at 38,400xg (16,000 rpm) for 120 mins at 37°C. The supernatant was discarded, and 

the pellet was re-suspended in a minimal volume of cold DB buffer (50 mM MES pH 6.6, 

1 mM CaCl2) by douncing and depolymerized on ice for 30 mins. The solution was then 
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centrifuged at 105,000xg (30,000 rpm) in a Ti45 rotor at 4°C, following which the 

supernatants were pooled. The volume was measured to add equal volume of HMPB buffer 

at 37°C. A final concentration of 1.5 mM ATP and 0.5 mM GTP were added. An equal 

volume of glycerol at 37°C was added to initiate polymerization and the solution was 

incubated for 30 mins at 37°C. The solution was then centrifuged for 30 mins at 224,670xg 

(44,000 rpm) in a Ti45 rotor at 37°C. Pellets were re-suspended in a minimal volume of 

cold BRB80 buffer (80 mM PIPES pH 6.8, 1 mM MgCl2, 1 mM EGTA) and incubated for 

10 mins on ice while douncing to depolymerize. The solution was then centrifuged at 

135,000xg (50,000 rpm) using a TLA 100.3 rotor for 30 mins at 4°C. The tubulin 

supernatant was collected and the protein concentration was measured by absorbance at 

280 nm, and 3 mL aliquots were flash frozen in cryotubes. 

2.3.2  Tubulin recycling 

The 3 mL aliquots of purified tubulin were first thawed with fingers before being 

thawed completed at 37°C, pooled together, and immediately placed on ice. 5X BRB80 

buffer (400 mM PIPES pH 6.8, 5 mM MgCl2, 5 mM EGTA) was added in a 10:1 volume 

ratio, along with 4 mM MgCl2 and 1 mM GTP and was mixed with the tubulin on ice for 5 

mins. The mixture was then incubated for 2 mins at 37°C prior to the addition of half a 

volume of glycerol at 37°C and incubated for another 40 mins. The tubulin mixture was 

layered onto a warm cushion buffer (60% glycerol, 1X BRB80) and centrifuged at 

172,190xg (43,300 rpm) at 37°C for 45 mins in a Ti70 rotor. The supernatant was removed 

by aspiration, and the pellet rinsed three times with warm IB buffer (50 mM k-Glutamate, 

0.5 mM MgCl2, pH 7). The pellet was then put on ice and re-suspended in 1.5 mL of cold 

IB buffer. The pellet was re-suspended in the buffer by douncing on ice for 30 mins and 
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spun at 353,000xg (90,000 rpm) for 15 mins in a TLA100.3 rotor at 2°C. The supernatant 

was collected, and tubulin concentration was measured using absorbance at 280 nm. 50 µL 

aliquots were flash frozen in liquid nitrogen and stored at -80°C. 

2.4  Crystallization, data collection and processing, and structure 

determination 

 Crystal screens were set up with the Phoenix protein crystallization robot (Art 

Robbins Instruments) using equal volumes (0.4 µL + 0.4µL) of protein and precipitant 

solutions (Hampton and Qiagen crystallization screens) in 96-well sitting drop vapour 

diffusion plates at room temperature. Multiple initial crystal “hits” were obtained following 

three weeks for MBP-mKIF14MD-N738. Crystals of the MBP-mKIF14MD-N738 fusion 

were optimized by hanging-drop vapour-diffusion at 4°C after mixing protein (28 mg/mL) 

supplemented with 1 mM Mg·ATP in a 1:1 volume ratio with a solution of 200 mM 

sodium formate, pH 7.0 and 12% (w/v) polyethylene glycol (PEG) 3350. Rod-like crystals 

appeared overnight and were flash-frozen in cryoprotectant composed of 15% (w/v) PEG 

3350, 300 mM sodium formate, pH 7.0, and 25% (v/v) ethylene glycol.  

X-ray diffraction data were collected from a single frozen crystal on the X6A beam 

line at the National Synchroton Light Source (NSLS) facility (Brookhaven National 

Laboratory, New York), and were integrated and scaled with the program HKL2000 [148]. 

A molecular replacement search using the program BALBES [149] identified coordinates 

KIF13B (PDB ID: 3GBJ) (unpublished results) and MBP (PDB ID: 2R6G) [150] as search 

models for Phaser [151]. A series of manual building cycles using Coot [152] and iterative 

restrained refinement cycles using non-crystallographic symmetry (NCS) restraints and 
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TLS refinement in REFMAC 5.7 [153] were performed to generate the final model. Data 

collection and refinement statistics are summarized in Table 3.2.  Coordinates and 

structure factors have been deposited in the Protein Data Bank (PDB) with accession 

number 4OZQ [1]‡. 

2.5  Electron microscopy 

2.5.1  Preparation of taxol-stabilized microtubules  

Tubulin, stored in BRB80 (80 mM PIPES pH 6.8, 1 mM MgCl2, 1 mM EGTA), 

was thawed and spun at 245,000xg (75,000 rpm) at 4°C for 10 mins in a TLA100.3 rotor to 

remove aggregates. Thereafter, 2 mM GTP and 5% (v/v) DMSO were added. The tubulin 

mixture was incubated at 37°C for 30 mins to promote polymerization. A final 

concentration of 20 µM taxol was added to the microtubules and incubated at 37°C for 

another 20 mins.  

2.5.2  Negative-staining electron microscopy  

Polymerized tubulin (1.5 µM) was incubated with MBP-mKIF14MD-N738 (3 

µM), mKIF14MD-L735 (3 µM), or both mKIF14MD-L735 (3 µM) and hKIF14NTE-E355 

(3 µM) in the presence of either 2 mM Mg·AMPPNP or 2 mM Mg·ADP (MP 

Biomedicals). 2 mM of GTP was added to the mixture. The reactions were carried out at 

room temperature for 20 min and 6 µL of the mixture was added onto a freshly UV 

discharged 400-mesh carbon-coated copper grid for 1 min. The samples were then 

negatively stained with 1% uranyl acetate. Images were collected at 120kV on a FEI 

Tecnai-20 electron microscope using a nominal magnification of 50,000X. 
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2.5.3  Cryo-electron microscopy and helical 3D reconstruction  

Taxol/DMSO polymerized microtubules [154] were incubated with mKIF14MD-

L735 in a 2:1 (kinesin: tubulin) stoichiometry in the presence of 2mM AMPPNP (MP 

Biomedicals).  4 µL of this solution were applied onto freshly glow discharged holey 

carbon grids (Quantifoil R2/100) blotted and flash frozen [155]. Frozen grids were imaged 

under low dose conditions with a nominal defocus range of 1-2.5 µm on a Tecnai-20 cryo-

electron microscope operated at 120 kV. Electron micrographs were recorded on a TVIPS 

F415 4Kx4K camera at a nominal magnification of 50,000X (1.6 Å pixel size).  Images 

with 15 protofilaments helical microtubules were selected for 3D image reconstruction as 

were selected for further analysis. Helical 3D reconstruction was done using a Fourier-

Bessel method to obtain a preliminary 3D map [156].  This map was used as an initial 

reference for 10 rounds of single particle and 3D reconstruction refinement.  Final 

resolution (1.6 nm) was estimated using the FSC0.143 criteria calculated from two 

independently refined reconstructions each including half of the data set [157, 158]. The 

final map included 30 filaments and 24,722 asymmetric units.  3D map visualization and 

fitting of the crystal structures into the map was done using UCSF chimera [159]. For 

fitting 1 nm resolution models of the atomic structures of tubulin (PDB ID: 1JFF [160]) 

and the KIF14MD (PDB ID: 4OZQ [1]‡ after deleting the MBP domain) were calculated 

and fitted independently as rigid bodies into the cryo-EM electron density map using the 

global fit option of the UCSF-chimera [159] fitmap command. The EM 3D map has been 

deposited in the EMDataBank with accession code EMD-2609. 
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2.5.4  Microtubule polymerization assay with KIF14NTE-E355 

Tubulin dimers (12 µM) were incubated with KIF14NTE-E355 (1 µM) in the 

presence of 2 mM GTP and 75 mM KCl, following which a time course of 5, 10, 20, and 

30 mins was conducted. At each time point 6 µL of the reaction was placed on a freshly 

UV discharged 400-mesh carbon-coated copper grid for 1 min. 1% uranyl acetate was used 

to stain the reactions. Images were collected at 120kV on a FEI Tecnai-20 electron 

microscope using a nominal magnification of 50,000X. 

