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Abstract 

Kinesins are molecular motors that transport intracellular cargos along microtubules 

(MTs) and influence the organization and dynamics of the MT cytoskeleton. Their force-

generating functions arise from conformational changes in their motor domain as ATP is bound 

and hydrolyzed, and products are released. In the budding yeast Saccharomyces cerevisiae, the 

Kar3 kinesin forms heterodimers with one of two non-catalytic kinesin-like proteins, Cik1 and 

Vik1, which lack the ability to bind ATP, and yet they retain the capacity to bind MTs. Cik1 and 

Vik1 also influence and respond to the MT-binding and nucleotide states of Kar3, and 

differentially regulate the functions of Kar3 during yeast mating and mitosis. The mechanism by 

which Kar3/Cik1 and Kar3/Vik1 dimers operate remains unknown, but has important 

implications for understanding mechanical coordination between subunits of motor complexes 

that traverse cytoskeletal tracks. In this study, we show that the opportunistic human fungal 

pathogen Candida albicans (Ca) harbors a single version of this unique form of heterodimeric 

kinesin and we present the first in vitro characterization of this motor. Like its budding yeast 

counterpart, the Vik1-like subunit binds directly to MTs and strengthens the MT-binding affinity 

of the heterodimer. However, in contrast to ScKar3/Cik1 and ScKar3/Vik1, CaKar3/Vik1 exhibits 

weaker overall MT-binding affinity and lower ATPase activity. Preliminary investigations using a 

multiple motor motility assay indicate CaKar3/Vik1 may not be motile. Using a maltose binding 

protein tagging system, we determined the X-ray crystal structure of the CaKar3 motor domain 

and observed notable differences in its nucleotide-binding pocket relative to ScKar3 that appear 

to represent a previously unobserved state of the active site. Together, these studies broaden our 

knowledge of novel kinesin motor assemblies and shed new light on structurally dynamic regions 

of Kar3/Vik1-like motor complexes that help mediate mechanical coordination of its subunits.  



 iii 

Acknowledgements 

I would like to thank my supervisor Dr. John Allingham for his help, guidance and 

patience throughout the completion of my thesis.  I would also like to thank my fellow 

„Allinghammers‟; our technician Darlene Davis and graduate students Da Duan and Dan 

Hnatchuk, and postdocs Dr. Monika Joshi and Dr. Corey Frazer.   

I am thankful to the Department of Biochemistry and the School of Graduate Studies and 

Research at Queen‟s University for the opportunities I was given, and to the members of the staff, 

especially Diane Sommerfeld for all her hard work. 

I would like to thank my family for their love and support.  Mommie d‟amour, Louis J et 

ma belle Genny Pooh, merci pour tout votre encouragement, votre support et votre patience.  

C‟est autant votre diplôme que le miens.  J‟vous aime fort. 

A special thanks to my friends, Julie Grondin, Laura Payne, Joanne Berridge, Chantal 

Morrisset and Heather Sarazin for their support throughout my thesis.  And lastly I would like to 

thank Paul Webster for his love, support and patience. 



 iv 

Table of Contents 

Abstract ............................................................................................................................................ ii 

Acknowledgements ......................................................................................................................... iii 

Table of Contents ............................................................................................................................ iv 

List of Figures ................................................................................................................................. vi 

List of Tables ................................................................................................................................ viii 

Abbreviations .................................................................................................................................. ix 

Chapter 1: Introduction .................................................................................................................... 1 

1.1 Motor Proteins ....................................................................................................................... 1 

1.2 Properties of Cytoskeletal Filaments in Eukaryotes .............................................................. 2 

1.3 Kinesin Motors....................................................................................................................... 3 

1.4 Modes of Kinesin Movement Along Microtubules ............................................................... 7 

1.5 Kinesin Dimerization Domains ............................................................................................ 10 

1.6 Crystal Structures of Kinesins ............................................................................................. 12 

1.7 The Kinesin-14 Family ........................................................................................................ 16 

1.8 Kinesin Kar3 ........................................................................................................................ 17 

1.9 S. cerevisiae Cik1 and Vik1 ................................................................................................. 18 

1.10 Kar3 in Candida albicans .................................................................................................. 21 

1.11 Cik1 and Vik1 in Candida albicans ................................................................................... 24 

1.12 Goals and Summary of Findings of the Present Work ....................................................... 25 

Chapter 2: Materials and Methods ................................................................................................. 27 

2.1 Kinesin Protein Construct Design ........................................................................................ 27 

2.2 Protein Expression ............................................................................................................... 30 

2.3 Protein Purification .............................................................................................................. 30 

2.3.1 Purification of the CaKar3 Protein Constructs ............................................................. 30 

2.3.2 Purification of the CaVik1 and CaKar/Vik1 Heterodimer Protein Constructs ............. 32 

2.3.3 Purification of the MBP-fusion Protein Constructs ...................................................... 33 

2.4 Tubulin Purification and Cycling ......................................................................................... 34 

2.4.1 Tubulin Purification ...................................................................................................... 34 

2.4.2 Tubulin Cycling ............................................................................................................ 35 

2.4.3 Polymerization of Microtubules.................................................................................... 35 

2.5 Motility Assay ...................................................................................................................... 36 



 v 

2.5.1 Rhodamine Labelled Microtubules ............................................................................... 36 

2.5.2 Motility Assay ............................................................................................................... 36 

2.6 ATPase Assays..................................................................................................................... 37 

2.7 Sedimentation Assay ............................................................................................................ 39 

2.8 Protein Crystallization, Data Collection and Structure Determination ................................ 40 

Chapter 3: Results .......................................................................................................................... 41 

3.1 Sequence Analysis of CaKar3 and CaVik1 ......................................................................... 41 

3.2 Constructs to Evaluate Dimerization of C. albicans Kar3 with Vik1 .................................. 45 

3.3 CaVik1 Forms a Heterodimeric Complex with CaKar3...................................................... 46 

3.4 Functional Characterization of CaKar3, CaVik1 and CaKar3/Vik1 ................................... 52 

3.4.1 Both Subunits of CaKar3/Vik1 Complex Bind MTs .................................................... 52 

3.4.2 The Steady-State ATPase Activity of CaKar3 is Influenced by CaVik1 ..................... 59 

3.4.3 CaKar3/Vik1 Does Not Display MT Gliding Ability ................................................... 62 

3.5 Structural Characterization of CaKar3 and CaVik1 ............................................................ 62 

3.5.1 CaKar3-MBP and CaVik1-MBP Purification .............................................................. 62 

3.5.2 Crystallization, Diffraction Data collection, and Structure Determination of CaKar3-

MBP ....................................................................................................................................... 64 

3.5.3 Overview of the CaKar3 MD-MBP Structure .............................................................. 68 

3.5.4 A New Hydrolysis State of the CaKar3 Active Site ..................................................... 72 

3.5.5 Additional Sites of Structural Divergence Between CaKar3 and ScKar3 .................... 77 

Chapter 4: Discussion .................................................................................................................... 82 

4.1 The Unique Nature of Kar3/Vik1 Kinesins ......................................................................... 82 

4.2 Evidence that CaKar3 Binds to the CaVik1 Protein ............................................................ 83 

4.3 CaVik1 Influences the Structure and Activity of CaKar3 ................................................... 84 

4.4 The CaKar3 Motor Domain Structure Exhibits Differences from ScKar3 .......................... 87 

4.5 Summary and Outlook ......................................................................................................... 89 



 vi 

List of Figures 

Figure 1: Schematic Illustration of the Modular Structures of Kinesins ......................................... 5 

Figure 2 : The Mechanochemical Cycle of Kinesin-1. .................................................................... 6 

Figure 3: Modes of Kinesin Movement. .......................................................................................... 9 

Figure 4: Defining Characteristics of the Coiled-coil Motif .......................................................... 11 

Figure 5: Crystal Structure of the Kinesin-1 N-terminal Motor Domain and Kinesin-1 

Homodimer. ................................................................................................................................... 13 

Figure 6: Crystal Structure of the Ncd C-terminal Motor Domain and Ncd Homodimer ............. 15 

Figure 7 : Crystal Structure of ScKar3 and ScVik1 C-terminal Domains ...................................... 19 

Figure 8 : Kinesin Kar3 Localization Control by Kinesin Associated Proteins. ........................... 20 

Figure 9 : Model of Kar3/Vik1 Motility Mechanism .................................................................... 22 

Figure 10: Phylogenetic Tree of Sequenced Fungal Genomes ...................................................... 23 

Figure 11: Enzyme Coupled Assay System ................................................................................... 38 

Figure 12: Sequence Aligment of the C-terminal Segment of Kar3 Orthologs ............................. 42 

Figure 13: Sequence Aligment of the C-terminal Sequence of Vik1 Orthologs ............................ 44 

Figure 14: Sequence Analysis of CaVik1 and CaKar3 using COILS Prediction Server .............. 47 

Figure 15 : Structure of CaKar3 and CaVik1 Constructs .............................................................. 48 

Figure 16 : Co-Purification of CaKar3 and CaVik1 ...................................................................... 49 

Figure 17: Complex Formation and Oligomerization of CaKar3/Vik1 ......................................... 51 

Figure 18: SDS-gels of CaVik1 MHD2(2) and the CaKar3 L2/Vik1 L3 Protein Purifications .... 53 

Figure 19:  Protein Purification of CaKar3 MHD by SP-Sepharose and Size-Exclusion 

Chromatography ............................................................................................................................ 54 

Figure 20: Representative SDS-gels of MT-Sedimentation Assays with AMPPNP ..................... 56 

Figure 21 : Microtubule Binding Curves of CaKar3, CaVik1 and CaKar3/Vik1 Complex ......... 57 

Figure 22: Steady-state ATPase Kinetics of CaKar3, CaVik1 and CaKar3/Vik1 ......................... 60 

Figure 23: Kar3/Vik1 Motility in the Presence of MgATP ........................................................... 63 

Figure 24: Purification of CaKar3 MD-MBP and CaVik1 MHD2(2)-MBP by Amylose-affinity 

and Size-Exclusion Chromatography............................................................................................. 65 

Figure 25: CaKar3 MD-MBP Crystals. ......................................................................................... 67 

Figure 26 : The structure of CaKar3 MD-MBP. ............................................................................ 70 

Figure 27: Surface Representation of the CaKar3 MD-MBP Interface ......................................... 71 

Figure 28: Stabilizing Interactions at the CaKar3-MBP Linker .................................................... 73 



 vii 

Figure 29: Comparison of the CaKar3 MD and ScKar3 MD Structures ....................................... 74 

Figure 30 : Conformational States of the ATP-Binding Pocket During ATP Hydrolysis ............. 75 

Figure 31: Distinct „L2 Finger‟ Conformations found in Ncd, ScKar3, MCAK and CaKar3. ...... 78 

Figure 32: Electrostatic Surface Potential: Nucleotide Binding Pocket View ............................... 79 

Figure 33: Electrostatic Surface Potential: MT-Binding Surface View ......................................... 80 

 



 viii 

List of Tables 

Table 1: Primers Used in this Study .............................................................................................. 28 

Table 2: CaVik1 Construct Summary ............................................................................................ 28 

Table 3: CaKar3 Construct Summary ............................................................................................ 29 

Table 4: MBP-tagged Construct Summary .................................................................................... 29 

Table 5: Growth Conditions for CaVik1 and CaKar3 Constructs ................................................. 31 

Table 6: MT Dissociation Constants for Monomeric and Heterodimeric Constructs .................... 58 

Table 7: Steady-State ATPase Kinetics of CaKar3 and CaVik1 ................................................... 61 

Table 8: Data Collection and Refinement Statistics for CaKar3 MD-MBP .................................. 69 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 ix 

Abbreviations 

ABP  Actin-Binding Protein 

ADP  Adenosine Di-Phosphate 

AMPPNP Non-hydrolyzable ATP analogue 

ANL  Argonne National Laboratory 

ATP  Adenosine Tri-Phosphate 

ATPase  Adenosine TriPhosphatase 

BLAST  Basic Local Alignment Search Tool 

Ca or   Candida albicans 

C. albicans 

Cik1  Chromosome Instability and Karyogamy 

ClustalW Multiple sequence alignment computer program 

Cryo-EM Cryo-Electron Microscopy 

CV  Column Volume 

DNA  DeoxyriboNucleic Acid 

E. coli  Escherichia coli 

ESpript  Easy Sequencing in PostscRIPT 

FRET  Fluorescence Resonance Energy Transfer 

FT  Flow Through 

GMPPCP Guanylyl-(α,β)-methylene-diphosphonate 

GTP  Guanosine Tri-Phosphate 

GDP  Guanosine Di-Phosphate 

His  Histidine 

HMPB  High-Molarity PIPES Buffer 

IPTG  IsoPropyl-1-Thio-b-D-Galactopyranoside 

KAP  Kinesin-Associated Protein 

Kd,MT  Microtubule dissociation constant 

kcat  Maximal MT-stimulated ATPase rate  

Km,ATP  Concentration of ATP where the half-maximal ATPase activity is reached 

K1/2,MT  Concentration of MT where the half-maximal ATPase activity is reached 

LB  Luria Bertani Broth 

LDH  Lactate Dehydrogenase 



 x 

MAP  Microtubule-Associated  Protein 

MBP  Maltose Binding Protein 

MIT  Massachusetts Institute of Technology 

MTOC  MicroTubule Organizing Center 

MTT  Maltotetraose 

M  Molecular mass standard 

MWCO  Molecular Weight Cut-Off 

NADH  reduced β-Nicotinamide Adenine Dinucleotide 

NAD+  β-Nicotinamide Adenine Dinucleotide 

Ncd  Non-Claret Disjunctional 

Ni-NTA Nickel-NiTriloacetic Acid 

o/n  OverNight 

orf  Open Reading Frame 

PCR  Polymerase Chain Reaction 

PDB  Protein Data Bank 

PEG  PolyEthylene Glycol 

PEP  PhosphoEnolPyruvate 

PK  Pyruvate Kinase 

RMS  Root Mean Square 

rmsd  Root Mean Squared Deviation 

S  Sedimentation coefficient 

Sc or  Saccharomyces cerevisiae 

S. cerevisiae 

SD  Standard Deviation 

SDS-PAGE Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis 

SEM  Standard Error of the mean 

SEMPHY Structural Expectation Maximization PHYlogenetic reconstruction 

TCL  Total Cell Lysate 

Vik1  Vegetative Interaction with Kar3 

W  Wash 

+TIP  Plus-end Tracking Proteins

http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
http://en.wikipedia.org/wiki/Polyacrylamide
http://en.wikipedia.org/wiki/Gel_electrophoresis


 1 

Chapter 1 

Introduction 

 

1.1 Motor Proteins 

In the same way that large metropolitan cities rely on intricate roadways and rail systems to 

disperse critical resources in a timely and location-specific manner, all eukaryotic cells have 

adapted specialized forms of transporter biomolecules to route cellular cargos to where they are 

needed.  The biomolecules charged with the task of shuttling important packets of proteins, 

mRNA, and chromosomes to their appropriate destinations are collectively known as motor 

proteins.  

Motor proteins are a class of biomolecules that convert the molecular unit of currency, ATP, 

into mechanical movement along filament-forming proteins of the cellular cytoskeleton [1].  

Three superfamilies of motor proteins have been identified in eukaryotes.  These include 

myosins, kinesins and dyneins [1-3].  Each of these motors have been differentially adapted to 

accomplish specific cargo transport functions, such as distribution of vesicles and organelles, 

assembly and strengthening of particular subcellular structures that drive chromosome 

segregation and cytokinesis, and directing cellular morphogenesis.  An underlying basis for the 

ability of different motor proteins to accomplish different cellular functions is related to 

discrepancies in their preference for, and their mode of interaction with, specific cytoskeletal 

filament targets.  
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1.2 Properties of Cytoskeletal Filaments in Eukaryotes 

The cytoskeleton is a dynamic network of protein-based filaments within cells that helps the 

cell maintain its shape, and allows it to move against, or attach to, other surfaces as it reacts to, or 

acts upon, its surroundings.  With the exception of plants, eukaryotes possess three forms of 

cytoskeletal filaments: actin filaments, microtubules (MTs), and intermediate filaments. In 

addition to their structural roles, actin filaments and MTs serve as substrates for linear motor 

proteins, essentially forming a kind of „cellular highway‟ through which cellular component 

distribution centers and delivery points are connected.  

Actin filaments (also known as microfilaments) are formed from 42 kDa monomeric G-

actin subunits that contain ATP in their ATP-binding clefts [4, 5]. These subunits orient 

themselves head-to-tail to create a polar, double-stranded polymer in which the two strands spiral 

around the axis of the actin filament, forming a structure resembling a double helix [6]. Filament 

growth occurs primarily from the „plus‟ (+)-end of the filament, which is oriented toward the cell 

periphery, while the „minus‟ (-)-end experiences more rapid depolymerisation as ATP is 

hydrolyzed and ADP-bound actin subunits accumulate [5, 7]. 

Regulation of actin filament length, orientation, and structure is achieved with the help of 

a myriad of Actin-Binding Proteins (ABPs) capable of actin filament capping, branching, and 

severing [7, 8].   Some ABPs also promote actin polymerization or prevent filament 

depolymerization [9].  Myosin motors are one of the most well-known ABPs. Like the ABPs 

described above, myosins influence several aspects of actin cytoskeleton structure, however, they 

are best known for their functions in muscle contraction and cargo transport [10-12].  Myosins 

accomplish these activites by binding to actin filaments in an orientation-specific manner, 

utilizing the inherent polarity of actin filaments, to move unidirectionally towards either the plus 

(+)-end, or more rarely toward the minus (-)-end of F-actin[13]. 
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 MTs are composed of GTP-binding α- and β-tubulin dimers that assemble head-to-tail to 

form linear protofilaments [14-16].  Thirteen protofilaments then associate laterally to form a 

polar hollow cylinder with slight helical character. The resulting structure is the MT.  In-vivo, 

MTs are typically nucleated at the MT organizing center (MTOC) by the γ–tubulin complex [14].   

This complex helps orient the faster growing plus (+)-ends towards the cell periphery, while the 

minus (-)-end remains near the nucleus in non-dividing cells [14].  During mitosis in a “typical” 

animal cell, MTs radiate outward from duplicated centrosomes to form the mitotic spindle, which 

is responsible for separation and distribution of chromosomes to daughter cells.  

Similar to actin filaments, many proteins associate with MTs and influence their dynamics. 

These are known as MT-Associated Proteins (MAPs) and Plus-end Tracking Proteins (+TIPs) 

[16].  Kinesins bind to MTs, interacting with both the α- and β-tubulin subunits in the tubulin 

dimer in an orientation-specific manner. This enables their unidirectional movement along the 

MT track [17].  Kinesins are also capable of regulating MT dynamics by both promoting 

elongation and MT stability, or by catalyzing MT depolymerization or „shrinking‟ [16]. These 

kinesin activities play out in different ways in both non-dividing and dividing cells to drive cargo 

transport either from, or towards, the cell periphery, or to help mediate re-distribution of genetic 

information.  

1.3 Kinesin Motors 

The first kinesin was discovered over 25 years ago as a motile component of extruded 

cytoplasm from an axon of the giant squid [18].  Since then, hundreds of kinesins have been 

identified from multiple species, and each species can harbor several different kinesin isoforms 

[19].  For example, budding yeast encodes six kinesins, the fewest of all sequenced organisms, 

while plants have highest numbers of kinesins (Arabidopsis has 61) [3, 20].  Kinesin researchers 

have classified these motor proteins into 14 different subfamilies, based on sequence, structure, 
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function, and their directionality along MTs [21, 22]. Most families of kinesins are involved in 

activities such as intracellular transport of vesicles and organelles, however, a smaller group 

mediates proper cell division through their involvement in mitotic spindle assembly and 

stabilization, as well as chromosome movement [19, 23, 24].  

Typically, kinesins are composed of 4 domains; a conserved globular motor domain (also 

referred to as 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, 22]. Of these domains the neck 

linker and motor domain are the most highly conserved components of kinesins (~ 30-40% shared 

sequence identity). The motor domain is the key element that binds and hydrolyzes ATP as part 

of the “mechanochemical cycle” that produces kinesin movement. During this cycle, conserved 

elements of the motor domain couple ATP binding, hydrolysis, and product release to 

conformational changes in the motor domain core that regulate MT affinity and that guide re-

orientation of the neck linker to produce direction-biased displacement of the motor assembly and 

its cargo (Figure 2). This reorientation of the neck linker is facilitated by a conserved glycine that 

is thought to act as a „pivot point‟ for isomerization of the neck with respect to the motor domain 

[25, 26]. The α-helical coiled-coil forming region attached to the neck linker often plays an 

important supporting role in this process, serving as the site through which many kinesins 

assemble their final functional form, a parallel dimeric molecule [22, 27]. This region also 

generates a somewhat rigid linker between the motor domain and the cargo-binding domain. 

Unlike the motor domain, the cargo-binding domain shows very little sequence identity amongst 

kinesins. It is this variability that conveys a large degree of the functional divergence between 

different kinesin isoforms [28].    

The relative position of the neck linker and motor domain within the kinesin polypeptide is 

another major determinant of kinesin function. It dictates the direction in which the kinesin  
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Figure 1: Schematic Illustration of the Modular Structures of Kinesins. The motor domain is 

illustrated in purple, the neck region in red, the coiled-coil domain in black and the cargo-binding 

domain in yellow. 
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Figure 2: The Mechanochemical Cycle of Kinesin-1. Step 1) The binding of ATP to the motor 

domain is followed by a conformational change of the neck to an ordered structure and 

conversion to a strong microtubule-binding affinity state. Step 2) ATP is hydrolyzed to ADP-Pi. 

Step 3) The release of Pi from the motor domain is accompanied by conformational changes 

which result in the disordered structure of the neck linker, as well as low microtubule affinity. 

Step 4) ADP is then released from the motor domain, and the kinesin is free to bind microtubules 

again, repeating the cycle. 
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travels along the MT (toward the „plus‟ or „minus‟ end) [28].  Kinesins can be divided into three 

groups based on the position of the motor domain and neck linker within the peptide sequence: N-

type, M-type and C-type [29].  Most kinesins are of the N-type, possessing an N-terminal motor 

domain and (+)-end-directed MT motility.  C-type kinesins, on the other hand, have a C-terminal 

motor domain and walk towards the (-)-end of MTs.  The motor domain of M-type kinesins is 

found in the middle of the peptide sequence and catalytic activity of these motors appears to be 

limited to MT-depolymerization.   

For the N- and C-type kinesins, the 20-40 amino acids in the neck linker located immediately 

adjacent to the motor domain appear to provide the key to kinesin directionality and motility [29].  

In a study by Case et al., chimeric kinesins were created by fusing the motor domain from a 

minus-end-directed C-type kinesin (Drosophila Ncd) to the neck linker and coiled-coil of a plus-

end-directed N-type kinesin (Conventional Kinesin-1). Motility assays showed that these 

chimeras moved towards the plus end of MTs, establishing the concept that elements outside of 

the motor domain were responsible for the directionality of movement in kinesins [29].   

1.4 Modes of Kinesin Movement Along Microtubules 

Kinesin motors have been found in a number oligomeric states, including monomers, dimers, 

trimers and tetramers, but typically kinesin heavy chain subunits assemble to form parallel 

homodimers that move processively (i.e. taking multiple steps before dissociating) towards the 

plus-end of MTs [30].  One such kinesin is the iconic Kinesin-1, or “Conventional kinesin”.  In 

order to move processively, conventional kinesin uses an asymmetric hand-over-hand motility 

mechanism in which both motor subunits must coordinate their adenosine triphosphatase 

(ATPase) activity and MT interactions. As these motors move, their head domains must alternate 

in taking the leading or trailing position with each step, ensuring that one head is bound to the 
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MT at all times (Figure 3) [1, 31, 32]. This level of intermolecular coordination necessitates that 

communication, at some level, must take place between the subunits of the motor assembly.  

Recent studies by Yildiz et al. have shed some light on how this is achieved by evaluating the 

role of strain on the neck linker, and its impact on motor processivity[33]. By extending the 

length of the neck through amino acid insertions, and thus reducing the possibility for 

development of strain between the two heads as they each interacted with the MT lattice during 

motility, Yildiz et al. found that the motors velocity was either reduced or impaired completely 

[33]. This provided evidence that mechanical strain in the neck linker helps communicate the 

nucleotide state from one subunit to its counterpart in the motor complex [33, 34].  

The Non‐claret disjunctional (Ncd) kinesin found in Drosophila melanogaster is another 

form of parallel homodimeric motor, but unlike Kinesin-1 it moves non-processively towards the 

minus-end of MTs, utilizing a power‐stroke mechanism in which the binding of ATP leads to 

conformational changes that result in a neck rotation towards the minus-end of the MT [35-37].  

This conformational change in the neck propels its cargo in the direction of travel, after which a 

weak MT-binding state of the motor domain is formed permitting its dissociation from the MT 

(Figure 3) [35, 36, 38]. While these motors only take a single step before dissociating from the 

MT track, the fact that they typically operate as part of a group of similar motors attached to the 

same cargo underlies their ability for long distance cargo transport. This mode of operation 

suggests that intermolecular coordination of their functions is required in order for cargo transport 

to occur. This mode of motility has raised a number of questions about the purpose served by 

dimer formation in this, and other, non‐processive motors [39].  In a publication by Kocik et al. 

the authors set out to address the role played by Ncd‟s second head by creating Ncd heterodimers 

with either one catalytically „dead‟ head (made by point mutations in the Switch I and II 

elements) or completely deleting the motor domain
 
in one of the subunits resulting in a single-  



 

 9 

 

Figure 3: Modes of Kinesin Movement. Processive movement is achieved using a hand-over-

hand walking mechanism (left panel).  Ncd‟s non-processive movement uses a power stroke 

mechanism in which a single motor domain interacts with the microtubule and hydrolyzes ATP 

before the entire complex dissociated from the MT.  This figure was modified from [41]. 
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headed molecule [40]. Upon examination of the MT affinities of these heterodimers, their 

enzymatic properties, and their velocity relative to wild-type Ncd homodimers, it was found that 

Ncd‟s two heads do not function independently. Indeed, mutations or deletion of the second head 

affect MT-binding of the wild-type head, and in some cases influenced ATP hydrolysis and 

motility of the other wild-type head. While this indicates that head-head communication may be a 

feature common to other multimeric kinesins, processive or otherwise, many questions still 

remain unanswered about how it is achieved, and why it would be a useful feature of non-

processive kinesins like Ncd. Clearly, a reasonable place to begin looking for answers to this 

communication question involves the region at, or near to, where the subunits interact– their 

coiled-coil forming dimerization domain.       

1.5 Kinesin Dimerization Domains 

Coiled-coils are the main structural motif through which heavy chain subunits of kinesin and 

myosin motor proteins interact [42].   They typically consist of two parallel α-helices wrapping 

around each other in a left-handed supercoil (Figure 4a).  Within the coiled-coil, seven amino 

acid repeats (a-b-c-d-e-f-g), in which the „a‟ and „d‟ positions are occupied by hydrophobic 

residues, are characteristically found embedded in the amino acid sequence to stabilize the coiled-

coil via hydrophobic and Van der Waals interactions [43]. Positions „e‟ and „g‟ are typically 

solvent exposed and charged, and provide additional stabilization by forming favourable 

electrostatic interactions (Figure 4b).  If long stretches of these heptad repeats exist for each 

subunit, the two α-helices participating in the coiled-coil could, in theory, interact with one 

another in a variety of „a‟ and „d‟ or „e‟ and „g‟ combinations, leading to changes in the alignment 

or register of the subunits (Figure 4c).  To ensure appropriate subunit alignment, some coiled-coil 

forming proteins contain a “trigger sequence” to establish the correct register at a fixed point 

along the coiled-coil [43-46]. 
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Figure 4: Defining Characteristics of the Coiled-coil Motif.  A) The classic parallel coiled-coil 

motif as seen in cortexilin (PDB: 1D7M).  B)  Helical wheel representation of a peptide showing 

the position of the heptad repeat residues found within the coiled-coil. C)  The packing of the 

hydrophobic core a and d residues in cortexilin.  This figure was adapted from Frye J.J, 2010 

[48]. 
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Breaks in the heptad repeat pattern of coiled-coils are common in motor protein complexes 

[43, 47]. These sections are known as “stammers” or “stutters”, and are typically the result of  

three or four residue insertions that may not conform to the heptad pattern [43, 47].  Under- and 

over-winding of the coiled-coil occurs as a result of stutters and stammers, giving this structure 

more flexibility [43, 47].  Certain kinesins, such as members of the Kinesin-1 family, have been 

shown to rely on these flexible regions in the central section of their stalk in order to adopt a  

catalytically inactive folded conformation in the absence of their cargo as a form of 

autoinhibition, which minimizes wasteful ATP hydrolysis [49, 50].  

A number of bioinformatics tools and protein structure analysis software packages are 

available to predict the existence and approximate location of these motifs within kinesins and 

other dimeric proteins (MultiCoil[51], Paircoil2[52], COILS[53]).  For many motors, these tools 

have also provided a powerful means with which to identify favourable sites for truncation when 

recombinant expression of full-length protein is difficult or impossible [54, 55].  In these 

instances, the trick is to find the optimal balance between manageable construct size and required 

coiled-coil length for complex formation. Indeed, truncating too much of a complex‟s coiled-coil 

domain can weaken the integrity of the assembly, and have drastic consequences on the stability 

of the resulting motor assembly.   