2.6  Modeling and morphing of KIF14MD three-dimensional structures 

An ATP-bound conformation of KIF14MD was modeled using the X-ray 

coordinates Eg5 (PDB ID: 3HQD [93]) as the template in MODELLER [161]. The primary 

sequences of Eg5MD and KIF14MD were aligned using ClustalW and were input into 

MODELLER [161] along with Eg5 coordinates. The resulting models were assessed using 

the molecular PDF (MolPDF) and DOPE scoring functions in MODELLER [161], as well 

as qualitative analysis using PyMOL [56]. MODELLER was also used to carry out de novo 

modeling of the missing loops in the crystal structure of MBP-KIF14MD-N738.  

UCSF Chimera was used to morph the KIF14MD model from the Mg·ATP-bound 

form to the ADP-bound form [159]. The structures were either superimposed using the P-

loop element (residues 482-489 in KIF14)  (see Movie 3-1) or helix α4 (residues 270-281) 

(see Movie 4-1). The morphing frames created by UCSF Chimera [159] were transformed 

into movie format using PyMOL [56].  
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Chapter 3 

Results 

3.1  Analysis of the primary structures of mouse and human KIF14 kinesins 

Mouse and human KIF14 are 1674 and 1648 amino acids long, respectively. They 

share ~69% sequence similarity, with their MDs being the most conserved regions (90% 

sequence identity).  Multiple sequence alignment with other kinesin-3 family members, 

such as KIF1A, shows a high degree of primary structure identity within the MDs as well, 

but sequence conservation breaks down significantly at areas that form loops L8a, L10, 

L11, and L12s (identified as the K-loop in the KIF1 branch of the kinesin-3 family) [102], 

and β7 (Figure 3-1). In addition, KIF14 has a unique insertion in loop L8a, which is part of 

the microtubule-binding region. In contrast, the structural motifs necessary for kinesins’ 

enzymatic function (the P-loop, switch I, and switch II) [5] show little deviation from other 

kinesins.  

The region prior to the MD, toward the N-terminus, is much longer than other 

kinesins (>350 amino acids).  Sequence analysis of this N-terminal extension (NTE) shows 

much higher divergence than the MD between mouse and human (only 38% sequence 

similarity), with a large, proline-rich insertion of about 60 residues seen in mouse KIF14 

(Figure 3-2). This could suggest different physiological roles of KIF14 NTE in the two 

species or lack of evolutionary pressure to retain its features. For this reason, and because 

orthologous proteins expand options for protein crystallization experiments [162], both 

mouse and human KIF14 were investigated. 
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Figure 3-1: Sequence alignment of the motor domain of kinesin-3 family motors. Both 
the sequence alignment and the assignment of the secondary structure for the motor domain 
were done using ESPript [163] according to the MBP-mKIF14MD-N738 crystal structure 
(PDB ID: 4OZQ [1]‡).  The nucleotide-binding pocket (the P-loop, switch I, and switch II) 
and microtubule-binding regions are shown. Significant breakdown in sequence 
conservation between KIF14 and other kinesin-3 motor proteins, which include loops L8a, 
L10, L11 and L12, and β7, are indicated in purple. This figure was adapted from Arora et 
al., 2014 [1]‡.  
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Figure 3-2: Sequence alignment of the N-terminal extension of KIF14. The sequence 
alignment was done using ESPript [163]. There was no reference model or crystal structure 
to assign secondary structure. In comparison to human KIF14 NTE, the mouse ortholog 
includes a large insertion towards the carboxyl-terminal of the domain. 
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3.2  Structural characterization of KIF14  

3.2.1  Constructs of KIF14 N-terminal extension and motor domain 

Similar to other kinesins, and most cytoskeletal motor proteins for that matter, 

recombinant expression and purification of full-length human and mouse KIF14 was not 

feasible. Moreover, we found that multidomain fragments of these proteins, as well as 

some individual domains, were equally intractable to produce in high abundance and 

purity. As a result, it was necessary to investigate the biophysical properties of KIF14 in 

vitro either as individual domains or mixtures of said domains. Figure 3-3 shows 

schematics of the NTE and MD constructs that were used for the studies described in this 

chapter and the naming convention used. Details of the constructs can be found in Table 2-

3, Chapter 2. Design of these constructs was facilitated by the information obtained from 

the bioinformatics tool Phyre2 [147], which is described below. 

Phyre2 was utilized to design the NTE and MD constructs suited for crystallization 

and microtubule binding analysis by electron microscopy [147]. The program applies 

profile-profile matching algorithms to predict three-dimensional structures based on the 

primary amino acid sequence and the tertiary structures of homologous proteins. Human 

KIF14 NTE (2-356 amino acids) and mouse KIF14 MD (391-772 amino acids) were used 

as the protein query sequences and the “intensive modeling” mode was selected. Phyre2 

secondary structure prediction tool predicted the majority of the NTE (73% of the 

sequence) to be disordered (Figure 3-4) [147]. The first human KIF14 NTE construct 

covers the entire domain (residues 1 – 356), however the shorter NTE construct (residues 

11 – 312) was truncated at the N- and C-termini based on Phyre2’s secondary structure 
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prediction [147]. MBP-hKIF14NTE-Q312 begins just before the first β-strand and ends 

after the last predicted α-helix and also eliminates the disordered regions at both termini.   

 
 
Figure 3-3: Schematics of the human and mouse MBP-KIF14 fusion constructs. For 
most constructs, an MBP tag was fused at the N-terminus via a tri-alanine/ serine linker. 
The amino acid boundaries of each construct are labeled. NTE – N-terminal extension and 
MD – motor domain. Constructs designed and purified by the Kwok lab are indicated with 
an asterisk. 
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Figure 3-4: Secondary structure and disorder prediction of human KIF14 N-terminal 
extension. This analysis was done using Phyre2

 [147]. Majority of KIF14 NTE is predicted 
to be unstructured (73% disordered).  The remaining amino acid sequence that is predicted 
to form α-helices or β-strands has been modeled in at medium to low confidence.  
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Figure 3-5: Secondary structure prediction of mouse KIF14 motor domain. This 
analysis was done using Phyre2

 [147]. The majority of the KIF14 MD was predicted as 
structured with high to moderate confidence. Phyre2 also recognized conserved 
microtubule-binding and ATP-binding sites based on other crystal structures of 
homologous kinesins [147]. 
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Conversely, Phyre2 assigned secondary structure to the mouse KIF14 MD with 

high to moderate confidence and predicted only 20% of the sequence to be disordered 

(Figure 3-5). Phyre2 selected a fungal kinesin, NcKin (PDB ID: 1GOJ [164]) from 

Neurospora crassa, as the template for homology modeling of the KIF14 MD, giving a 

model confidence score of 100% (Figure 3-6).  Based on the model, the shorter KIF14MD 

constructs, MBP-hKIF14MD-N703 and MBP-mKIF14MD-N738, were truncated at the C-

terminus to minimize the flexible regions to increase the possibility of obtaining 

diffraction-quality crystals. However, the longer constructs, MBP-hKIF14MD-N712 and 

MBP-mKIF14MD-N747, include majority of the neck linker. These constructs were 

designed to observe nucleotide-dependent conformational changes in the neck linker, as 

well as carry out non-crystallographic studies. For some constructs, MBP was appended as 

an N-terminal expression tag as it is one of the most well-known and proficient means of 

enhancing the solubility and recovery of proteins expressed in microbes [165]. MBP was 

also used because previous crystallization attempts of the untagged KIF14 MD from the 

Kwok laboratory had not been successful, and because our lab and others have shown it to 

aid crystal lattice formation and phase determination [166, 167]. A short three-residue 

linker region, either Ala-Ala-Ala (AAA) or Ala-Ala-Ser (AAS), between MBP and the 

target protein was selected to limit the conformational heterogeneity of fusion molecule 

and increase chances of crystallization [167, 168].  
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Figure 3-6: Phyre2 model of mouse KIF14 MD. Phyre2 modeled residues 390-772 of 
mouse KIF14 MD with 100% confidence using fungal kinesin, NcKin (PDB ID: 1GOJ 
[164]) from Neurospora crassa, as the template [147]. The N- and C-termini of the MD are 
labeled. This figure was prepared using PyMOL [56].  
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3.2.2  Purification and secondary structural analysis of KIF14 NTE and MD 

constructs 

MBP-tagged constructs of mouse and human KIF14 were expressed and purified 

as described in Chapter 2. Untagged constructs were provided by the Kwok laboratory. The 

expression level and purity of each construct was analyzed by SDS-PAGE (Figure 3-7). 