1.6  Crystal Structures of Kinesins  

In 1996, the X-ray crystal structure of the motor domain of Kinesin-1 was solved and 

exhibited a α/β-fold with a generally triangular or cone-like shape, consisting of eight central 

parallel β-strands with three α-helices on either side (Figure 5) [56, 57].  Near the center of the 

molecule, four conserved motifs; 1) the phosphate-binding P-loop (GQTXXGKS/T) which 

interacts with the β- and γ-phosphate oxygens, 2) the Switch I (NXXSSR) and 3) Switch II 

(DXXGXE) motifs, which function as γ-phosphate sensors, and 4) the RXRP nucleotide base  
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Figure 5: Crystal Structure of the Kinesin-1 N-terminal Motor Domain and Kinesin-1 

Homodimer.  The left panel represents monomeric Kinesin-1 N-terminal motor domain (PDB: 

1BG2), co-crystallized with Mg-ADP in the nucleotide-binding pocket.  Nucleotide binding 

pocket elements are colored as follows; the nucleotide base binding-domain is (RXRP) is colored 

in red, the P-loop motif (GQTXXGKT) is colored in light green, Switch I (NXXSSR) is colored 

in light blue and Switch II (DXXGXE) is colored in violet.  The right panel represents dimeric 

Kinesin-1 (PDB: 3KIN) which was co-crystallized with Mg-ADP in both nucleotide-binding 

pockets. 
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binding motif, converge to form nucleotide binding pocket [56].  These elements are also 

conserved within the myosin motor domain, as well as the nucleotide binding pocket of G- 

proteins, which are molecular switches that regulate signal transduction pathways [1, 58]. In each 

of these classes of protein, hydrolysis of the nucleotide leads to conformational changes that 

affect their affinity for their respective substrates (MTs for kinesin, actin for myosin, and various 

targets for G-proteins), and thus these elements play an essential role in the mechanochemical 

cycle of motor proteins and molecular switches alike.  

At the edge of the motor domain, the neck region could be structurally divided into a neck 

linker and a coiled-coil forming stalk region.  In 1999, Rice et al. observed that the position of 

Kinesins-1‟s neck linker alternates its position relative to the motor domain core once nucleotide 

is bound.  Using Cryo-EM and FRET studies they also demonstrated that in the absence of a 

nucleotide the neck linker is partially detached from the motor core and is flexible, but when 

kinesin binds to ATP and the MT, the neck linker docks onto the core in one fixed position [59].  

This neck-docking is believed to cause a plus-end-directed displacement of the neck element that 

brings the non-MT-bound motor subunit of the complex in closer proximity to the MT, allowing 

it to make MT contacts and release ADP (Figure 2) [59].  When both heads are MT-bound, 

docking of the neck of the forward head onto its motor domain core creates strain that leads to the 

dissociation of the trailing head, thus linking the actions of one head to the other for coordinated 

kinesin stepping as discussed earlier (Figure 3) [59].  

X-ray crystal structures determined for the C-type kinesin, Ncd, exhibit a number of 

interesting differences from Kinesin-1, despite sharing 41% sequence identity with its motor 

domain (Figure 6) [56, 60].  For example, the small β-sheet lobe on the edge of the motor domain 

is slightly larger in Ncd, due to longer β1b and β1c strands, forming what is known as the “L2 

finger” [56]. Another major difference can be found in the neck segment. Ncd‟s neck region lacks 
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Figure 6: Crystal Structure of the Ncd C-terminal Motor Domain and Ncd Homodimer.  

The left panel represents monomeric Ncd C-terminal motor domain (PDB: 2NCD), co-

crystallized with Mg-ADP in the nucleotide-binding pocket.  Nucleotide binding pocket elements 

are colored as follows; the nucleotide base binding-domain is (RXRP) is colored in red, the P-

loop motif (GQTXXGKT) is colored in light green, Switch I (NXXSSR) is colored in light blue 

and Switch II (DXXGXE) is colored in violet.  The right panel represents dimeric Ncd (PDB: 

1CZ7) which was co-crystallized with Mg-ADP in both nucleotide-binding pockets. 
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a flexible neck linker, and instead forms a continuous α-helix from the stalk, right up to the motor 

core. This facilitates a close association of the two motor domains in their homodimeric complex 

[56]. Moreover, the neck is observed to experience dramatic changes in its orientation relative to 

the motor core in both X-ray crystal and cryo-EM structures as a consequence of differing states 

of its nucleotide binding pocket [59, 61].  A study published by Hoenger and Milligan also 

revealed that despite travelling to opposite ends of the MT, Kinesin-1 and Ncd bind to the MT 

lattice in the same orientation, ruling out the possibility that different directionality was a result of 

different orientation of the motor domains on MT [60].  As previously described, the critical 

determinant of movement directionality appears to relate to differences in the structure and 

sequence of the stalk-neck region of N- and C-terminal motors, and not to different properties of 

the motor core [56, 62].  This likely explains why so few differences have been observed in the 

motor domain core of different kinesin classes, and that all kinesins must contain both plus-end 

and minus-end movement determinants in their motor domain region.  

1.7 The Kinesin-14 Family 

Ncd kinesin is part of the Kinesin-14 family, whose members all possess a C-terminal motor 

domain and transport their cargos towards the minus-end of the MT. These kinesins typically 

have a second MT-binding site located in the cargo-binding domain, allowing them to cross-link 

and slide MTs of opposite polarity past each other [63-66].  This activity allows these motors to 

mediate mitotic spindle organization by generating inward forces that pull the spindles toward the 

midzone and bundle the MTs [39, 67, 68].  These kinesins typically use the previously described 

power-stroke motility mechanism.   Again, it would seem that only one of the subunits needs to 

interact with the MT in these types of kinesins, however, based on previous studies of Ncd, the 

possibility exists that the ATPase and MT-binding function of one subunit is somehow influenced 

by its companion subunit. The Kinesin-14 found in the budding yeast Saccharomyces cerevisiae, 



 

 17 

named Kar3, provides an interesting example of this phenomenon. It exhibits a number of 

commonalities in its structure and mitotic functions to Ncd and other Kinesin-14s, however, 

relatively recent studies have shown that Kar3 also possesses a number of unusual intermolecular 

interactions that are not only unique to the Kinesin-14 class, but to motor proteins in general. 

These unique features of Kar3 will be the focus of the remainder of this thesis. 

1.8 Kinesin Kar3 

Like other Kinesin-14 family members, Kar3‟s motor domain is located at its C-terminus and 

it has minus-end directed motility [69-71].  It also has a second MT-binding site located in its 

cargo-binding domain, giving it the ability to slide antiparallel MTs along each other in 

accordance with the cell‟s cytoskeleton restructuring and intracellular transport demands [69, 72]. 

Kar3 knockout studies in S. cerevisiae demonstrated that the KAR3 gene is essential for several 

MT functions during the yeast vegetative growth cycle, including spindle assembly, mitotic 

chromosome segregation, MT depolymerization, kinetochore-motor activity and spindle 

positioning [69, 73].  Moreover, KAR3 deletions reduced the growth rate of mitotically dividing 

cells and lead to mitotic arrest [69].  

From these studies, questions began to revolve around the mechanism through which one 

kinesin could have such a diverse array of cellular functions. The fission yeast, 

Schizosaccharomyces pombe, solves this problem by expressing two distinct Kar3 orthologs, 

Pkl1p and Klp2p [74, 75], each of which localize to different locations and have distinct functions 

in vivo.  While, Pkl1p is confined to the nucleus during anaphase [74, 75], Klp2p is cytoplasmic 

during interphase and in the nucleus during mitotic division [74]. S. cerevisiae, on the other hand 

has only one version of Kar3, which would seemingly impose limits on its multi-tasking abilities. 

Some of the early work devoted to addressing this question included solving the X-ray 
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structure of the S. cerevisiae Kar3 motor domain bound to ADP (Figure 7), which revealed some 

variability in the Switch I and II elements relative to previously determined kinesin structures  

[76]. While these differences could provide an explanation for discrepancies observed in the rate 

and equilibrium constants governing the mechanochemical cycle of Kar3 [54], and in turn elicit 

unique motile properties that would separate its cellular roles from other kinesins, its overall 

structure exhibited a typical α/β kinesin fold that was similar enough to other previously 

determined kinesin structures that it was not descriptive of a means for multifunctionalization 

[76].   

Other in-vitro studies of purified Kar3 showed an ability to depolymerize MTs from the 

minus end in a nucleotide-dependent manner [77], however, this activity only confirmed the 

defects observed with MT depolymerization in the knockout studies, and still could not 

sufficiently explain the multiple functionalities of Kar3 in vivo. Luckily, more concrete answers 

came about when it was established that S. cerevisiae Kar3 interacted with two distinct kinesin-

associated proteins (KAPs), named Cik1 or Vik1, which differentially influenced the spatial and 

temporal localization of Kar3 [54]. 

1.9 S. cerevisiae Cik1 and Vik1 

ScCik1 is expressed during vegetative growth, and its expression increases in response to 

mating pheromones [69, 78].  ScCik1‟s association to ScKar3 localizes the complex to 

cytoplasmic MTs, and drives nuclear fusion [72, 78, 79].  ScVik1, on the other hand, is only 

present in vegetatively growing cells, where its association with ScKar3 facilitates the 

localization of ScKar3 to the spindle poles during nuclear division (Figure 8) [80].   
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Figure 7: Crystal Structure of ScKar3 and ScVik1 C-terminal Domains.  Both structures 

have the typical kinesin fold; eight-stranded β-sheet structure with 3 α-helices on either side.  The 

nucleotide binding pocket found in Kar3 is absent in Vik1.  ScKar3 PDB: 3KAR and ScVik1 

PDB: 2O0A. 
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Figure 8: Kinesin Kar3 Localization Control by Kinesin Associated Proteins.  

Saccharomyces cerevisiae’s Kar3 kinesin forms a heterodimeric complex with either Vik1 or 

Cik1.  During mitosis, Vik1 targets Kar3 to spindle poles, whereas Cik1 targets Kar3 to the 

overlap zone of the spindle.  During karyogamy Cik1 targets Kar3 to the microtubules located in 

the mating protrusion, allowing nuclear fusion to occur.  This figure was taken from Verhey and 

Hammond, 2009 [50].   
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Recently, the crystal structure of the C-terminal region of ScVik1 was solved by Allingham et 

al., and surprisingly ScVik1 was found to exhibit a high degree of structural similarity to the 

kinesin motor protein fold in spite of the fact that is shares only ~11% sequence identity with its  

nearest kinesin relative, Kar3 (Figure 7)[54].  Despite its remarkable structural similarities to 

kinesins, ScVik1 lacks all of the highly conserved sequence elements that compose the 

nucleotide-binding pocket, rendering ScVik1 catalytically inactive.  Interestingly though, Vik1 is 

able to bind to, and disengage from, MTs.  In the context of the Kar3/Vik1 heterodimeric 

complex, Vik1 affects Kar3‟s ATPase activity, significantly increasing its ATP turnover rate. 

Based on these observations, a model for motility was proposed by Allingham et al. (Figure 9).  

Both models imply that some form of intermolecular communication must exist between Kar3 

and Vik1 (and by analogy Cik1) in order for the complex to move along MTs. Their findings also 

imply that Vik1 and Cik1 probably evolved from an ancient form of homodimeric Kinesin-14 that 

once possessed catalytic function in both subunits and intermolecular communication between 

them.  To date, the structural and functional properties of heterodimeric motors like Kar3/Vik1 

and Kar3/Cik1 are unparalleled among other known cytoskeletal motor proteins, and there is 

significant interest in identifying other kinesins that act in concert with KAPs like Cik1 and Vik1. 

1.10 Kar3 in Candida albicans 

Genome searches have identified Kar3 orthologs in most eukaryotes and these motors exhibit 

a high degree of sequence identity (~ 50%) to ScKar3 [69, 81].  Its binding partners, Vik1 and 

Cik1, on the other hand, appear to be limited to hemiascomycete fungi, which are found in the 

Ascomycota phylum and include a number of human fungal pathogens, such as Candida albicans 

(Figure 10).  The structural similarities between ScKar3 and ScVik1 suggest that Cik1/Vik1 are  
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Figure 9: Model of Kar3/Vik1 Motility Mechanism. Vik1 makes the first interaction with the 

MT lattice in Step 1, bringing the tethered Kar3 in close proximity to the protofilament.  Binding 

of ADP-bound Kar3 leads to conformational changes that released ADP and generate strain in the 

coiled-coil between both subunits, resulting in lower MT-affinity of the Vik1 subunit (Step 2).  

ATP then binds to Kar3‟s active site and a power stroke movement of the neck toward the minus-

end occurs, leading to Vik1‟s release from the MT.  Hydrolysis of the ATP and inorganic 

phosphate release leads to detachment of the Kar3 subunit (Step 3).   
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Figure 10: Phylogenetic Tree of Sequenced Fungal Genomes.  Thickened branches indicate 

the lineages that show whole-genome duplication.  The phylogenetic tree is not drawn to scale.  

Organisms which contain a Cik1/Vik1 ortholog are indicated by a star.  This figure was taken 

from Wolfe (2006) [82]. 
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paralogs of Kar3, and likely arose from a primitive Kinesin-14 motor that lost their requirement 

for ATP following a gene duplication event.  A later gene duplication in certain fungi could have 

then led to two functionally distinct Cik1 and Vik1 proteins.  This contradicts Iwabe and Miyata‟s 

studies, in which they suggested most gene duplications that gave rise to different kinesin 

subfamilies occurred before the speciation of eukaryotes [83]. 

Candida albicans is a commensal fungus that typically resides on human skin and mucosal 

surfaces, while causing no harm to the host [84].  However, in times of stress or in immune- 

compromised individuals, it can cause debilitating mucosal infections, as well as life-threatening 

systemic infections [84, 85].  While many fungi typically proliferate using one of two distinct 

modes; 1) a hyphal mode, in which a growth tip leads to the formation of an elongated tube, and 

2) a yeast mode, in which distinct cells bud-off and dissociate from the mother cell [86], C. 

albicans have a high level of morphological plasticity that enables them to grow as yeast, 

pseudohyphae, and hyphae [84, 86].  This morphological plasticity is relevant to its 

pathogenicity, as the hyphal form is invasive [84, 87].  

In 2008, Bennett and Sherwood showed that deleting the KAR3 gene in C. albicans interfered 

with normal morphogenesis of mating projections and abrogated nuclear fusion during 

karyogamy [88].  Combined with their observation that KAR3 knockout strains exhibited longer 

generation times and lower cell viability of mitotically dividing yeast, these studies suggested 

that, like ScKar3, the CaKar3 kinesin also plays an important role in mitosis and mating [88].   