Following amylose-affinity chromatography, further purification was carried out by size-

exclusion chromatography (Figures 3-8 and 3-9). MBP-KIF14MD recombinant proteins 

eluted as a peak corresponding to molecular weight of ~80 kDa as calculated from protein 

sizing standard curve. This corresponds to a monomeric species as predicted from the 

amino acid sequence. However, the NTE constructs MBP-hKIF14NTE-Q312 and MBP-

hKIF14NTE-N356 appeared to elute as dimers with molecular weights ~148 kDa and ~160 

kDa, respectively.  

KIF14-containing fractions were pooled immediately after size-exclusion 

chromatography and most of the constructs were analyzed using circular dichroism (CD) 

spectroscopy to determine that the recombinant proteins were folded before beginning 

crystallization trials (Figure 3-10). These measurements were performed at both 4°C and 

25°C to verify the temperature-dependent stability of the NTE and the MD constructs. The 

structural content of the recombinant proteins were determined by carrying out 

deconvolutions of the CD spectra. The resulting percentages of secondary structure (% α-

helical, % β-strand, and % random coiled-coil) were subtracted from MBP alone to 

determine the structural content of the KIF14 protein (Table 3.1). All samples were 

concentrated before setting up crystal screens. 
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Figure 3-7: SDS-PAGE of human and mouse MBP-KIF14 NTE and MD purification. 
Amylose affinity purification of the six MBP-KIF14 constructs. Lanes containing total cell 
lysate (T), pellet (P), supernatant (S), wash (W), and molecular weight marker (M) are 
labeled. In every purification a 60 mL linear gradient from 0 to 10 mM maltose was used. 
The elution fractions were collected and pooled for further purification by size-exclusion 
chromatography. The arrowheads indicate the migration of the MBP-tagged KIF14 
constructs. 
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Figure 3-8: Protein purification of MBP-hKIF14 NTE constructs by size-exclusion 
chromatography. A) Size-exclusion elution profiles of MBP-hNTE-N356 and MBP-
hNTE-Q312. The elution volume peak (boxed in) for MBP- hNTE-N356 is fractions F25: 
155-161 mL and F26: 162-168 mL; for MBP- hNTE-Q312 is F26: 162-168 mL and F27: 
169-175 mL. B) and C) SDS-PAGE analysis of the elution fractions following size-
exclusion chromatography of the MBP-hNTE constructs. P = pooled elution fractions from 
amylose-affinity purification, M = molecular weight marker, Void = void volume. The 
fractions that were pooled and concentrated for crystallization are boxed in.  
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Figure 3-9: Protein purification of MBP-KIF14 MD constructs by size-exclusion 
chromatography. A) Size-exclusion elution profiles of MBP-hKIF14MD-N703, MBP-
hKIF14MD-N712, MBP-mKIF14MD-N738, and MBP-mKIF14MD-N747. The elution 
volume peak (boxed in) for MBP- hKIF14MD-N703 is fractions F31: 199-205 mL and 
F32: 206-212 mL; for MBP-hKIF14MD-N712 is F31: 199-205 mL and F32: 206-212 mL; 
for MBP-mKIF14MD-N738 is F32: 206-212 mL, F33: 213-219 mL, and F34: 220-226 mL; 
for MBP- mKIF14MD-N747 is F31: 199-205 mL and F32: 206-212 mL. B) SDS-PAGE 
analysis of the elution fractions following size-exclusion chromatography of the human and 
mouse MBP-KIF14MD constructs. The arrowheads indicate the migration of the MBP-
KIF14MD constructs. P = pooled elution fractions from amylose-affinity purification, M = 
molecular weight marker, Void = void volume. The fractions that were pooled and 
concentrated for crystallization are boxed in. 
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Figure 3-10: Circular dichroism (CD) spectra of MBP-KIF14 constructs.  
A) Temperature-dependent CD spectra of purified MBP-hKIF14 NTE constructs as well as 
MBP alone. B) Human and mouse MBP-KIF14 MD constructs. The dashed lines represent 
samples measured at 4°C and the solid lines represent protein measurements taken at 25°C. 
 
 



 

 

 

 

61 

Table 3-1: Structural content of KIF14 NTE and MD constructs.    

 % α-helical content % β-content % random coil 
hKIF14NTE-Q312 16.7 16.4 34.4 
hKIF14NTE-N356 15.6 17.3 32.7 
hKIF14MD-N703 29.5 25.6 20.4 
mKIF14MD-N738 31.5 25.6 20.4 
  

 

3.2.3  Crystallization, diffraction data collection, and structure determination 

of MBP-KIF14MD  

 After optimization, long, rod-like MBP-mKIF14MD-N738 crystals formed and 

diffracted up to 3.5 Å at our home source diffractometer, and up to 2.7 Å at the NSLS 

facility (Figure 3-11). Crystallization trials for the other human and mouse MBP-KIF14 

MD constructs produced crystal “hits” as well, but were not suitable for high-resolution X-

ray diffraction data collection.   

The MBP-mKIF14MD-N738 crystals exhibited the P1 space group with the 

following unit cell dimensions: a = 65.7 Å, b= 73.6Å, c= 96.5Å and α = 74.4°, β = 87.4°, γ 

= 89.9°. Data collection and refinement statistics are summarized in Table 3.2. The 

structure of MBP-mKIF14MD-N738 was solved by molecular replacement using the 

coordinates of periplasmic MBP (PDB ID: 2R6G [150]) and the MD of a fellow kinesin-3 

family member, KIF13B (PDB ID: 3GBJ) (unpublished results). There were two molecules 

of MBP-mKIF14MD-N738 in the asymmetric unit, which were built using Coot [152], and 

refined to 2.7 Å using REFMAC [153] to obtain the final model.  
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Figure 3-11: MBP-mKIF14MD-N738 crystals. Crystals were grown in a 24-well hanging 
drop vapour diffusion plate under the following conditions: 200 mM sodium formate, pH 
7.0, and 12% (w/v) PEG 3350. The plates were incubated at 4°C; rod-like crystals appeared 
overnight.    
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Table 3-2: Data collection and refinement statistics. 

 MBP-mKIF14MD-N738 
  
Data Collection Statistics  
Space group P1 
Cell dimensions   
     a, b, c (Å) 65.7, 73.6, 96.5 
     α, β, γ (°)  74.4, 87.4, 89.9 
Resolution (Å)a 30-2.8 (2.9-2.8) 
Total reflections 123026 
No. of unique reflections 40225 
Rmerge

a 13.3 (57.8) 
I / I a 10.72 (2.55) 
Completeness (%)a 94.6 (93.9) 
Redundancya 3.1 (2.9) 
  
Refinement Statistics  
Rwork / Rfree

b  (%) 26.38/30.75 
No. of atoms  
    Protein (Chain A) 5070 
    Protein (Chain B) 5096 
    Water 36 
Average B-factors (Å2)  
    Protein (Chain A) 49.87 
    Protein (Chain B) 48.24 
    Nucleotide (A) 17.72 
    Nucleotide (B) 18.45 
    Water 18.75 
R.m.s. deviations  
    Bond lengths (Å) 0.011 
    Bond angles (°) 1.47 
Ramachandran plot (%)  
    Favored 89.6 
    Allowed  10.0 

Generously Allowed 0.4 
    Disallowed 0.0 
 

aData in parentheses represent the highest resolution shell.  
bRfactor = bRfactor=Σ⎢F(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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3.3  Structure of the KIF14 motor domain  

 The asymmetric unit of the crystal contained two MBP-mKIF14MD-N738 

molecules in which the MBP and mKIF14MD-N738 components exist as distinct domains 

and form few intramolecular contacts (Figure 3-12). The main region of interaction 

between MBP and the MD involves part of loop L12 at the C-terminal end of helix α4. 