1.11 Cik1 and Vik1 in Candida albicans 

While Vik1 and Cik1 orthologs were not identified in the paper describing the function of 

CaKar3 by Sherwood and Bennett, a search of the Fungal Orthogroups Repository at the Eli and 

Edythe L. Broad Institute of Harvard and MIT 

(http://www.broadinstitute.org/regev/orthogroups/), identified a single orthogroup open reading 
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frame (orf19.306) in C. albicans exhibiting 14% and 17.5% sequence identity to ScCik1 and 

ScVik1, respectively.  Interestingly, of all Vik1/Cik1 orthologs in hemiascomycete fungi, the 

orf19.306 ortholog is the most divergent even though CaKar3 (orf19.564) is 40% similar to 

ScKar3. This limited level of sequence identity suggests that, if the gene product of orf19.306 is a 

CaVik1/Cik1-like protein, its functions may have diverged since C. albicans and S. cerevisiae 

last shared a common ancestor over 100 million years ago.  

Prior to initiation of the work described in this thesis, the identity, function, and interactions 

of the orf19.306 gene product with CaKar3 were unknown. What was known, however, was that 

its transcription was induced, by an unknown mechanism, upon filamentous growth and in 

response to pheromones [89].  As previously mentioned, ScCik1 protein is also induced in 

response to pheromones, raising the interesting possibility that orf19.306 would share similar 

functions to ScCik1. The absence of a second Cik1 or Vik1-like ORF also raised the interesting 

question as to whether or not Kar3 is regulated differently in C. albicans than in S. cerevisiae, and 

whether its putative Cik1/Vik1 companion has different roles.  

1.12 Goals and Summary of Findings of the Present Work  

Due to the exclusivity of Cik1/Vik1-like proteins to hemiascomycete fungi, and their absence 

in humans, we propose that C. albicans putative Kar3/Vik1-like heterodimeric motor could be 

exploited as a very specific anti-fungal target once sufficient insight into how these proteins work 

together, and their specific roles in this fungal species, have been obtained. The goal of my 

Masters research project was to conduct structural and functional studies on this newly identified 

Cik1/Vik1 ortholog, orf19.306, and to elucidate its putative interaction with CaKar3.  Using a 

variety of molecular biology and biophysical techniques I provide evidence supporting a stable 

and specific interaction between CaKar3 and CaVik1, and I also provide the first in vitro 

characterization of the biochemical and biophysical properties of the CaKar3/Vik1 heterodimer.  
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Through functional characterization of the Vik1 subunit, I demonstrate that it binds directly to 

MTs and augments the CaKar3/Vik1 motor complexes affinity for MTs.  When compared to 

ScKar3/Vik1, CaKar3/Vik1 has an overall lower MT binding affinity and ATPase activity.  Also, 

preliminary investigations of the MT gliding activity of CaKar3/Vik1 indicate that this motor 

may not be robustly motile.  With the help of a maltose binding protein tag, I solved the X-ray 

crystal structure of the CaKar3 motor domain and observed a new state of the nucleotide-binding 

pocket during ATP hydrolysis.  Together, these studies further our knowledge of kinesins, and 

highlight the potential for other discoveries of novel and unusual forms of molecular motor 

assemblies. 
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Chapter 2 

Materials and Methods 

2.1 Kinesin Protein Construct Design 

Based on previous studies done by Allingham et al. [54] and primary protein sequence 

analysis performed by the COILS prediction server (EMBnet) [53], two different types of 

recombinant motor proteins were constructed.  The first group of CaKar3 and CaVik1 constructs 

was composed of the motor domain, in the presence or absence of the neck region.  The second 

group of constructs was made to include the motor and nck regions, as well as a segment of the 

coiled-coil region to allow heterodimerization.  The full-length sequence of both CaKar3 and 

CaVik1 were amplified from genomic DNA (strain 3147, purchased from ATCC) and cloned into 

a TA cloning vector (Invitrogen).  Truncated constructs were amplified from the full-length genes 

by PCR. See Table 1 for all PCR primers used.  CaKar3 constructs were cloned into pET14d 

(Kanamycin resistance) using NcoI and NotI.  Truncated CaVik1 constructs were cloned into 

pET16brTEV (Ampicilin resistance) using BamHI and NdeI.  This vector introduced a 10xHis-

tag and rTEV proteolytic cleavage site N-terminal of the peptide. MBP-tagged constructs were 

cloned into pMal-MATa1 (Addgene, ampicilin resistance) using HindIII and PstI.  This vector 

introduced an MBP-tag N-terminal of the peptide. Ligation of the PCR fragments into plasmid 

vectors was done with T4 DNA ligase (New England Biolabs) at 16 
o
C for 18 hrs with 400 ng of 

insert and 100 ng of plasmid, transformed by electroporation into Top10 E. coli cells and plated 

supplemented with the appropriate antibiotics.  Positive colonies were selected and sequenced. 

Information regarding each construct can be found in Tables 2, 3 and 4. 
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Table 1: Primers Used in this Study 
Sequence Name 
ATCCATGGCTATGAGTGACGAAAATACTAAACATAAATTTC CaKar3 Full-Length Forward 

GTGCGGCCGCTTATTTATTGATTCTAGTATTGTTAACCTTGG  CaKar3 Full-Length Reverse 

ATCCATGGCTGAAAAACAACACAAATACGAAGTAGAG CaKar3 Long #1 Forward 

ATCCATGGCTAACAATATGAAAAAAGAGATTGCGGAC CaKar3 Long #2 Forward 

ATCCATGGCTAAAGTAGCAACTACGAAGGAATCAGTG CaKar3 Long #4 Forward 

ATCCATGGCTGAAGTGCATCGGTTACAGTTTGAAGTTGG  CaKar3 Long #5 Forward 

ATCCATGGCTGGTCGAATGAAAACCGAGTTGG CaKar3 MHD Forward 

ATCCATGGCTTTGAAAGGAAACATCCGCGTATTCTG CaKar3 MD Forward 

CTATCATATGATGACAACACCATCATACACCAAG  CaVik1 Full-Length Forward 

CTATGGATCCCTAAATAGGCGAATCTATAGAATTGATAAATT CaVik1 Full-Length Reverse 

CTATCATATGAAGGAATTATTAACCAAAATTGAAAGTTTAAAAAC CaVik1 Long #1 Forward 

CTATCATATGAAACAATTGATAAATGATCAATTGATTAATAAAAA CaVik1 Long #3 Forward 

CTATCATATGAAACTATCAGAAGCCGAACTGGAATTACATG CaVik1 Long #4 Forward 

CTATCATATGGAATATGACAATGTTCGTTCTGAATATTCAG  CaVik1 Long #5 Forward 

CTATCATATGCATCGACGAATTTTGGAGAATTCAATCATG  CaVik1 MHD2(2) Forward 

CTATCATATGAAATTTAGAGTGTATGCCATTGGCGAAGATC  CaVik1 MD2 Forward 

CTATAAGCTTCTAAATAGGCGAATCTATAGAATTGATAAATT CaVik1 Full-Length-MBP Reverse 

CTATCTGCAGCGCATCGACGAATTTTGG  CaViK1 MHD2(2)-MBP Forward 

CTATCTGCAGCGAAATTTAGAGTGTATGCC  CaVik1 MD2-MBP Forward 

GTAAGCTTTTATTTATTGATTCTAGTATTGTTAACCTTGG  CaKar3 Full-Length-MBP Reverse 

ATCTGCAGCTTTGAAAGGAAACATCCGCGTATTCTG CaKa3 MD-MBP Forward 

ATCTGCAGCTGGTCGAATGAAAACCGAGTTGG  CaKar3 MHD-MBP Forward 

Oligonucleotides were purchased from IDT.  Underlined bases are restriction enzyme sites 

 

 

 

Table 2: CaVik1 Construct Summary 
Construct Boundaries Number of amino 

acids 

Molecular Weight 

(Da) 

ε (M
-1

cm
-1

) 

CaVik MD2  

(with His-tag) 

413-619 232 23966.4 17795 

CaVik1 MHD2(2) 

(with His-tag) 

399-619 246 28579.5 19285 

CaVik1 L1  

(with His-tag) 

242-619 403 47087.2 26735 

CaVik1 L3  

(with His-tag) 

325-619 350 40884.1 25245 

CaVik1 L4  

(with His-tag) 

356-619 288 33528.9 22265 

CaVik1 L5  

(with His-tag) 

377-619 267 31081.2 21890 

The molecular weight (MW) and the extinction coefficient (ε) were calculated using ProtParam. 
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Table 3: CaKar3 Construct Summary 
Construct Boundaries Number of amino 

acids 

Molecular Weight 

(Da) 

ε (M
-1

cm
-1

) 

CaKar3 MD  

 

344-687 346 38656.5 17670 

CaKar3 MHD 

 

321-687 369 41419.7 17670 

CaKar3 L1  

 

172-687 518 58737.5 19160 

CaKar3 L2  

 

229-687 461 51836.6 17670 

CaKar3 L4  

 

291-687 399 44822.6 17670 

CaKar3 L5  

 

312-687 378 42558 17670 

The molecular weight (MW) and the extinction coefficient (ε) were calculated using ProtParam. 

 

 

 

 

 
Table 4: MBP-tagged Construct Summary 
Construct Boundaries Number of amino 

acids 

Molecular Weight 

(Da) 

ε (M
-1

cm
-1

) 

CaVik1 MD2 

(with MBP-tag)  

413-619 578 64325.3 84145 

CaVik1 MHD2(2) 

(with MBP-tag) 

399-619 592 66002.3 84145 

 

CaKar3 MD 

(with MBP-tag) 

344-687 715 78944.3 84020 

CaKar3 MHD 

(with MBP-tag) 

321-687 738 81707.5 84020 

The molecular weight (MW) and the extinction coefficient (ε) were calculated using ProtParam. 
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2.2 Protein Expression 

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

(Chloramphenicol Resistance).  In the case of CaKar3/Vik1 heterodimer, both plasmids were co-

transformed into the expression cell line.  An optimal growth condition for each construct was 

determined by performing a small-scale expression test using 250 ml of LB media grown a 

varying temperatures and using varying concentration of IPTG for inductions (Table 5).  

Recombinant protein expression was evaluated by analyzing total cell lysates (TCLs) on SDS-

PAGE and staining with Coomassie blue.   

Once the optimal expression conditions had been identified, the different recombinant kinesin 

constructs were inoculated into 250 ml of LB and grown overnight at 37
  o

C with the appropriate 

antibiotics.  An aliquot of 15ml from the overnight culture was then added to each 1L LB media 

flask (10L of LB total were grown) and grown at 37
o
C with 200 rpm shaking until an OD600 

between 0.6 and 1was reached (3-4 hrs).  The culture was then induced with 0.1 mM IPTG (final 

concentration) and incubated with 200 rpm shaking at a temperature and length of time indicated 

in Table 5.  Cells were pelleted in a JS-4.2 rotor at a speed of 4000 rpm for 15 min at 4
o
C, and 

the cell pellet was frozen in liquid nitrogen and stored at -80
o
C. 

2.3 Protein Purification 

2.3.1 Purification of the CaKar3 Protein Constructs 

All of the purification steps were performed at 4
o
C.  Cells were re-suspended in lysis buffer (10 

mM Hepes pH 7.2, 20 mM NaCl, 2 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.02 mM ATP and 

EDTA-free protease inhibitors (Sigma-Aldrich)) and lysed on ice by sonication.  Soluble proteins 

were recovered by centrifugation at 21,000 rpm for 30 min in a Beckman JA-25.5 rotor.  The 

supernatant was loaded onto a cation-exchange column (SP-Sephadex, Pharmacia) that had been 
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Table 5: Growth Conditions for CaVik1 and CaKar3 Constructs 
Construct IPTG (mM) Induction time (h) Induction temperature (

o
C) 

CaVik1 MD2 1 mM 4 h 25
o
C 

CaVik1 MHD2(2) 1 mM 4 h 25
o
C 

CaKar3 MD 1 mM o/n 20
o
C 

CaKar3 MHD 1 mM o/n 16
o
C 

CaKar3 L1/ Vik1 L1 1 mM o/n  20
o
C 

CaKar3 L2/ Vik1 L3 1 mM o/n 20
o
C 

CaVik1 MD2 –MBP 1 mM 4 h 37
o
C 

CaVik1 MHD2(2)-MBP 1 mM 4 h 37
o
C 

CaKar3 MD-MBP 1 mM 4 h 37
o
C 

CaKar3 MHD-MBP 1 mM 4 h 25
o
C 
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equilibrated with 8 column volumes (CV) of wash buffer (10 mM Hepes pH 7.2, 50 mM NaCl, 2 

mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.02 mM ATP and EDTA-free protease inhibitors 

(Sigma-Aldrich)) .  After thorough washing of the column with wash buffer, the protein was 

eluted with a linear-gradient consisting of 50 mM (wash buffer) and 600 mM NaCl (wash buffer 

supplemented with additional NaCl) over 20 CV.  Fractions containing purified CaKar3 MHD 

were pooled and dialyzed overnight at 4
o
C in dialysis buffer (10 mM Hepes pH 7.2, 200 mM 

NaCl, 2 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.02 mM ATP and EDTA-free protease 

inhibitors (Sigma-Aldrich)).  The protein was further purified using size-exclusion 

chromatography using a Hi-load 26/60 Superdex 200 prep grade size-exclusion column (GE 

Healthcare) equilibrated in dialysis buffer.  The protein was eluted using in 6 mL fractions and 

the purity was confirmed by SDS-PAGE.  Peak fractions were pooled and concentrated to ~19.9 

mg/mL with an Amicon Ultra 30K concentrator (Millipore) and aliquots (30 μL) were flash 

frozen in liquid nitrogen and stored at -80
o
C. 

2.3.2 Purification of the CaVik1 and CaKar/Vik1 Heterodimer Protein 

Constructs 

All of the purification steps were performed at 4
o
C.  Cells were re-suspended in lysis buffer 

(10 mM NaPO4 pH 7.2, 300 mM NaCl, 2 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.2 mM ATP, 5 

mM β-mercaptoethanol and EDTA-free protease inhibitors (Sigma-Aldrich)) and lysed on ice by 

sonication.  Soluble proteins were recovered by centrifugation at 21000 rpm for 30 min in a 

Beckman JA-25.5 rotor.  The supernatant was loaded onto a His-Pur Ni-NTA resin column 

(Thermo Scientific) that had been equilibrated with 5 CV of equilibration buffer (10 mM NaPO4 

pH 7.2, 300 mM NaCl, 2 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.2 mM ATP, 5 mM β-

mercaptoethanol).  The column was subsequently washed (10 mM NaPO4 pH 7.2, 300 mM NaCl, 
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2 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.2 mM ATP, 5 mM β-mercaptoethanol, 20 mM 

Imidazole) and the protein eluted with a linear-gradient consisting of 20 mM (wash buffer) and 

600 mM imidazole (wash buffer supplemented with imidazole) over 20 CV.  Peak fractions 

containing purified protein were pooled and dialyzed overnight at 4
o
C in dialysis buffer (20 mM 

Hepes pH 7.2, 1 mM MgCl2, 150 mM NaCl, 1 mM DTT, 0.1 mM ATP). The protein was then 

concentrated with an Amicon Ultra concentrator (Millipore) (10K MWCO for CaVik1 MHD2(2) 

and 30K  MWCO for the complex) and aliquots (30 μL) were flash frozen in liquid nitrogen and 

stored at -80
o
C.  Final protein concentration was 3.8 mg/ml of CaVik1 MHD2(2) and 5.6 mg/mL 

of CaKar3L2/Vik1L3. 