Interactions between symmetry-related molecules in the crystal lattice are minimal as well 

and do not appear to impact the overall configuration of mKIF14MD-N738. These involve 

the top of the β1 lobe, the C-terminal end of helix α2, and part of the microtubule-binding 

surface (β5a, loop L8, and β5b) of KIF14.  The final electron density map allowed for the 

building of residues Glu390-Arg734 in both molecules A and B, with small sections of 

some surface loops missing from the final model due to missing or ambiguous electron 

density. This includes loops L8a, L10, L11, and L12, which, along with part of β7, is where 

KIF14 sequence differs most dramatically from other kinesin-3 family members (Figure 3-

1). ADP, but not Mg2+, was found in the nucleotide pocket of both KIF14 molecules and 

the final refined structure shows that mKIF14MD-N738 adopts the canonical α/β kinesin 

motor domain fold involving an eight-stranded β-sheet core sandwiched by three exposed 

α-helices on either side [1, 82, 170]‡. 
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Figure 3-12: The structure of MBP-KIF14MD. A) Ribbon representation of the structure 
of mKIF14MD-N738 (in blue and green) fused to MBP (in gray). Regions of the motor 
domain that show major sequence divergence from other kinesins are highlighted in purple 
in loops L8a, L10 and L12, and β7. B) The nucleotide-binding pocket of KIF14MD 
modeled within electron density from a 2mFo-DFc map contoured at 1.0 σ [1]‡. The figure 
was created using PyMOL [56]. 
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3.3.1  The nucleotide pocket 

Secondary structure matching analysis by PDBeFold [171] shows that 

mKIF14MD-N738 shares highest overall similarity with the Mg·ADP-bound structures of 

the KIF1A (PDB ID: 2ZFI [20]) and Eg5 (PDB ID: 1II6 [172]) MDs. Their RMS 

deviations for 253 and 229 structurally equivalent α-carbons are 1.018 Å and 1.041 Å, 

respectively. The greatest structural deviation exhibited by mKIF14MD-N738 resides 

within the nucleotide-binding pocket. A profound picture of these differences emerges 

from superimposing their P-loop elements (residues 482-489 in KIF14: ‘GPQTxxGKS/T’) 

and highlighting their central β-sheet strands (Figure 3-13). While their nucleotide atoms 

and β1, β2, β3, and β8 strands (those on the P loop–switch II side) show appreciable 

overlap, the remainder of KIF14’s central β-sheet (β4-β7, on the switch I side) is twisted an 

additional 8-11° beyond the maximal amount observed in KIF1A (Figure 3-13A) and Eg5 

(Figure 3-13B). Along with this twist, helix α3 and switch I are shifted away from the 

nucleotide-binding pocket to a distance of 8.7 Å as determined by measuring from Ser603 

of the switch I ‘NxxSSR’ motif to the β-phosphate of ADP (Table 3-3, Figure 3-14A). The 

result of this is near total loss of protein contacts for waters that mediate interactions with 

the nucleotide. Likewise, the conserved P-loop residue Lys488 (GPQTxxGKS/T) is further 

away from the β-phosphate of ADP in mKIF14MD-N738 in comparison to KIF1A (PDB 

IDs: 2ZFM and 2ZFI [20]) and Eg5 (PDB ID: 1II6 [172]) (Table 3-3) [1]‡.  
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Figure 3-13: The conformational changes in KIF14MD. A) and B) Superposition of the 
Cα atoms of the P-loop indicates a twist of the central β-sheet in MBP-mKIF14MD-N738 
when compared to selected crystal structures of KIF1A and Eg5, respectively [20, 102] . C) 
Distortion of the central β-sheet of MBP-mKIF14MD-N738 is similar to that observed in 
myosin V upon transitioning from ATP-bound to a nucleotide-free state [13]. This figure 
was adapted from Arora et al. [1]‡. 
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Figure 3-14: The open state of the nucleotide-binding pocket of KIF14 in comparison 
to the Mg·ADP- and ADP-bound states of KIF1A. Black dashed lines show hydrogen 
bonding interactions. The blue dashed line shows a measurement of the distance between 
the nucleotide and switch 1 as determined by measuring from the second conserved serine 
of the switch I ‘NxxSSR’ motif to the β-phosphate of ADP. Also shown are the interactions 
between residues that compose the ‘Mg2+ stabilizer’ complex. In KIF14, this complex is 
composed of residues Glu531, Arg591, and Asp638, based on homology to KIF1A. This 
figure was adapted from Arora et al. [1]‡. 
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Table 3-3: Distances between nucleotide-binding motif elements in KIF14, Eg5, and 

KIF1A. 

Kinesin PDB 
code 

Nucleotide 
state 

Salt-
bridge 

Distance (Å) 
(β-phosphate 

– SswI)a 

Distance (Å) 
Gp-GswII)b 

Distance 
(Å) (β-

phosphate – 
Kp)c 

 

KIF14 4OZQ ADP No 8.71 (S603) 6.02 
(G482-G641) 3.6 

Eg5 3HQD AMPPNP Yes 6.41 (S233) 5.37 
(G105-G268) 3.8 

Eg5 1II6 ADP Imperfect 7.13 (S233) 5.97 
(G105-G268) 2.8 

KIF1A 2ZFM ADP N/A 
 

7.66 (S215) 
 

5.91 
(G97-G251) 2.9 

KIF1A 2ZFI ADP No 6.98 (S215) 5.81 
(G97-G251) 2.7 

KIF1A 1VFV AMPPNP Imperfect 7.74 (S215) 5.52 
(G91-G251) 3.4 

KIF1A 1I6I AMPPCP No 8.02 (S215) 5.89 
(G91-G251) 4.0 

aDistance between β-phosphate 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 DxxGxE (GswII).  
cDistance between β-phosphate and the lysine in the P-loop motif GPQTxxGKS/T (Kp). 
Distances were measured from the α-carbons of the indicated residues using the program 
Coot [152]. Each of these distances were used as a measure of the closure of the 
nucleotide-binding pocket.                                                                                                                                  

 

 

3.3.2  A new intermediate state of the kinesin motor domain 

Although open conformations of the nucleotide-binding pocket have been reported 

for other kinesin structures determined by X-ray crystallography [164] and high-resolution 

cryo-EM [136], the degree of central β-sheet distortion in mKIF14MD-N738 has only been 

observed in nucleotide-free myosins V and II (Figure 3-13C) [13]. This conformation has 
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been described in myosin as the ‘rigor-like’ state of the motor, which resembles the strong-

actin-binding state that occurs at the end of a power stroke [173, 174].  In kinesin, 

transition to this state has been presumed to result from stable microtubule lattice binding 

and is thought to trigger a fully opened conformation of switch II that completely releases 

Mg2+ and ADP (Movie 3-1) [5]. Indeed, twisting of the central sheet of KIF14 appears to 

disrupt the ‘Mg2+-stabilizer’ complex previously described in KIF1A structure [20]. Its 

purpose is presumed to hold the ‘Mg2+-water cap’ in place to keep ADP in the nucleotide-

binding pocket [175]. In KIF14, this complex is composed of residues Glu531L7, 

Arg591swI, and Asp638swII, based on homology to KIF1A [1]‡. While Asp638swII and 

Arg591swI maintain a hydrogen bond, Arg591swI shifts away from Glu531L7 (Figure 3-14) 

[1]‡.  Similar interactions are seen in KIF1A ADP-bound structure (PDB ID: 2ZFM) [20], 

in which the hydrogen bond is broken between Glu148L7 and Arg203swI.  As a 

consequence, mKIF14MD-N738 contains no Mg2+, and only three water molecules in 

proximity of the phosphate groups of ADP, one of which connects switch II to β-phosphate 

by forming a weak hydrogen bond with Asp638swII
 [1]‡. Although the resolution of our 

structure approaches the limit for accurate modeling of water molecules, and could 

therefore explain limited water occupancy, the B-factors for these atoms are roughly 

equivalent to the other waters (~ 19 Å2) [1]‡. 

Another unique feature of the mKIF14MD-N738 structure is that the side chain 

orientation of the conserved serine of the P-loop (Ser489P-loop, GPQTxxGKS/T) does not 

allow for Mg2+coordination, nor can it form a hydrogen bond with the β-phosphate of ADP 

(Figure 3-14) [1]‡. In all KIF1A crystal structures, the homologous serine (Ser104P-loop) 

exhibits an orientation that allows it to coordinate either the Mg2+ in the Mg·AMPPCP 
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(PDB ID: 1I6I [176]), Mg·AMPPNP (PDB ID: 1VFV [102]), and Mg·ADP complexes 

(PDB ID: 2ZFI [20]), or to interact with β-phosphate of the ADP complex (PDB ID: 2ZFM 

[20]). This is also the case for the corresponding Thr112P-loop residue in Eg5 (PDB IDs: 

3HQD and 1II6 [172]).  

The KIF14MD-N738 structure also differs from some nucleotide-specific 

conformations of KIF1A in terms of the orientation of helix α4 of the switch II cluster. In 

ADP-bound KIF14MD-N738, helix α4 is in the ‘ADP-like’ or ‘down’ conformation [3, 

102, 176], which prohibits docking of the neck linker onto the catalytic core. Nitta et al. 

observed this orientation of helix α4 in the KIF1A-Mg·ADP complex (PDB ID: 2FZI) 

(Figure 3-15A) and proposed it to represent a predecessor to the Mg2+-release state [20].  

In this state, the MD would be presumed to exhibit weak microtubule binding, which 

contradicts the microtubule affinity expected for the rigor-like conformation of KIF14’s 

central sheet. Rather, in the model proposed by Nitta et al. to explain microtubule 

activation of Mg·ADP release from kinesin, rotation of helix α4 to an ‘up’ conformation, as 

seen in its ADP-bound KIF1A structure (PDB ID: 2ZFM [20]) (Figure 3-15A), as well as 

the Mg·AMPPNP and Mg·AMPPCP-bound structures (PDB IDs: 1VFV and 1I6I [102]), 

was correlated with strong microtubule affinity [20]. The conformation of helix α4 in ADP-

bound KIF14 is clearly different from these latter KIF1A structures [1]‡.  
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Figure 3-15: Conformation of helix α4 in KIF14MD in comparison to KIF1A. A) Left 
panel shows an overlay of MBP-mKIF14MD-N738 helix α4 on the KIF1A structure just 
prior to Mg2+ release (PDB ID: 2ZFI), which exhibits the ‘down’ conformation of α4 [20]. 
Right panel shows MBP-mKIF14MD-N738 and the structure of KIF1A with helix α4 in the 
‘up’ conformation following the release of Mg2+ (PDB ID: 2ZFM [20]). B) Illustration of 
residues that form the ‘latch’ (Tyr533, Arg604, and Glu657). This figure was adapted from 
Arora et al. [1]‡.  
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Furthermore, the network of interactions described previously in KIF1A as the ‘tri-

residue complex’ (Tyr150L7, Glu267L11, and Arg216swI) [20] is most similar in the KIF1A-

Mg·ADP and the mKIF14MD-N738-ADP complexes. Nitta et al. noted that these residues 

form hydrogen bonds that act as a ‘latch’ to allow helix α4 to maintain a post-hydrolysis 

position (Figure 3-15B) [20]. Upon Mg2+-release, a slight downward movement of loop L7 

was seen in the ADP-bound model (PDB ID: 2ZFM [20]) that appeared to break the latch, 

causing helix α4 to rotate toward the ‘up’ conformation [6]. Cryo-EM studies with KIF1A, 

as well as other kinesins such as KIF5 and Kar3, suggest that this movement of loop L7 

does indeed occur on microtubules [103, 177, 178]. In comparison to KIF1A and Eg5, loop 

L7 of KIF14MD is rotated downwards significantly, and yet the corresponding three 

residues - Tyr533L7, Arg604swI, and Glu657L11 - maintain the latch with Tyr533L7 forming a 

strong hydrogen bond with Glu657L11 [1]‡. Presumably, this helps hold helix α4 in the 

‘down’ position and could be the result of the additional twist in the central β-sheet as it 

affects all the elements participating in latch formation: loop L7, switch I, and loop L11 

[1]‡.  

While these relationships between the helix α4 conformation and nucleotide state 

of KIF1A make the KIF14 conformation seem paradoxical, other kinesin crystal structures 

show a range of helix α4 positions that bear little to no correlation to nucleotide identity. 

For example, crystal structures of KIF2C (PDB IDs: 1V8J and1V8K) show the ‘down’ 

helix α4 conformation in the presence of both ADP and AMPPNP in the nucleotide-

binding pocket [179]. This most assuredly stems from the necessary absence of their 

microtubule substrate during crystallization [19]. By virtue of their microtubule 

association, EM studies seem to provide a more reliable depiction of nucleotide-dependent 
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states of helix α4. In high-resolution 3D (3-dimentional) helical reconstructions of 

microtubule-bound kinesin-1 and kinesin-5, helix α4 of the switch II cluster is in the 

‘down’ conformation in rigor states (ADP and nucleotide-free) of these motors, similar to 

KIF14 [180, 181]. Alternatively, the ‘up’ conformation of helix α4 is attained in the 

presence of AMPPNP, and the neck linker is docked to the motor core [181]. Based on this, 

the conformation of KIF14 observed in the crystal structure may resemble its true 

microtubule-bound rigor-like state in which the neck linker is prevented from docking onto 

the core of the motor domain [1]‡. Confirmation of this will require a crystal structure of 

KIF14MD plus neck linker in the rigor-like state.  

Also worth noting is that loop L7 has been identified as the pivot for both the 

‘latch’ and ‘Mg2+-stabilizer’ complexes due to its role as the microtubule sensor. Two 

charged residues, located at the tip of loop L7 (Glu535 and Lys536 in KIF14) are predicted 

to form salt-bridges with Arg158 and Glu159 in helix H4 of β-tubulin, bringing loop L7 

closer to β-tubulin [175]. Due to the intrinsic twist in the central β-sheet of KIF14, loop L7 

and other parts of the microtubule-binding region (helix α4, β5a/b, and loop L8) are pulled 

closer towards the microtubule surface than is seen in other kinesins [1]‡. This includes the 

recent crystal structure of kinesin-1 in complex with an α/β tubulin dimer [18]. There, the 

tubulin dimer was curved ~9° with respect to a linear microtubule. This suggests that the 

KIF14 crystal structure exhibits a conformation with steric complementarity to a straight 

microtubule protofilament.  Its ability to achieve this conformation in the absence of 

tubulin might explain KIF14’s strong microtubule-binding affinity in the ADP-bound state 

[1]‡.  
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3.4  EM of KIF14-microtubule complexes  

3.4.1  KIF14 MD decorates microtubules uniformly and shows a slightly 

different binding orientation  

To gain insight into how the KIF14 MD interacts with microtubules, we analyzed 

the structure of KIF14MD–microtubule complexes using negative-stain and cryo-EM. 

Although the MBP fusion tag did not deter any of the human or mouse KIF14 MD 

constructs from binding to microtubules (Figure 3-16), we chose to use the untagged 

KIF14MD-L735 construct for these experiments because of its similar length to MBP-

mKIF14MD-N738, but without the potential complication of the tag interfering with NTE-

microtubule interactions.  Like MBP-mKIF14MD-N738, this construct (KIF14MD-L735) 

“decorates” the microtubule uniformly under saturating concentrations; meaning that one 

kinesin molecules associates with each α/β tubulin subunit whether bound to ADP or 

AMPPNP (the non-hydrolyzable analog of ATP).  
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Figure 3-16: Negative-staining EM of KIF14MD-microtubule complex. A), B) and C) 3 
µM of mKIF14MD-L735, MBP-mKIF14MD-N738, or MBP-hKIF14MD-N712 were 
incubated with 1.5 µM polymerized tubulin with either 2 mM Mg·AMPPNP or Mg·ADP.  
The “bumps” seen along the microtubules represent the KIF14MD. The arrowheads 
indicate a bound KIF14MD on the microtubule. Scale bar: 25 nm.  
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To study the KIF14 MD-tubulin interaction in more detail, our collaborator, Dr. 