2.3.3 Purification of the MBP-fusion Protein Constructs 

All of the purification steps were performed at 4
o
C.  Cells were re-suspended in Column 

Buffer and lysed on ice by sonication.  Soluble proteins were recovered by centrifugation at 

21000 rpm for 30 min in a Beckman JA-25.5 rotor.  The supernatant was loaded onto an amylose 

resin column (New England Biolabs) that had been equilibrated with 10 CV of Column buffer (10 

mM NaPO4, pH 7.2, 200 mM NaCl, 2 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.2 mM ATP, 5 

mM β-mercaptoethanol and EDTA-free protease inhibitors (Sigma-Aldrich)).  After thorough 

washing of the column with 12 CV of Column buffer the protein was eluted with ten 5 ml 

fractions of Column buffer supplemented with 10 mM maltose.  Fractions containing purified 

protein were pooled an dialyzed overnight at 4
o
C in Dialysis Buffer (20 mM Hepes pH 7.2, 1 mM 

MgCl2, 150 mM NaCl, 1 mM DTT, 0.1 mM ATP).  The protein was further purified using size-

exclusion chromatography.  Peak fractions were pooled and concentrated with a 30K Amicon 

Ultra concentrator (Millipore) and aliquots (30 μL) were flash frozen in liquid nitrogen and stored 

at -80
o
C.  Our final protein sample concentrations for MBP-tagged CaKar3 MD, CaKar3 MHD, 
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CaVik1 MD2 and CaVik1 MHD2(2) are 28.6 mg/mL, 19.9 mg/mL, 12mg/mL and 20.0 mg/mL, 

respectively. 

2.4 Tubulin Purification and Cycling 

2.4.1 Tubulin Purification 

Bovine brains were weighed and transferred into a Waring blender containing 1L of cold 

HMPB Buffer (1 M Pipes pH 6.9, 1 mM MgCl2, 20 mM EGTA) for every kg of brain tissue.  

Brains were homogenized using repeated cycles of 1 min pulses of blending followed by cooling 

periods on ice.  The homogenate was then centrifuged at 14,000 rpm in a JLA 16.250 rotor for 60 

min at 4
o
C.  The supernatants were pooled and the volume measured.  An equal volume of 

HMPB buffer was added to the solution.  A final concentration of 1.5 mM ATP and 0.5 mM GTP 

were also added.  An equal volume of warm glycerol was added to initiate polymerization.  The 

solution was incubated at 37
o
C for 1 hr and then centrifuged at 37

o
C in a JLA 16.250 rotor for 

120 mins.  The supernatant was discarded, the pellet re-suspended in a minimal volume of cold 

DB buffer (50 mM MES pH 6.6, 1 mM CaCl2) and depolymerised on ice for 30 mins while 

homogenizing. The solution was then centrifuged at 24,600 rpm in a Ti45 rotor at 4
o
C.  The 

supernatants were pooled and the volume was measured.  An equal volume of HMPB buffer at 

37
o
C was added.  ATP and GTP were added to a final concentration of 1.5 mM and 0.5 mM, 

respectively.  An equal volume of glycerol at 37
o
C was added to initiate polymerization and the 

solution was incubated at 37
o
C for 30 mins.  The solution was then centrifuged for 30 mins at 

36,000 rpm in a Ti45 rotor at 37
o
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 10 mins on ice 

while homogenizing in a glasse dounce to depolymerize.  The solution was then centrifuged at 
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30,000 rpm for 30 mins at 4
o
C.  The tubulin supernatant was recovered, the protein concentration 

measured by absorbance at 280 nm, and 3 mL aliquots were flash frozen in cryotubes. 

2.4.2 Tubulin Cycling 

The 3 mL aliquots of purified tubulin were thawed at 37
o
C, pooled together and immediately 

put on ice.  A final concentration of 40 mM PIPES pH 6.8, 0.5 mM MgCl2, 0.5 mM EGTA, 4 

mM MgCl2 and 1 mM GTP were added and the tubulin was subsequently incubated on ice for 5 

mins.  The tubulin mixture was then incubated for 2 mins at 37
o
C before the addition of a half 

volume of warm glycerol. Incubation was continued another 40 mins.  The tubulin mixture was 

then layered onto warm cushion buffer (60% glycerol, 400 mM PIPES pH 6.8, 5 mM MgCl2, 5 

mM EGTA) before centrifuging at 37
o
C, 43,300 rpm for 45 mins in a Ti70 rotor.  The supernatant 

was removed by aspiration, and the pellet washed three times with warm IB buffer (50 mM K-

Glutamate, 0.5 mM MgCl2, pH 7).  After rinsing, the pellet was put on ice and resuspended in 1 

mL of cold IB buffer.  The resuspended buffer was dounced on ice for 30 mins before spinning at 

2
o
C, 90,000 rpm for 15 mins in a TLA100.3 rotor.  The supernatant was recovered, tubulin 

concentration was determined by absorbance at 280 nm and 50 μl aliquots were frozen in liquid 

nitrogen and stored at -80
o
C. 

2.4.3 Polymerization of Microtubules 

Tubulin was thawed and 2 mM MgCl2, 2 mM GTP and 6 mM DTT were immediately added.  

Depolymerization was performed by incubating on ice for 30 mins.  Centrifugation at 14,500 rpm 

for 30 min at 4
o
C removed any aggregated tubulin.  The supernatant was carefully recovered and 

slow polymerization was initiated by incubating at 37
o
C for 20 mins.  The tubulin sample was 

diluted 10x in warm PME Buffer (10 mM PIPES pH 6.9, 5 mM MgCl2, 1 mM EGTA, 1 mM 

DTT, 0.1 mM GTP, 20 uM Taxol) and the incubation at 37
o
C was continued another 15 mins.  
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Polymerized tubulin was pelleted by centrifugation at 13,300 rpm at room temperature for 30 

mins.  The supernatant was discarded and the pellet carefully resuspended in 150 μL of the 

reaction buffer (ATPase Buffer (20 mM HEPES pH 7.2, 5 mM MgAc, 0.1 mM EGTA, 0.1 mM 

EDTA, 25 mM KAc, 1 mM DTT, 40 uM Taxol) for binding assays and A25 buffer (20 mM 

ACES pH 6.9, 2 mM MgAc, 2 mM EGTA, 0.1 mM EDTA, 1 mM β-mercaptoethanol, 40 uM 

Taxol) for ATPase assays).  The concentration of MTs was determined by absorbance at 280 nm. 

2.5 Motility Assay 

2.5.1 Rhodamine Labelled Microtubules 

In order to make rhodamine labeled MTs, 5 μg of rhodamine labeled tubulin with 25 μg of 

unlabelled tubulin were polymerized in 4 μL of Polymerization mix (1X BRB80, 20% DMSO, 2 

mM GTP).  Depolymerization was performed by incubation on ice for 15 mins.  The tubulin 

sample was then moved to a 37
o
C water bath were it was allowed to polymerize for 30 mins.  A 

volume of 8 μL of PME-1(1x BRB80, 2 mM DTT, 40 uM Taxol) were added to the sample and 

polymerized another 20 mins.  MTs were recovered by centrifugation at 13,300 rpm for 30 mins.  

The supernatant was discarded, and the pellet re-suspended in 15 μL of PME-1.  The MT mix 

was then sheared with a 23.5 gauge needle. 

2.5.2 Motility Assay 

Motility assays were performed in an acid-washed perfusion chamber using an oxygen 

scavenging mix (OSM) [90].  Anti-His antibody (100 μg/ml) was applied to the perfusion 

chamber and incubated 5mins to allow binding to the glass surface.  The chamber was then 

washed with OSM-0 buffer (1X BRB80, 1.5 mM MgAc, 1 mg/mL BSA, 200 μg/mL Glucose 

Oxidase, 175 μg/mL Catalase, 25 mM Glucose, 2 mM BME) twice.  The His-tagged kinesin 

motor complex (CaVik1/CaKar3) diluted to 0.25 μM in OSM-0 was then added to the chamber 
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and incubated 5 mins to allow binding.   Labelled MTs were then diluted 20-fold into OSM-1 (1X 

OSM-0, 1.5 mM AMPPNP, 40 μM Taxol) and incubated for 5 mins.  The perfusion chamber was 

washed twice with OSM-2 (1X OSM-0, 1.5 mM ATP, 40 μM Taxol, 0.3 μg/μL Phospho-creatine 

Kinase, 2 mM Phosphocreatine) to remove any unattached MTs.  The His-tagged kinesin motor 

complex (CaVik1/CaKar3) diluted to 0.25 μM in OSM-2 was then added to the chamber and 

movement was visualized by taking images every 15 secs for a period of 10 mins using spinning 

disk confocal microscope. 

2.6 ATPase Assays 

The MT-stimulated steady state ATP turnover was measure in a coupled enzymatic assay 

under saturating ATP conditions and varying MT concentrations.  By coupling the conversion of 

phosphoenol pyruvate to pyruvate to the conversion of pyruvate to lactate, the ATP turnover is 

coupled to NADH oxidation (Figure 11) [91].  By monitoring the decrease of NADH by 

measuring the absorbance at 340nm, the rate of ATP hydrolysis can be calculated. 

Reactions of 150 μL with 1 mM MgATP, 2 mM phosphoenolpyruvate (PEP), 0.25 mM 

NADH, 60 μg/uL pyruvate kinase (PK), 60 μg/μL lactate dehydrogenase (LDH), 200 nM of 

motor protein and MT concentrations varying between 0 and 6 μM were made in A25 Buffer.  

Absorbance readings were recorded at 5 second intervals for 600 secs at a wavelength of 340 nm 

to monitor consumption of NADH (ε= 6220 M
-1

cm
-1

).  

Using SigmaPlot the rates were plotted as a function of the MT concentration and fit to the 

Michaelis-Menton equation:  

𝑟𝑎𝑡𝑒 =
𝑘𝑐𝑎𝑡 ∗ 𝑀𝑇0

𝐾𝑀,𝑀𝑇𝑠 + 𝑀𝑇0
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Figure 11: Enzyme Coupled Assay System. ATP turnover of the molecular motor is linked to 

the oxidation of NADH to NAD+ to observe the time-dependent decrease in fluorescence at 340 

nm. PEP, phosphoenolpyruvate; PK, pyruvate kinase; LDH, lactate dehydrogenase.  This figure 

was taken from [91]. 
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Where 𝑟𝑎𝑡𝑒 is the rate at which ATP is hydrolyzed (s
-1

), 𝑘𝑐𝑎𝑡  is the maximum rate achieved 

by the motor, 𝐾𝑀,𝑀𝑇𝑠  is the MT concentration at which the reaction rate is half of 𝑘𝑐𝑎𝑡  and 𝑀𝑇0 is 

the MT concentration. 

Once the saturating MT concentration was determined, these experiments were repeated 

keeping MT concentration constant and titrating the ATP concentration between 0 and 800 μM.  

Using SigmaPlot the rates were plotted as a function of the ATP concentration and fit to the 

Michaelis-Menton equation: 

𝑟𝑎𝑡𝑒 =
𝑘𝑐𝑎𝑡 ∗ 𝐴𝑇𝑃0

𝐾𝑀,𝐴𝑇𝑃 + 𝐴𝑇𝑃0
 

Where 𝑟𝑎𝑡𝑒 is the rate at which ATP is hydrolyzed (s
-1

), 𝑉𝑚𝑎𝑥  is the maximum rate achieved by 

the motor, 𝐾𝑀,𝐴𝑇𝑃  is the MT concentration at which the reaction rate is half of 𝑘𝑐𝑎𝑡  and 𝐴𝑇𝑃0 is 

the MT concentration. 

2.7 Sedimentation Assay 

This assay gives information about kinesins MT-affinity in the presence of AMP-PNP or 

ADP.  Reactions of 100 μL with MT concentration varying between 0 and 6 μM were incubated 

with 4 μM motor and 2 mM MgAMPPNP or MgADP for 15 min at room temperature in ATPase 

Buffer.  ATPase buffer supplemented with 150 mM NaCl was used for monomeric CaVik 

constructs to minimize protein precipitation.  Motor proteins bound to MTs were co-sedimented 

at 90,000 rpm for 15 min at 25
o
C in a TLA-100 rotor.  Supernatant fractions were collected while 

pellets were resuspended in 100 μL ATPase buffer. All samples were analyzed by SDS-PAGE 

and stained with Coomassie Blue. 
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Protein gels were quantified using Image J [92].  Using SigmaPlot the data were plotted as 

the fraction of motor protein bound to MTs as a function of the MT concentration and fit to the 

following quadratic equation: 

𝑀𝑇 ∙ 𝐸

𝐸
=  

 𝐸0 + 𝐾𝑑 + 𝑀𝑇0 −   𝐸0 + 𝐾𝑑 + 𝑀𝑇0 
2 − (4𝐸0𝑀𝑇0)

2
 

Where 
𝑀𝑇∙𝐸

𝐸
 is the fraction of motor protein bound to MTs, 𝐸0 is the total motor concentration, 𝐾𝑑  

is the dissociation constant, and 𝑀𝑇0 is the MT concentration. 