Hernando Sosa (Albert Einstein College of Medicine, Bronx, NY) carried out the cryo-EM 

studies on our microtubule-bound mKIF14MD-L735 proteins [1]*. These assays were 

again conducted with untagged mouse KIF14 MD (residues 390-735) in the presence of 

15-protofilament taxol/DMSO-stabilized microtubules, at a 2:1 ratio. As observed by 

negative-staining EM, saturating amounts of KIF14 MD resulted in fully decorated 

microtubules (Figure 3-17A). From these images, a 1.6-nm-resolution 3D map of the 

complex (Figure 3-17B) was calculated and the mKIF14MD-N738 and tubulin atomic 

structures were fitted into the map (Figure 3-17C) [1]*. The 3D map and fitted atomic 

model reveals an overall binding configuration that is similar to other kinesins [182], but 

with some discernable differences. Like other kinesins, mKIF14MD-L735 binds at the 

tubulin intradimer interface, along the crest of the protofilament, and orients slightly 

toward the next protofilament. This results in the typical clockwise skew when the complex 

is viewed from the microtubule plus end [1]*. However, comparing the mKIF14MD-L735-

microtubule model with other kinesin–microtubule models [136] revealed a small 

difference in the position/orientation of the KIF14 MD relative to tubulin (Figure 3-17D) 

[1]*. This distinct binding configuration may be a direct consequence of a different KIF14 

MD structure [1]*. 
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Figure 3-17: Cryo-EM 3D reconstruction of KIF14 MD-microtubule complex. A) 
Cryo-EM image of a 15-protofilament microtubule decorated with mKIF14MD-L735. B) 
Surface representation of the 3D reconstruction density map coloured according to radial 
position and protein identity. Yellow: tubulin, Blue: KIF14 MD. C) Atomic structure of the 
KIF14 MD (blue ribbon) and tubulin (yellow: α-tubulin; ochre: β-tubulin; PDB ID: 1JFF) 
fitted into the cryo-EM density map (black mesh). D) Fitted model viewed from the 
microtubule surface. The tubulin structure is clipped away and only the KIF14 MD (blue 
ribbon) is shown.  For comparison with other kinesin-microtubule complexes, the tubulin 
part of the KIF14-microtubule complex was superimposed with the tubulin part of two 
KIF1A microtubule complexes (light pink = KIF1A-microtubule in AMPPNP (PDB ID: 
2HXF); dark pink = KIF1A-microtubule in ADP (PDB ID: 2HXH) [136].  When aligned 
this way the KIF14 MD is slightly displaced relative to the MDs of the KIF1A-microtubule 
complex models, as indicated by the coloured arrow.  Scale bar in (A): 25 nm, in (B)-(D) 
the microtubule is oriented with the plus end toward the top of the page. This figure was 
adapted from Arora et al. [1]*.  

 

 

Nucleotide-dependent changes in the orientation and position of kinesin elements 

involved in microtubule binding, such as helix α4, are associated with changes in the 

position of the bulk of the motor domain in kinesin–microtubule complexes [17, 136, 177] 

[24]. KIF14 helix α4 may adopt a configuration in the microtubule-bound ATP state (as 

mimicked by AMPPNP) that is different from other kinesins, resulting in the distinct 

position/orientation seen in the microtubule complex 3D map [1]*. A higher resolution 3D 
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map would be needed to confirm this by showing rearrangements of specific secondary 

structure elements. However, the cryo-EM and crystallography data together strongly 

indicate that, compared to other kinesins, KIF14 MD exhibits unique conformations 

associated to each ATPase cycle step. This appears to result in a tight microtubule 

interaction through the whole cycle. We also propose that the distinct binding configuration 

of the KIF14 MD relative to the microtubule may be associated with the microtubule 

stabilizing effect observed by the Kwok laboratory [1]*. 

3.4.2  KIF14 MD stabilizes open tubulin lattice structures  

Unexpectedly, open sheets and curled “ribbon” structures of microtubules were 

also observed in the presence of KIF14 MD, with and without MBP (Figure 3-18). Curled 

sheet-like structures have been reported to be an intermediate during microtubule assembly, 

showing distinct lateral contacts between tubulin heterodimers that are not seen in the tube-

like structure of closed microtubules [183].  The abundance of these structures in the 

presence of KIF14 MD could imply that KIF14 allows lateral tubulin contacts to hold 

together in a wider range of angles than other kinesins, perhaps providing another 

mechanistic basis for its microtubule-stabilizing ability. Equally interesting is that close 

inspection of all open sheet structures shows a clear absence of the microtubule lattice 

“seam” where lateral bonds between tubulin subunits differ from the main B-type lattice in 

which tubulin dimers are obliquely lined up at a shallow angle [184]. Natural microtubules 

typically include one A-lattice seam within an otherwise helically symmetric B-lattice tube 

[185]. This may indicate that KIF14 allosterically alters the tubulin lattice geometry in a 

way that impedes seam formation, or that these motors bind the seam directly and obstruct 

closure. Future studies will attempt to replicate these structures under different nucleotide 
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and taxol conditions in order to determine if this is an artefact of the experimental 

conditions. If that is not the case, higher-resolution data will be needed in order to 

understand how KIF14 MD is capable of stabilizing these transient structures. 

 

 

Figure 3-18: Negative-staining EM images of KIF14MD-microtubule complex. 
KIF14MD (3 µM) was incubated with microtubules (1.5 µM) with 2 mM Mg·AMPPNP. 
A) Open protofilament sheets, and B) ribbon structures (boxed in) were seen at microtubule 
ends. Scale bar: 25 nm.  
 
 
 

3.4.3  KIF14 NTE binds non-uniformly and forms long microtubules  

Unlike the KIF14 MD, hKIF14NTE-E355 decorates microtubules more 

sporadically indicating a different stoichiometry than one kinesin MD per α/β tubulin 

heterodimer (Figure 3-19A). Instead, the KIF14 NTE could be adopting an elongated fold 

rather than a globular structure when binding to microtubules, thereby covering several 
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tubulin dimer subunits. Furthermore, incubating KIF14NTE-E355 with tubulin dimers 

resulted in the formation of long protofilaments and microtubules (Figure 3-19B), 

supporting the KIF14 NTE microtubule polymerase activity initially observed by Dr. 

Kwok’s laboratory (unpublished data). Also in the two-dimensional images, different 

lattice structures resembling early stages of protofilament sheet closure to form the hollow, 

tube-like structure of a microtubule can be seen. 
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Figure 3-19: Negative-stain EM of KIF14 NTE-microtubule complex. A) Incubation of 
hKIF14NTE-N356 (3 µM) with taxol-stabilized microtubules (1.5 µM) shows a non-
uniform binding pattern. The arrowhead indicates a bound KIF14NTE on a microtubule. B) 
12 µM of free tubulin dimers were incubated at 37°C for 30 minutes without (left panel) 
and with (right panel) 1 µM of hKIF14NTE-N356. Microtubules (arrowhead) and open 
sheets (boxed in) were only seen after the addition of KIF14NTE. Scale bar: 25 nm.  
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3.4.4  KIF14 NTE and MD produces bundled microtubules in trans  

Previous studies have shown that the KIF14 NTE on its own is capable of bundling 

actin [27]. We show here that addition of human KIF14 NTE to the mouse KIF14 MD 

promotes bundling of microtubules (Figure 3-20A). Moreover, adding an equal ratio of the 

NTE and MD to microtubules forms bundled filaments that are uniformly decorated as 

seen by the characteristic “bumps” on the lattice and between adjacent microtubules.  

Interestingly, few ribbon structures were observed, possibly due to an accumulation of the 

MD or lack of the NTE in that region.  The addition of the two domains also resulted in 

open sheets, as well as peeled protofilaments resembling shrinking microtubules (Figure 3-

20B). However, unlike depolymerization where single protofilaments peel off the plus-end, 

microtubules incubated with KIF14 NTE and MD appeared to be peeling off as two-to-

three protofilaments together and were often seen at both ends of the microtubule. These 

thin protofilament sheets were commonly observed to wrap around adjacent microtubules.  

Overall, these EM studies indicate that KIF14 NTE and MD influence microtubule 

dynamics by altering the geometry of inter-tubulin dimer contacts at microtubule ends in 

such a way that ribbon structures and open sheets assemble and are stabilized. The fact that 

co-addition of the KIF14 NTE and MD bundles microtubules together is especially 

fascinating and may be relevant to the role of this motor at the spindle midzone during 

mitosis or the midbody during cytokinesis.  
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Figure 3-20: Negative-stain EM of KIF14 NTE and MD-microtubule complex. A) 
Incubation of hKIF14NTE-N356 (3 µM) and mKIF14MD-L735 (3 µM) with taxol-
stabilized microtubules (1.5 µM) results in bundled microtubules (left panel). The boxed in 
region shows a zipper-type effect as the “bumps” on adjacent microtubules interlace (right 
panel).  B) Incubation with KIF14 NTE and the MD resulted in 2-4 protofilaments peeling 
off the ends of microtubules  (black arrowhead). These protofilaments were often seen 
wrapped around adjacent microtubules as indicated by the boxed in regions. The red 
arrowhead pinpoints the “bumps” decorating the inside of protofilaments. Scale bar: 25 nm.  
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Chapter 4 

Discussion 

4.1  KIF14MD structure explains its unique biochemical properties 

As a kinesin-3 family member, it is perhaps not surprising that KIF14 shows some 

similarities to KIF1A, including its high affinity to microtubules [133].  However, there are 

also several striking differences that were highlighted by the biochemical studies carried 

out by Dr. Kwok.  For example, KIF14 is an extremely slow and inefficient walking motor 

compared to KIF1A, which runs at more than 200 times faster (1200 nm/s) than KIF14 (5 

nm/s) [131].  With an ATPase rate of ~110 s-1, KIF1A hydrolyzes about 1 ATP per 8 nm 

step similar to the conventional kinesin, kinesin-1 [11, 12]. KIF14, on the other hand, 

appears to take one step every 2 s, but hydrolyzes about 7 ATP molecules during this 

period of time [1]*. This implies that futile hydrolysis occurs in the mechanochemical 

cycles of KIF14. Although it remains to be determined whether this is a consequence of 

KIF14’s high basal ATPase activity or loss of coordination between KIF14 heads as a 

consequence of using truncated motors to determine motility, the structure we determined 

for the mouse KIF14 MD suggests that the former explanation is more likely. This is due to 

the proclivity of KIF14 MD to adopt a wide-open nucleotide-binding pocket and high 

microtubule affinity conformation in the absence of microtubules, as demonstrated in the 

crystal structure. Such ability should accelerate the process of ADP release and ATP entry.  

The limited activation of ATP turnover in the presence of microtubules suggests that 

closing of the switch elements around ATP occurs readily without microtubules as well 
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[1]‡. Furthermore, the miscorrelation between the nucleotide states and the conformation 

of the motor core and microtubule binding elements in KIF14 and KIF1A crystal structures 

may also explain some of the differences in the rate and equilibrium constants of their 

mechanochemical cycles and microtubule interactions. These distinctions provide a logical 

explanation for the divergent physiological roles of these two kinesin-3 motors: KIF1A in 

organelle transport in neurons and KIF14 in conveying midbody functions during cell 

division. 

4.2  KIF14MD structure displays a rigor-like conformation  

The unexpected yet highly important outcome of this study is that the KIF14 MD 

structure provides a missing link involved in understanding the mechanism of force 

generation in kinesins. Until now, twisting of the central β-sheet has only been observed in 

the nucleotide-free form of evolutionarily related motor myosin [13, 14]. This 

rearrangement causes the actin-binding cleft in myosin to close, leading to a marked 

increase in actin affinity, as well as Pi and ADP release. Conversion of the motor to the 

strong actin-binding state is viewed to be the major contributor to the loss of free energy 

needed to perform the power stroke [5, 15]. In this way, distortion of the central β-sheet 

provides the structural basis for communication between the actin-binding, nucleotide-

binding, and force-producing subdomains [13]. In kinesin, translocation is produced upon 

binding to ATP and docking of the neck linker against the motor core when the motor is 

attached to the microtubule [16]. The recent crystal structure of kinesin-1 in complex with 

α/β tubulin illustrated this relationship and showed a twist of the β-sheet that was only 

marginally more pronounced than that of free kinesin in complex with ADP [18].  Gigant et 
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al. suggested this to mean that they had captured the remnant of an event involving a much 

larger twist [18] that being kinesin's rigor state. We propose that this state, or an event 

immediately preceding this state, is observed in the KIF14 structure. Specifically, the 

conformation of the KIF14 MD observed in our crystal could represent the microtubule 

engagement-ready state of a kinesin motor in solution that is weakly bound to ADP but has 

high microtubule affinity (far right molecule in Figure 4-1), or the kinesin-microtubule 

post-collision state in which the front motor head establishes stable contacts with tubulin 

and has completed ADP release (far left molecule in Figure 4-1) [1]‡. Proceeding from 

this state, ATP binding presumably untwists the central β-sheet (second molecule from the 

left in Figure 4-1), leading to re-orientation of the bulk of the motor domain relative to the 

microtubule on the stationary helix α4, as depicted in the “seesaw” model [17, 19, 186] 

(Movie 4.1). Concomitant widening of the gap between helix α4 and the N-terminus of the 

motor domain would expose the neck linker docking position on the motor core, directing 

the C-terminal neck, and the attached rear motor head, toward the microtubule plus end. 

Given that ADP remains bound to our KIF14 structure, perhaps the structure of nucleotide-

free KIF14 will be required to establish if a more pronounced distortion of the central β-

sheet accompanies nucleotide release. However, it is relevant to note that soaking rigor-like 

myosin V crystals with Mg·ADP produced an ADP-bound state with minimal alterations 

compared to the nucleotide-free structure [13]. 

 

 



 

 

 

 

88 

 

Figure 4-1: Intermediate states during hand-over-hand movement of kinesin. In the 
‘rigor-state’, the central β-sheet is twisted, the nucleotide pocket is empty and open, and the 
neck-linker is prevented from docking on the MD.  Upon ATP binding the front motor 
head (dark blue), conformational changes in the MD, including untwisting of the core β-
sheet, allow for neck-linker docking leading to a powerstroke.  
 
 
 
 Unfortunately, it is not obvious from inspection of the structure, or from 

consideration of the sequence of amino acids that comprise it, why KIF14 displays a more 

distorted central β-sheet than other kinesins. As previously noted, loops L8a, L10, L11, 

L12, and part of β7 show some particularly unique regions of amino acid sequence 

compared to other kinesin-3 motors, and indeed there are differences between KIF14 and 

KIF1A in the configuration of these regions where accurate atomic modeling was feasible. 

However, it is difficult to assert with confidence that these discrepancies form deformable 

linkages or favour unique interactions with subdomains of the motor that readily enable β-

sheet distortion. In areas where the primary structure was more conserved, such as loops L3 

and L5 and helices α2b and α3, we also see some 3D structure divergence, but again, their 

connection to the twisted conformation of the KIF14 motor core cannot be clearly 

delineated without targeted mutagenic studies. A likely, albeit imprecise, prediction is that 

many regions throughout the MD of KIF14 contribute to its ability to populate the rigor-



 

 

 

 

89 

like state in the absence of microtubules [1]‡. What is clear is that KIF14 is not dissimilar 

from some isoforms of myosin, whose propensity for central β-sheet distortion and actin-

binding cleft closure in the absence of actin is greater than other myosins [187]. Whether, 

like myosins [173], kinesins with different kinetic and functional properties access similar 

rigor-like conformations in the absence of microtubules remains to be shown.  