2.8 Protein Crystallization, Data Collection and Structure Determination 

Crystals of CaKar3 motor domain-maltose binding protein fusion complex (CaKar3 MD-

MBP) were obtained using the hanging-drop vapour-diffusion method at 4
o
C in 0.1 M Hepes pH 

7.5, 14% PEG 4000, 75 mM NaCl and 5% ethylene glycol.  Prior to setting up the trays, the 

protein sample was incubated with 2 mM Mg-ATP.  The fusion protein (29 mg/ml) and reservoir 

solution were mixed 1:1 and equilibrated against 500 μL of reservoir solution.  Crystals appeared 

approximately 30 days after plating.  Reservoir solution supplemented with 25% ethylene glycol 

was used as a cryoprotectant.  X-ray diffraction data were collected from a single frozen crystal 

of CaKar3 MD-MBP on the GM/CA_CAT beam line; station 23 ID/B, at the Argonne National 

Laboratory (ANL) (Argonne, IL).  Diffraction data were integrated and scaled with the program 

XDS.  The structure of CaKar3 MD-MBP was solved by molecular replacement using the 

program AutoMR in Phenix using the coordinates for ScKar3 MD (PDB: 3KAR [76]) and MBP 

(PDB: 1MH3 [93]) as a search models.  A series of manual building cycles using Coot [94] and 

iterative restrained refinement cycles using REFMAC [95] and Phenix_Refine [96] were 

performed to generate the final model.  Data collection and refinement statistics are summarized 

in Table 8.   
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Chapter 3 

Results 

 

3.1 Sequence Analysis of CaKar3 and CaVik1  

The genome of C. albicans encodes a single ortholog of S. cerevisiae KAR3, whose open 

reading frame (orf19.564) translates into a 687 amino acid long protein that has high sequence 

identity (~40%) and primary structure homology with ScKar3, particularly within the motor 

domain (Figure 12). Because of this, the boundaries of the CaKar3 motor domain could be 

mapped to Arg
353

-Lys
687

. Within this region, its sequence conservation with ScKar3 breaks down 

significantly at areas that form the MT-binding cluster (L8a, 5a, L8b, and 5b), and along nearly 

the entire length of helix 3 upstream of the nucleotide-sensing Switch I motif. The sequence of 

the small lobe forming region (1a, 1b, and 1c) at the edge of the motor domain also differs 

from ScKar3, part of which contains a long polyserine tract that is typical of some C. albicans 

proteins (Figure 12) [97].  The region beyond the motor domain, toward the N-terminus, exhibits 

much lower sequence identity (~21%), which is typical of all kinesin motors. However, within 

the central portion of the protein, a pattern of hydrophobic and charged residues emerges that 

provides an interface for dimerization with a protein that may regulate the ability of CaKar3 to 

share the same roles in mitosis and mating as ScKar3 [88, 98, 99]. The identity of this protein is 

described below. 
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Figure 12: Sequence Aligment of the C-terminal Segment of Kar3 Orthologs . Intensity of 

the blue shading is correlated to the degree of sequence conservation.  Secondary structure 

elements were assigned by ESPript [100, 101] according to the ScKar3 MD crystal structure 

(PDB: 3KAR), and the positions of the regions forming the nucleotide-binding pocket and 

putative MT-binding elements are indicated. 
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A search of the Fungal Orthogroups Repository at the Eli and Edythe L. Broad Institute 

of Harvard and MIT [102], which provides the orthogroup assignments for all predicted protein-

coding genes across 23 Ascomycete fungal genomes, matched C. albicans orf19.306 to the 

orthogroup for S. cerevisiae VIK1 (YPL253C). The Candida Genome Database 

(http://www.candidagenome.org/) classifies orf19.306 as an “uncharacterized” open reading 

frame and describes its product as a “putative type II myosin heavy chain” with “unknown 

molecular and biological function”. Orf19.306 encodes a 619 amino acid protein that shares 14% 

and 17.5% sequence identity with ScCik1 and ScVik1, respectively. Although this level of 

conservation is fairly meager, the sequence identity between these proteins increases significantly 

near the neck-motor domain junction (~38%) (Figure 13), which is a signature element of all 

kinesin proteins. As previously described, it comprises the determinants of motility and 

directionality along MTs, and also transmits information about the ATPase and MT-binding state 

of one motor domain to the other motor in dimeric assemblies through mechanical strain [28, 54]. 

With this information, we mapped the putative motor homology domain of CaVik1 to Leu
389

-

Ile
619

. Because this region of the protein exhibits slightly more sequence identity to ScVik1, we 

have named it „CaVik1‟ for the time being.  

Analogous to Kar3-related proteins, the sequence conservation of Vik1 orthologs breaks 

down significantly at regions that form the MT-binding cluster (L8a, 5a, L8b, and 5b) and 

within the core elements that would form the nucleotide-binding pocket. However, the degree of 

dissimilarity in these regions is much more dramatic than in CaKar3. The small lobe-forming  
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Figure 13: Sequence Aligment of the C-terminal Sequence of Vik1 Orthologs. Intensity of the 

blue shading is correlated to the degree of sequence conservation.  Secondary structure elements 

were assigned by ESPript [100, 101] according to the ScVik1 MHD crystal structure (PDB: 

2O0A), and the regions forming the putative MT-binding elements are indicated. The regions in 

which P-loop and Switch I and II would be found in a catalytic kinesin are shown.  COILS [53] 

prediction of CaVik1 positions a and d are boxed.   
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region (1a, 1b, and 1c), for example, has a large gap that spans from Loop L1 to the end of 

the β1c strand (Figure 13).  Another large gap seems to appear at helix α2/loop L5 region. 

Interestingly, this is the site targeted by several kinesin inhibitors, such as monastrol, and recent 

studies have shown that mutations in the human mitotic kinesin Eg5 that confer resistance to 

monastrol in HeLa and U2OS  tumor cells reside in this region of the motor domain [103]. 

Finally, there is a substantial section of sequence omitted in CaVik1 that is C-terminal to helix 

α3, which is analogous to the Switch I element of catalytic kinesins. These differences could 

indicate that CaVik1 looks and functions very differently from ScVik1, and perhaps that its 

interactions with CaKar3 are dissimilar as well. Nonetheless, an inspection of the central portion 

of CaVik1 reveals an extensive, albeit imperfect, hydrophobic and charged residue pattern which 

is characteristic of the coiled-coil (the a-b-c-d-e-f-g heptad repeat) (Figure 13).  This is analogous 

to that of ScKar3/Vik1 and other dimer-forming kinesins [43], indicating that CaVik1 likely 

forms a parallel dimeric assembly with CaKar3. 

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

functions of CaKar3 and CaVik1 individually, and as a putative heterodimeric motor assembly, 

their open reading frames were cloned from Candida albicans genomic DNA into the plasmids 

described in Chapter 2 for recombinant protein expression and purification from bacterial cells.   

3.2 Constructs to Evaluate Dimerization of C. albicans Kar3 with Vik1 

In order to ascertain that CaKar3 and CaVik1 interact, several forms of truncated protein 

constructs were created. Design of these constructs was guided by our knowledge of the probable 

boundaries of the motor domain, and by information derived from a bioinformatics-based 

analysis of the putative coiled-coil forming regions of each protein. As previously mentioned, 
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kinesins typically consist of two globular domains that flank a central coiled-coil forming section 

which mediates dimerization.  By inputting the full length protein sequences of CaKar3 and 

CaVik1 into the COILS prediction server [51, 53], regions likely to be involved in coiled-coil 

formation were predicted (Figure 14). From these predictions, the register in which CaKar3 and 

CaVik1 could engage in coiled-coil formation was estimated by visual inspection of their 

sequence as follows. We assumed that the neck regions of CaKar3 and CaVik1 would align with 

one another in such a way as to not contain gaps („stammers‟ or „stutters‟) or loops (other than the 

region between residues 306-310 not predicted to participate in the coiled-coil for CaKar3).  We 

also assumed that their conserved pivot glycine residue, located at the neck-motor core junction, 

would directly oppose that of the other subunit in the complex in the same manner as occurs in 

the Ncd kinesin dimer.  By counting backward from this residue, constructs were created that 

contained similar increments of coiled-coil forming heptad repeats for each subunit of the 

complex.  A description of each construct is summarized in Figure 15. 

3.3 CaVik1 Forms a Heterodimeric Complex with CaKar3  

Truncated constructs of CaKar3 and CaVik1 were co-expressed in E. coli as described in 

Chapter 2. Interaction between different pairings of these constructs was identified by Ni-NTA 

affinity purification using the polyhistadine tag engineered onto the N-terminus of all CaVik1 

constructs. Because only the CaVik1 constructs have the His-tag, co-elution of both CaVik1 and 

CaKar3 would suggest that these proteins are forming a stable complex. Analysis of elution 

fractions by SDS-PAGE shows that constructs CaKar3L1/Vik1L1 co-elute with one another as 

the elution fraction contains two distinct bands, one corresponding to CaKar3L1 at ~60 kDa and 

another at ~45 kDa corresponding to CaVik1L1 (Figure 16).  The shorter CaKar3L2 and 

CaVik1L3 constructs were also shown to co-elute, with bands appearing at ~50 kDa and ~38 kDa  
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Figure 14: Sequence Analysis of CaVik1 and CaKar3 using COILS Prediction Server. A) 

Full-length sequences for CaKar3 (purple) and CaVik1 (yellow) were inputted in COILS [53] 

predictions server.  The coiled-coil forming propensity of each residue is shown on the graph.  B) 

Domain distribution prediction for CaKar3, CaVik1, ScKar3 and ScVik1 based on the results 

obtained from the COILS analysis. CC indicates the coiled-coil regions, green areas are breaks in 

the coiled-coil. 
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Figure 15: Structure of CaKar3 and CaVik1 Constructs.  The amino acid number boundaries 

of each construct are indicated at the ends of each diagram. A His-tag was added N-terminally to 

each CaVik1 construct. CC indicates the coiled-coil regions, green areas are breaks in the coiled-

coil. 
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Figure 16: Co-Purification of CaKar3 and CaVik1.  SDS-PAGE analysis of the elution 

fractions following CaKar3/Vik1 Ni-NTA co-purification. For each co-purification, the 

molecular weight standard (MW) is in the left lane, the total cell lysate (TCL) in the middle lane 

and the elution fraction (E) in the right lane.  The expected molecular weight of each construct is 

as follows: CaKar3L1=58.7 kDa, CaVik1L1=44.2 kDa, CaKar3L2=51.8 kDa, CaVik1L3=37.9 

kDa, CaKar3L4=44.8 kDa, CaVik1L4=30.6 kDa, CaKar3L5=42.6 kDa, CaVik1L5=28.1 kDa.  
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corresponding to CaKar3L2 and CaVik1L3, respectively (Figure 16). Alternatively, constructs 

containing fewer heptad repeats, such CaKar3L4 and CaVik1L4 (8 heptads) and 

CaKar3L5/Vik1L5 (5 heptads), did not co-elute. These results provide evidence that CaVik1 

interacts with CaKar3 through the central coiled-coil region, and that more than 8 heptad repeats 

are required for stable complex formation. 

To further confirm stable complex formation between CaKar3 and CaVik1, the Ni-NTA co-

purified CaKar3 L1 and CaVik1 L1 constructs were analyzed by size-exclusion chromatography 

using a Hi-load 26/60 Superdex 200 column. The sample eluted as a single peak with a predicted 

molecular weight of 210 kDa based on calibration of the column with molecular weight standards 

(Figure 17a). SDS-PAGE analysis of the fractions from the corresponding peak showed the 

presence of both the CaKar3L1 and CaVik1L1 in ratio of ~1:1 (data not shown).  Based on the 

calculated molecular weight of CaKar3L1 and CaVik1L1 (~60 kDa and ~45 kDa respectively), 

this analysis indicated the presence of two molecules of each subunit in the complex. 

Since the ability to use size-exclusion chromatography to determine molecular mass, and thus 

the oligomeric state of a protein complex, is somewhat limited by its molecular shape, a 

sedimentation velocity analysis was performed to more accurately evaluate the stoichiometry of 

this CaKar3/Vik1 complex (Figure 17b).  According to our analysis, ~81% of the sample has a 

sedimentation coefficient (S) value of 3.81, corresponding to a molecular weight of ~106 kD.  

This result indicates that only one molecule of CaKar3L1 and one molecule CaVik1L1 exist in 

the complex, and thus, like ScKar3/Vik1, CaKar3 and CaVik1 interact to form a heterodimer 

(CaKar3/Vik1).  A smaller subset of the sample population (~13% ) had an S value of 2.64 

corresponding to a molecular weight of 60.2 kD.  Less than ~3% of the samples are represented 

by the peaks at 6.1 and 8.1 S, corresponding to 212 kD and 336 kD, respectively.  Moreover, the 

elevated friction ratio (1.97) which corresponds to the measured friction coefficient over the  
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Figure 17: Complex Formation and Oligomerization of CaKar3/Vik1.  A) Size-exclusion 

elution profile of CaKar3L1/Vik1L1 relative to a molecular weight standard.  According to the 

calibration curve for the molecular weight standard (inset), the complex has a predicted molecular 

weight of ~210kDa.  B) Sedimentation velocity analysis of CaKar3L1/Vik1L1.   
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predicted friction coefficient if a molecule of this molecular weight were perfectly spherical, 

suggests the CaKar3/Vik1 complex has an elongated. This likely explains the overestimation of 

its oligomeric state by size-exclusion chromatography. The rmsd value is of 0.0036, indicating 

the model fits well with the data.   

3.4 Functional Characterization of CaKar3, CaVik1 and CaKar3/Vik1 

3.4.1 Both Subunits of CaKar3/Vik1 Complex Bind MTs 

Once heterodimerization of CaKar3 and CaVik1 was confirmed, we moved on to the 

functional characterization of this complex. Monomeric CaKar3 and CaVik1 constructs, 

consisting of the C-terminal motor domain region and N-terminal neck segment were 

characterized in parallel to CaKar3/Vik1 in order to determine their individual contributions to 

the functionality of the CaKar3/Vik1 motor complex. The design of these constructs is 

summarized in Figure 15.  

For the monomeric Vik1 constructs, protein purification was accomplished by Ni-NTA 

affinity chromatography, while cation exchange chromatography was used to purify the Kar3 

constructs as described in Chapter 2. The purity of each construct was confirmed by SDS-PAGE 

analysis (Figures 18 &19).  The molecular mass of CaVik1 MHD2(2) as estimated from SDS-

PAGE analysis was ~26 kDa, which corresponds well to its calculated molecular weight of 28.5 

kDa (Figure 18a).  The subunits of CaKar3L2/VikL3 appear to migrate at distances 

corresponding to ~47 kDa and ~38 kDa, consistent with their calculated molecular weight of 51.8 

and 40.9 kDa for CaKar3 and CaVik1, respectively (Figure 18b).  A lower molecular weight 

contaminant was typically present during Ni-NTA affinity purifications, however this 

contaminant did not bind MTs, nor did it influence the binding of kinesin to the MT during MT-  
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Figure 18: SDS-gels of CaVik1 MHD2(2) and the CaKar3 L2/Vik1 L3 Protein Purifications.  

A) SDS-PAGE analysis of the CaVik1 MHD2(2)  elution fractions following Ni-NTA 

purification. B) SDS-PAGE analysis of the CaKar3 L2/Vik1 L3 elution fractions following Ni-

NTA purification.  MW=molecular weight standard, TCL= total cell lysate, FT= flow through, 

W= wash. 
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Figure 19:  Protein Purification of CaKar3 MHD by SP-Sepharose and Size-Exclusion 

Chromatography.  A) SDS-PAGE analysis of the elution fractions following SP-Sepharose 

purification of CaKar3 MHD.  B) SDS-PAGE analysis of the elution fractions following size-

exclusion chromatography of CaKar3MHD. MW= molecular weight standard, FT=flow through, 

W=wash, VOID= void volume. C) Size-exclusion elution profile of CaKar3MHD.   The elution 

volume of each elution fraction is as follows. E33: 204-210 ml, E34: 210-216 ml, E35: 216-222 

ml and E36: 222-228 ml. 
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binding experiments. Due to the presence of impurities following purification of our untagged 

CaKar3 MHD construct by cation exchange (Figure 19a), we sought to improve purity by 

performing size-exclusion chromatography (Figure 19b-c). This construct appeared to migrate at 

a distance corresponding to ~40 kDa, which is consistent with its calculated molecular weight of 

41.4 kDa.  After purification, the CaVik1MHD2(2), CaKar3MHD and CaKar3L2/Vik1L3 

heterodimer proteins were concentrated to 3.8 mg/ml, 19.9 mg/mL and 5.6 mg/ml, respectively. 

In order to evaluate the MT binding affinity of our monomeric and heterodimeric constructs, 

we incubated these proteins with increasing concentrations of taxol-stabilized MTs and measured 

the amount of MT-bound kinesin under different nucleotide conditions by MT co-sedimentation, 

as described in Chapter 2.  In this experimental system, MTs and any interacting proteins are 

pelleted, while non-interacting proteins remain in the supernatant.  Analysis of the supernatant 

and pellet fractions by SDS-PAGE confirmed that both CaKar3 and CaVik1 monomeric 

constructs bound to MTs, independently of one another (Figure 20).  

By plotting the fraction of MT-bound motor against the tubulin concentration (Figure 

21), we were able to determine the MT binding affinity (Kd,MT) for all of our constructs (Table 6).  

In the presence of excess ADP (2 μM), the affinity of CaKar3MHD for MTs (Kd,MT) was 

approximately 7-fold lower than previously measured for ScKar3 MD by Allingham et al.[54] 

(1.58 versus 0.22 μM, respectively). Like other kinesins, addition of the non-hydrolyzable ATP 

analog, AMPPNP, increased the MT affinity of CaKar3 MHD (Kd,MT = 1.14 μM), however this 

value was still significantly lower than that of ScKar3 MD (Kd,MT = 0.12 μM) [54]. Also, the 

increase in the affinity was relatively modest when the statistical error is taken into 

consideration..  Notably, CaVik1 MHD2(2) bound to MTs with a much higher affinity than 

CaKar3 MHD with both ADP and AMPPNP (KdMT of 0.08 and 0.16 μM, respectively). This 

parallels previous observations for ScVik1 MHD which exhibited a much higher affinity for MTs  
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Figure 20: Representative SDS-gels of MT-Sedimentation Assays with AMPPNP.  

Microtubule co-sedimentation assays were performed in the presence of 2 μM AMPPNP (shown 

above) or ADP (data not shown) with titrating MT concentration.  Supernatant and pellet 

fractions were recovered and analyzed by SDS-PAGE. MW: molecular weight standard. 
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Figure 21: Microtubule Binding Curves of CaKar3, CaVik1 and CaKar3/Vik1 Complex.  

MT binding of CaKar3 MHD and CaVik1 MHD2(2) (A) and CaKar3 L2/Vik1 L3 (B) were 

performed in the presence of AMPPNP or ADP. The fraction of motor bound to MTs was plotted 

against the MT concentration and fit to the quadratic equation in order to obtain the constants in 

Table 6.  
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Table 6: MT Dissociation Constants for Monomeric and Heterodimeric Constructs 

Motor Nucleotide Kd,MT [μM] Number of Replicates 

CaKar3 L2/Vik1L3  ADP  0.95 ± 0.02  4 

CaKar3 L2/Vik1L3  AMPPNP  1.24 ± 0.08  4 

CaKar3 MHD ADP  1.58 ± 0.23  2 

CaKar3 MHD AMPPNP  1.14 ± 0.09  2 

CaVik1 MHD2(2) ADP  0.08 ± 0.02  3 

CaVik1 MHD2(2) AMPPNP  0.16 ± 0.05  3 

Data reported as mean ± SEM.   
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than ScKar3 MD (Kd,MT = 0.04 μM) [54]. Interestingly, the affinity of the CaKar3 L2/Vik1L3 

complex for MTs is higher in the presence of ADP (Kd,MT 0.95 μM) than in the presence of 

AMPPNP (Kd,MT =  1.24 μM). This suggests that the CaVik1 subunit may be playing a role 

tethering the CaKar3 L2/Vik1L3 complex to the MT in the presence of ADP, but that AMPPNP 

can reverse this interaction and transition the complex toward a CaKar3 binding mode. 

3.4.2 The Steady-State ATPase Activity of CaKar3 is Influenced by CaVik1  

In order to evaluate the catalytic activities of CaKar3 MHD and the CaKar3/Vik1 

complex, an enzyme-coupled assay was used to measure the steady state ATPase kinetics as 

described in Chapter 2 [104]. The maximal MT-stimulated ATPase rate (kcat) for CaKar3 MHD 

was approximately the same as ScKar3 MD (0.47 s
-1 

versus 0.49 s
-1

, respectively) under 

conditions with saturating ATP concentration while titrating MT concentration (Figure 22a & 

Table 7). These experiments were repeated at saturating MT concentration, this time titrating the 

ATP concentration (Figure 22b & Table 7).  The MT and ATP concentrations at which the half-

maximal ATPase activity is reached, K½,MT and KM,ATP respectively, are indicated in Table 7. 

Comparison of these parameters for CaKar3 and ScKar3 indicate that CaKar3 has a lower ATP 

affinity than ScKar3, but that its MT affinity is higher (i.e. it requires a lower concentration of 

MTs to activate its ATPase function). 

 ATPase assays performed on the monomeric CaVik1 MHD2(2) confirmed that this 

protein lacks ATPase activity (Figure 22a). Interestingly though, the ATP turnover rate of 

CaKar3 L2/Vik1L3 was slower than for CaKar3 alone (0.16 ± 0.01 s
-1

), suggesting that CaVik1 

influences the ATP turnover rate of CaKar3. 
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Figure 22: Steady-state ATPase Kinetics of CaKar3, CaVik1 and CaKar3/Vik1.   ATPase 

activity was measured (A) as a function of MTs and (B) MgATP concentrations.  The binding 

curves were fitted to Michealis-Menten equation in order to obtain the constants in Table 7. 
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Table 7: Steady-State ATPase Kinetics of CaKar3 and CaVik1 

Construct kcat (s
-1

) Km,ATP (μM) K1/2,MT (μM) Number of 

Replicates 

CaKar3 MHD 0.47 ± 0.01 45.2 ± 5.4 0.33 ± 0.12 4 

ScKar3 MD* 0.49 ± 0.02 12.2 ± 2.8 6.0 ± 0.7  

CaKar3 L2/Vik1L3  0.16 ± 0.01 86.9 ± 10.1 0.23 ± 0.08 6 

ScKar3/Vik1*  3.7 ± 0.01 15.0 ± 0.7 1.7 ± 0.3  

Reported as mean ± SD 

*Values taken from Allingham et al. 2007[54]. 
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3.4.3 CaKar3/Vik1 Does Not Display MT Gliding Ability  

To evaluate the MT-based motility of our heterodimeric construct, MT-gliding assays 

were performed using a spinning disk confocal microscope as described in Chapter 2. In this 

experimental setup, the kinesin complex is adhered to the microscope coverslip within a perfusion 

chamber via an antibody that specifically binds the polyhistadine tag on the Vik1 subunit. Taxol-

stabilized MTs containing a fluorescent label are flowed into the perfusion chamber and, after a 

brief incubation to allow kinesin-MT interactions to form, unbound MTs are washed from the 

chamber with buffer. At this point, visualization of MTs in the perfusion chamber under the 

microscope confirms two things: 1) the motor complex is adhering to the perfusion chamber, and 

2) this complex is also binding to MTs.  Failure to do either one of these two things would result 

in an absence of MTs within the perfusion chamber after washing.  Although MTs were readily 

visible in multiple analyses of perfusion chambers containing the CaKar3 L2/Vik1L3 complex, 

no motility was observed in the presence of ATP (Figure 23). However, when these experiments 

were repeated with a Kar3/Vik1 complex purified from the human fungal pathogen Candida 

glabrata, we observed robust MT gliding with an average velocity of 3.5 μm/min.  Based on 

these observations, it would seem that CaKar3/Vik1 may lack robust MT-based motility relative 

to ScKar3/Vik1.  Possible explanations for this are discussed in Chapter 4. 

3.5 Structural Characterization of CaKar3 and CaVik1 

3.5.1 CaKar3-MBP and CaVik1-MBP Purification  

Although the expression level and solubility of our monomeric and dimeric CaKar3 and 

CaVik1 constructs were suitable for our functional analyses, their modest levels imposed some 

limitations on crystal screening. For constructs that could be screened broadly for crystal growth, 

no suitable crystal hits were found. In order to facilitate structural studies of our CaVik1 and  
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Figure 23: Kar3/Vik1 Motility in the Presence of MgATP.  Images represent a smaller section 

of the field.  The asterisk and triangles represent the end of moving microtubules.  
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CaKar3 monomeric constructs (CaVik1 MD2, CaVik1 MHD2(2), CaKar3 MD, and CaKar3 

MHD) a Maltose Binding Protein (MBP) tag was added to the N-terminal region.  MBP is a well 

characterized protein that is commonly used as a fusion partner to improve the yield and 

solubility of many recombinant proteins [93].  Use of a short 3 alanine linker has recently been 

shown to reduce the conformational heterogeneity of the fusion tag, and has proven useful for 

structure determination of proteins that present particular challenges to crystal formation or phase  

determination [105]. Moreover, MBPs affinity for linear maltodextrin polysaccharides of 2 to 7 

sugar rings allow it to be purified by affinity chromatography with an amylose resin[106].   

The design details of the MBP-fusion constructs are summarized in Table 4 (Chapter 2). 

The expression and purity of each construct was confirmed by SDS-PAGE analysis (Figure 24a).  

As most constructs still contained contaminants following amylose-affinity purification, size-

exclusion chromatography was utilized for further polishing (Figure 24b).  Pooled fractions of 

the MBP fusions of CaVik1 MD2, CaVik1 MHD2(2), CaKar3 MD and CaKar3 MHD were 

concentrated to ~12 mg/mL, 20 mg/mL, 29 mg/mL and 20 mg/mL, respectively, for crystal 

screening. 

3.5.2 Crystallization, Diffraction Data collection, and Structure 

Determination of CaKar3-MBP 

After addition of MgATP to a final concentration of 2 mM to all protein samples, equal 

volumes (1 μl + 1 μl) of kinesin and precipitant solutions (from multiple Qiagen crystallization 

screens) were combined in 96-well sitting drop vapor diffusion plates.  Thin plate-like crystals of 

CaKar3 MD-MBP appeared in condition C6 of Qiagen‟s EasyXtal PEGsII Suite (0.1 M Tris pH 

8.5, 12% PEG 4000) after three months at 4
o
C.  This condition was optimized using 24-well 

hanging drop vapor diffusion plates by slightly varying the pH, PEG concentration, salt  
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Figure 24: Purification of CaKar3 MD-MBP and CaVik1 MHD2(2)-MBP by Amylose-

affinity and Size-Exclusion Chromatography. SDS-PAGE analysis of the elution fractions 

following amylose purification (top panel) and size-exclusion chromatography (bottom panel) of 

(A) CaKar3 MD-MBP and (B) CaVik MHD2(2). MW= molecular weight standard, FT=flow 

through, W=wash, VOID= void volume. C) Size-exclusion elution profile of CaKar3 MD-MBP 

and CaVik1 MHD2(2)-MBP.  
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conditions and temperature, and by „streak-seeding‟ the crystallization drops with crystals from 

the original 96-well screen. From these optimization screens, two new conditions were identified 

that gave large plate-like crystals of slightly different morphologies. Each of these crystal forms 

diffracted X-rays with high quality and indexing of their diffraction patterns showed that they 

possessed different cell dimensions, indicating that their unit cell contents differed.   

For the first optimized condition, containing 0.1 M Hepes pH 6.5, 16% PEG 4000, 75 mM 

NaCl and 5% ethylene glycol, wider and slightly thicker crystals appeared that diffracted to 2.8 Å 

on a home source diffractometer  (Figure 25).  The crystals exhibit the P21 space group with unit 

cell dimensions of: a= 50.79Å, b= 76.03 Å, c= 202.51 Å and α= 90.00°, β=96.58° and γ= 90.00°. 

After diffraction data collection and processing, the structure of CaKar3 MD-MBP was solved by 

molecular replacement using the coordinates for ScKar3 MD (PDB: 3KAR[76]) and MBP (PDB: 

1MH3 [93]) as search models [AutoMR(Phenix [96])]. The molecular replacement solution 

showed two molecules of CaKar3 MD and MBP in the asymmetric unit, whose structures were 

built and refined with the Coot [94, 95], Refmac [95] and Phenix_Refine [96] X-ray 

crystallography software packages.   

For crystals grown from the other crystallization condition (0.1 M Hepes pH 7.5, 14% PEG 

4000, 75 mM NaCl and 5% ethylene glycol), diffraction data was collected on the GM/CA_CAT 

beamline, station 23 ID/B, at the Argonne National Laboratory (Argonne, IL).  These crystals 

diffracted to 2.15 Å resolution and exhibited the P21 space group with unit cell dimensions of: a= 

49.46 Å, b= 74.93 Å, c= 98.67 Å and α= 90.00°, β=96.44° and γ= 90.00°. The diffraction data 

was processed using XDS [107] and the structure was solved by molecular replacement using the 

CaKar3-MBP structure determined on our home X-ray source as a search model. The molecular 

replacement solution for this crystal form showed only one molecule of CaKar3 MD and MBP in 

the asymmetric unit, whose structures were built and refined as described previously.  Data  
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Figure 25: CaKar3 MD-MBP Crystals.  Crystals were grown in a 24 well hanging drop vapour 

diffusion plate by streak-seeding into 0.1 M Hepes pH 6.5, 16% PEG 4000, 75 mM NaCl and 5% 

ethylene glycol.   
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collection and refinement statistics can be found in Table 8. To this point, no crystals of our 

CaVik1-MBP fusion proteins have been observed, and crystallization trials are currently on-

going. 

3.5.3 Overview of the CaKar3 MD-MBP Structure 

Both of the crystal forms showed roughly a similar arrangement of MBP and CaKar3 

MD, and because the diffraction data collected at Argonne National Laboratory was of higher 

resolution and higher quality, only the structure derived from this data will be discussed.  