4.3  Implications of KIF14’s microtubule interactions and effects on 

microtubule structure  

Cryo-EM indicates a distinct microtubule-binding configuration of the AMPPNP-

bound KIF14 MD compared to other kinesins, including the related kinesin-3 motor 

KIF1A.  This may pertain to KIF14’s ability to bind microtubules tightly throughout its 

mechanochemical cycle. However, it will be necessary to obtain higher-resolution cryo-EM 

data of KIF14 in the AMPPNP, ADP, and no nucleotide states to confirm such a 

mechanistic link.  Considering the presumed functions of KIF14 at the midbody during 

cytokinesis [120, 121], and its slow motility and limited sensitivity to changing nucleotides 

with respect to microtubule association may be important if its primary role is to organize 

and bundle adjacent midbody microtubules, rather than move cargo along them. This 

parallels the mitotic spindle function of Eg5, which is another microtubule cross-linking 

kinesin that exhibits similar properties to KIF14 [2, 188-190]. Having a motor that binds 

tightly to microtubules also appears to offer a functionality that facilitates microtubule 

stabilization. With these capabilities, KIF14 could act as an assembled array of motors in 

between microtubule bundles to generate a limited (distance-wise) but more powerful 

antiparallel sliding than Eg5. In this regard, the midzone or midbody microtubule system 
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involving KIF14 may resemble more of a “mitotic muscle” than the mitotic spindle [191, 

192]. Furthermore, the unique actin-binding property of the KIF14 NTE could prove useful 

during cytokinesis by forming a bridge between midbody microtubules and the actin 

filaments that make up the contractile ring. Here, the midbody could act as a scaffold when 

the ring compresses around it, ultimately giving rise to new daughter cells (Figure 4-2). 

 

 

 

 

Figure 4-2: KIF14 NTE and MD might bundle and stabilize midbody microtubules.  
KIF14 MD’s incapability to respond normally to the nucleotide state would ensure that the 
kinesin remains tightly bound during the entire mechanochemical cycle, which could 
provide support for the midbody structure by bundling and strengthening the interpolar 
microtubules. Furthermore, KIF14 NTE could be involved in bridging the contractile ring 
and the midbody structures together during cytokinesis.  
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The ability of the NTE and the MD of KIF14 together to bundle microtubules, as 

observed in our negative-stain EM images, may also be relevant to the importance of this 

kinesin during mitosis [120, 121].  Based on the elution profile of MBP-hKIF14NTE 

during size-exclusion chromatography, dimerization of the NTE may occur in vivo and 

thereby induce microtubule bundling through the formation of cross-bridges between 

adjacent microtubule filaments upon KIF14 MD binding.  Such lateral interactions could 

co-align microtubules that make up kinetochore fibres (K-fibres) (Figure 4-3A). These 

fibres form mechanical connections between the kinetochores and the centrosome, and 

mediate movement of the chromosomes to the equator during prometaphase, and pull them 

poleward in anaphase [193].  

Incubating the NTE and the MD together with microtubules also resulted in 

peeling of protofilaments, which might hook around and grab adjacent kinetochore 

microtubules that have detached and help position them so they can reattach to the 

kinetochore (Figure 4-3B). This function of correcting kinetochore-microtubule 

attachment has also been suggested for the KIF2 kinesins, which are microtubule 

depolymerases [113]. Furthermore, KIF14 knockdown studies suggest that KIF14’s 

depletion causes the inter-kinetochore distances on sister chromatids to decrease rather than 

affect kinetochore-microtubule attachment. Therefore it has been proposed that silencing of 

KIF14 weakens the tension across the kinetochores of the replicated chromosomes, 

disrupting the movement of the chromatids towards the spindle poles [119]. Perhaps KIF14 

is helping maintain the tension in the K-fibres via its bundling action. 
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Figure 4-3: KIF14 might mediate the bundling and attachment of K-fibres during 
mitosis. KIF14 NTE and MD are capable of bundling microtubules in vitro, which might 
translate to this kinesin’s function(s) during mitosis. A) KIF14 might bundle the 
microtubules that attach at the kinetochore through interaction between the NTE domains. 
B) KIF14 might help reattach a severed microtubule from the kinetochore through its 
protofilament peeling capabilities.   
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4.4  Conclusions and future studies   

This thesis has presented the first structural characterization of the mitotic motor 

KIF14. The structure of the KIF14 MD displayed a novel rigor-like conformation that has 

not been observed in a kinesin crystal structure before and offers an explanation for its high 

basal ATPase activity and remarkable affinity for microtubules. The question remains 

however whether other kinesins adopt the rigor-like, twisted β-sheet conformation, or is 

this adaptation unique to one mitotic kinesin?  It would also be prudent to observe whether 

the no-nucleotide state of KIF14 MD adapts a similar rigor-like conformation. Additional 

crystal structures in the presence of other nucleotides, such as AMPPNP (non-hydrolyzable 

form of ATP) will also yield critical information into the mechanochemical cycle of KIF14.  

The negative-stain EM studies with the NTE and MD displayed novel microtubule 

binding and remodelling activities of both domains. This includes the NTE’s tubulin 

polymerization activity, the MD’s ability to physically alter the microtubule lattice 

curvature and closure, and the microtubule bundling effect of the two domains together. 

These functions might pertain to KIF14’s roles during chromosome congression and 

cytokinesis. Crystallization of the NTE with and without the MD, as well as co-

crystallization of these domains with α/β tubulin are being attempted. This will provide 

high-resolution data to understand the mechanisms involved and what structural folds or 

motifs are critical for KIF14 NTE and MD functions.  
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Movie 3-1: Rearrangement of the central β-sheet during ATP binding and hydrolysis. 
Upon ATP binding and during ADP release (“rigor-like” state) the central β-sheet is seen to 
undergo conformational changes. MODELLER [161] was used to fill in the missing loops 
in the MBP-mKIF14MD-N738 crystal structure, as well as model an ATP-bound 
conformation of KIF14 based on Eg5-AMPPNP bound structure (PDB IB: 3HQD [93]). 
The two structures were morphed using UCSF Chimera [159] after superimposing the P-
loop (residues 482-489 in KIF14MD). The front view of the KIF14MD shows Mg·ATP 
(ball and stick representation in magenta) bound in the nucleotide-binding pocket, which 
consist of the P-loop (green) and switch I (red) and switch II (yellow) elements. The two 
switch elements are closed around Mg·ATP in this conformation and are seen to rotate 
away following ATP hydrolysis to release ADP (ball and stick representation in blue), 
which must be replaced to repeat the motile cycle. This process requires the active site to 
open, which is enhanced upon microtubule interaction and involves the twisting of the 
central β-sheet that leads to the no-nucleotide or rigor state. Rotating the MD 90°, the β-
sheet is seen to untwist, as another Mg·ATP molecule enters. Helices on either side slide on 
greasy hydrophobic residues of the central β-sheet as it twists and untwists in order for the 
motor to proceed through the mechanochemical cycle.  

 

Movie 4-1: KIF14MD transitioning from the rigor to the ATP-bound state. The neck-
linker of KIF14MD was built into the crystal structure using MODELLER [161]. This 
movie displays the changes in the MD relative to the force-producing step or the power-
stroke, which is the neck linker (blue) docking against the core of the MD. The MD is seen 
in the rigor conformation with the twisted central β-sheet, and switch I (red) and switch II 
(yellow) rotated away from the active site. The switch elements rotate towards the active 
site as the central β-sheet untwists following ATP binding, and the neck-linker is seen to 
rotate down on the left of the MD simulatenously. Rotating the MD 90°, the 
conformational change in  the central β-sheet (untwisting) brings the switches closer 
towards the active site as the neck linker docks. Rotating the MD another 90°, as the neck-
linker docks against the MD the helix α4 is seen to change conformation to accommodate 
the neck-linker. The molecular representation shows the changes that occur in the MD as 
the neck linker docks. Placing the MD onto the tubulin dimer shows how the MD as a 
whole tilts, relative to a stationary helix α4, towards the plus-end of the microtubule, which 
can be seen more clearly in the birds-eye view.  
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