The MBP component exhibits the typical α/β fold with an ellipsoid shape and 

maltotetraose (MTT) bound in the active site. Relative to the originally determined MBP structure 

(PDB: 4MBP) its root mean square (RMS) deviation for 345 structurally equivalent α-carbons is 

0.372 Å. The motor domain of CaKar3 adopts the typical / kinesin motor domain fold and 

showed that MgADP was bound within the nucleotide-binding pocket. The final electron density 

map for the CaKar3 MD module allowed complete building of residues Leu344-Val357, Asp371- 

Gln379, Ser385-Lys546, His557-Arg594, Arg604-Asn681 (Figure 26), but a number of residues, 

consisting mostly of surface amino acids on the small lobe of the CaKar3 motor domain and 

surface loops, were modeled as alanines owing to a lack of unambiguous electron density 

(Leu344, Lys345, Arg355, Val357, Asp371-Gln374, Gly376, Gln379, Lys386, Ile395-Asn397, 

Phe399, Leu405, Lys408, Arg412-Glu413, Gln425, Glu476, Arg484, Asn500, Lys502-Ile503, 

Lys508, Lys512, Ile516, Lys545-Lys546,  Lys577, Arg594, Arg604, Lys606 and Asn681). The 

polyalanine linkage between MBP and CaKar3 MD is visible, and the two modules of the crystal 

structure are arranged in such a way that they appear to „embrace‟ one another, interacting 

through several areas of shape and chemical complementarity (Figure 27). Interactions between 

the carbonyl oxygens of two of the alanines in the linker region (residues -1 and 0) with backbone  
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Table 8: Data Collection and Refinement Statistics for CaKar3 MD-MBP 

 CaKar3 MD-MBP  

(homesource) 

CaKar3 MD-MBP  

(Argonne National Laboratory) 

Crystal Parameters   

Space group P21 P21 

Cell dimensions (Å) a = 50.79, b = 76.03, c = 202.51 a = 49.46, b = 74.93, c = 98.67 

Cell dimensions (
o
) α = 90.00, β = 96.58, γ = 90.00 α = 90.00, β = 96.44, γ = 90.00 

Data Collection Statistics   

Resolution range (Å) 20-2.8 (2.9-2.8) 20-2.15 (2.5-2.15) 

Total reflections 241892 (21537) 122186 (44304) 

No. of unique reflections 72563 (7102) 38614 (14048) 

Rmerge 14.0 (67.4) 9.7 (40.1) 

<I/σ(I)> 10.05 (2.00) 12.02 (3.83) 

Completeness (%) 97.9 (96.1) 98.8 (99.4) 

Redundancy 3.33 (3.03) 3.16 (3.15) 

Wilson B-factor (Å
2
) 37.4 25.5 

Refinement and Model Statistics   

Resolution range (Å) 19.659-2.800 19.896-2.150 

No. of reflections 72546 38611 

Rwork/Rfree
b
 (%) 24.82/30.61 18.53/22.71 

No. of atoms    

     Protein Chain A : 4833 Chain B : 4860 5081 

     MgADP Chain A : 28 Chain B : 28 28 

     MTT or MAL Chain A : 23 Chain B : 23 45 

     Waters 5 310 

Average B-factors   

     Protein Chain A : 39.08 Chain B : 39.55 29.16 

     MgADP Chain A : 48.51 Chain B : 46.56 39.08 

     MTT or MAL Chain A : 22.56 Chain B : 28.14 29.57 

     Waters 30.85 30.48 

RMSD bond lengths (Å) 0.003 0.004 

RMSD bond angles (
o
) 0.934 0.851 

Ramachandran plot (%)   

Favoured 90.0 92.0 

Allowed 8.9 7.3 

Generously Allowed 0.5 0.7 

Disallowed 0.6 0 

Data in parenthese represent highest resolution shell (-Å) 

𝑅𝑚𝑒𝑟𝑔𝑒 =

 𝑘𝑙  
1

𝑛−1
 𝑛

𝑗=1  𝐼𝑘𝑙 ,𝑗 −  𝐼𝑘𝑙   

 𝑘𝑙  𝑗 𝐼𝑘𝑙 ,𝑗
 

Where  𝐼𝑘𝑙   is the average of symmetry related observations of a unique reflection 

 

𝑅𝑓𝑎𝑐𝑡𝑜𝑟 =
 𝑘𝑙  𝐹𝑘𝑙

𝑜𝑏𝑠 − 𝐹𝑘𝑙
𝑐𝑎𝑙𝑐  

 𝑘𝑙 𝐹𝑘𝑙
𝑜𝑏𝑠  

Where Rwork refers to the Rfactor for the data utilized in the refinement and Rfree refers to the Rfactor for the 5% 

of the data that were excluded from the refinement. 
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Figure 26: The structure of CaKar3 MD-MBP. A ribbon representation of the structure of the 

C-terminal globular domain of CaKar3 (blue) fused to MBP (green) with a three alanine residue 

linker.  The Mg
+2

 ion is shown as an orange sphere, and ADP as in orange stick representation.   
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Figure 27: Surface Representation of the CaKar3 MD-MBP Interface.  CaKar3 MD (in blue) 

is shown with MgADP (orange) bound to the nucleotide pocket.  MBP (in green) is shown bound 

to maltotetraose (pink) in the binding pocket.  Transparent surface representation demonstrates 

the „embrace‟ between CaKar3 MD and MBP protein.  The fusion protein is rotated 180
o
 in panel 

(B) relative to panel (A). 
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amine group of Leu344 in CaKar3 appear to help stabilize this rigid linker. Interactions between 

loops L3 and L13 of CaKar3 and helix XIII and XIV of MBP further stabilize the CaKar3-MBP 

interface (Figure 28).  Within these areas, specific interactions are found between Asn-3 on  

MBP‟s helix XIV and Asn651 in CaKar3‟s L13, between Gln-15 in the loop between MBP‟s 

helix XIII and XIV and Thr434 and Asp432 in CaKar3‟s L3, and between Ala-28 in MBP‟s helix 

XIII and Asn651 in CaKar3‟s L13.  Loop L12, located between α4 and α5, is cradled in MBP‟s 

sugar binding pocket. A number of molecules of ethylene glycol, which were included in the 

crystallization solution as a cryoprotectant, are also coordinated at the interface of MBP and 

CaKar3. Together, these interactions likely reduce the conformational flexibility of the fusion 

structure and facilitate crystallization. It is also possible that MBP may be occluding one or more 

surfaces on CaKar3 that are inherently flexible or prone to aggregation in the absence of its 

binding partner, CaVik1. This may explain why crystal growth for the untagged versions of 

CaKar3 was unsuccessful. 

3.5.4 A New Hydrolysis State of the CaKar3 Active Site 

When compared to the ScKar3 MD structure, the final refined coordinates for CaKar3 MD 

had an RMS deviation of 0.841 Å for 269 structurally equivalent α-carbons.  Most of the 

structural variability can be found within the surface loops, but a number of deviations are also 

found in regions that compose the nucleotide-binding pocket (Figure 29 & 30).  As previously 

described, the nucleotide-binding pocket consists of a highly conserved P-loop motif 

(GQTXXGKS/T), Switch I motif (NXXSSR) and Switch II motif (DXXGXE) and the RXRP 

nucleotide base binding motif [108][109].  Through direct interactions with the γ-phosphate these 

elements are capable of sensing the presence or absence of the γ-phosphate and communicating 

the nucleotide state to other areas such as the MT-binding site [110].  They are also responsible 

for the organization of the water molecules involved in the nucleophilic attack on the scissile  
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Figure 28: Stabilizing Interactions at the CaKar3-MBP Linker. The CaKar3 MD is shown in 

blue and the MBP is shown in green.  Maltetraose is represented in pink. A) Interactions between 

CaKar3 loop 3 (L3) and loop 13 (L13) and MBP helix XIII and XIV help stabilize the structure 

B) Loop L12 located between α4 and α5 of CaKar3 is cradled in MBP‟s sugar binding pocket. 
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Figure 29: Comparison of the CaKar3 MD and ScKar3 MD Structures. The coordinates for 

the α-carbons of CaKar3 MD and ScKar3 MD were superimposed and colored according to the 

value of the RMS deviation (RMSD) between equivalent residues as calculated by PyMol [111]. 

Residues from ScKar3 not used for superposition are colored yellow. Residues from CaKar3 not 

used for superposition are colored in green. CaKar3 motor domain is rotated 180
o
 in panel (B) 

relative to panel (A).   
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Figure 30 : Conformational States of the ATP-Binding Pocket During ATP Hydrolysis. 

Mg
+2

 and waters are represented by a green and blue spheres, respectively. P-loops are shown in 

green, Switch I in red and Switch II in blue. Regions of poor electron density which could not be 

built into the models are represented by dashed lines.  A) The AMPPNP-bound Eg5 kinesin 

(PDB; 3HQD) [110] in a CLOSED conformation. B) The ADP-bound ScKar3 kinesin (PDB; 

3KAR) C)  The ADP-bound CaKar3 structure. D) The ADP-bound AgKar3 (PDB; 3T0Q), 

Switch I and II have both moved away from the active site and are in an OPEN conformation.   
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phosphate during ATP hydrolysis.  When in an ATP-bound state, kinesin binds to MTs, and the 

nucleotide-binding pocket is in a CLOSED conformation. Here, Switch I and II move toward the  

nucleotide and directly interact with the γ-phosphate.  This CLOSED confirmation, which was 

observed for the first time in the Eg5 kinesin structure (PDB: 3HQD), showed Switch I in a β-

hairpin conformation, and both L11 and L9 have moved toward the nucleotide, with Ser
233

 and 

Gly
268

 inteacting directly with the γ-phosphate (Figure 30a) [110].  This CLOSED conformation 

is stabilized by an inter-switch salt bridge between the conserved arginine of Switch I and the 

conserved glutamate of Switch II.  Following ATP hydrolysis, Switch I and II both move away 

from the nucleotide binding pocket, causing α4 helix to shift down and Switch I to change from a 

β-hairpin confirmation to a short α-helix flanked by two loops (Figure 30b) [76].  Either 

contemporaneously or at different points following ATP hydrolysis, the inter-switch salt bridge is 

broken and Switch I becomes disordered, opening the nucleotide binding pocket for exchange of 

ADP for ATP (Figure 30d) [112].  These structural rearrangements are amplified in the MT-

binding region, and as such influence the MT binding affinity of the motor. 

Interestingly, the CaKar3 MD-MBP structure seems to have captured a new conformational 

state of the ATP-binding pocket in which Switch I is disordered despite the presence of an 

imperfect inter-switch salt bridge (Figure 30c).  This suggests that, in contrast to previous 

hypotheses, the inter-switch salt bridge does not need to be broken in order for Switch I to be 

disordered [113].  Also contrary to what is observed in ScKar3, the α3 helix is tilted away from 

the nucleotide binding pocket and is partly disordered in CaKar3 MD-MBP. Thus, this structure 

more than likely represents a new transition state of the ATP-hydrolysis cycle in which the ATP 

pocket is in a mixed state of Switch I/II where CaKar3 exhibits a wider ATP-binding pocket than 

that of ScKar3 MD, and yet a partially closed Switch I/II salt bridge. 
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3.5.5 Additional Sites of Structural Divergence Between CaKar3 and ScKar3 

Moving our focus away from the active site, other areas of the CaKar3 motor domain 

exhibit structural differences compared to ScKar3.  For example, the three-stranded β1-sheet at 

the edge of the motor core differs in the lengths and positions of its β-strands (Figure 29 and 31).   

This is of interest because it represents an area that may define unique functionalities to 

the motor. When this region of the motor was compared between the Ncd kinesin and 

conventional Kinesin-1, it was found that Ncd possessed a distinct „L2 finger‟, based on the 

presence of additional residues that formed a short α-helix in loop L2 located between β1b and 

β1c [56].  Rather than extending the L2 finger, these additional residues in Ncd broadened it.  

Although the ScKar3 MD structure revealed similar characteristics, its L2 α-helix was shorter 

than Ncd‟s (Figure 31a). In the CaKar3 motor domain, β1b and β1c are significantly longer, 

which has been shown to be a defining structural feature in the MT-depolymerizing kinesins 

Kif2c and MCAK of the Kinesin-13 family (Figure 31b)  [114, 115]. Extension of these strands 

forms a β-hairpin that protrudes from the small lobe and creates a structure that may insert into 

the interdimer (α/β-tubulin) interface of the MT protofilament, stabilizing a curved conformation 

and shifting the MT dynamics to MT-depolymerization [114].  Although ScKar3 has been shown 

to possess MT-depolymerizing activity, these differences between the ScKar3 and CaKar3 β1-

sheet module might indicate that these proteins have evolved different methods of accomplishing 

the same functions [54]. 

The divergences between CaKar3 and ScKar3 further extend to the electrostatic surface 

potential of their motor domains.  Like Ncd, ScKar3‟s β1-sheet lobe is rather negatively charged, 

and the front surface of their motor domain also has negatively charged regions where the neck 

would dock onto the motor domain (Figure 32).  The rear surface of these motor domains has 

less obvious patterning of positive, negative and hydrophobic patches (Figure 33).  CaKar3 on  
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Figure 31: Distinct ‘L2 Finger’ Conformations found in Ncd, ScKar3, MCAK and CaKar3. 

A)  Ncd (PDB: 2NCD) identified in blue and ScKar3 (PDB: 3KAR) identified in yellow both 

have a longer and broader L2 loop with a short α-helix.  B) MCAK (PDB: 1V8J) identified in 

green and CaKar3 identified in pink both have longer β1b and β1c, forming and extended “L2 

finger”.   

 

 

 

 

 



 

 79 

 

Figure 32: Electrostatic Surface Potential: Nucleotide Binding Pocket View.  The 

electrostatic surface potential of the catalytic domains of Ncd (PDB: 2NCD), ScKar3 (PDB: 

3KAR), MCAK (PDB: 1V8J) and CaKar3.  The boxed region shows the site of neck interaction 

on Ncd and predicted site of neck docking in ScKar3 and CaKar3. 
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Figure 33: Electrostatic Surface Potential: MT-Binding Surface View.  The electrostatic 

surface potential of the catalytic domains of Ncd (PDB: 2NCD), ScKar3 (PDB: 3KAR), MCAK 

(PDB: 1V8J) and CaKar3.  Models have been rotated 180
o
 relative to Figure 32. 
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the other hand shares more similarities with MCAK.  Both have a more positively charged or 

even hydrophobic β1-lobe, and they seem to lack the negative patch on the motor core where 

neck docking might occur.  Also, the rear surface of CaKar3 and MCAK exhibit a more 

positively charged character.  This may facilitate their interaction with the negatively charged „E- 

hooks‟ on MTs, and as such differentiate their mode of MT-binding and movement from ScKar3 

and Ncd [116, 117]. 
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Chapter 4 

Discussion 

 

4.1 The Unique Nature of Kar3/Vik1 Kinesins  

Although there is considerable structural and functional diversity within the kinesin class of 

motor proteins, a long-standing paradigm that has united kinesins is their capacity to form 

multimeric motor complexes from subunits that each bind and hydrolyze ATP. The kinesin Kar3 

seems to be one of nature‟s rare exceptions to this paradigm; forming motor assemblies with 

proteins that exhibit extraordinary structural similarity to most kinesins, and yet are entirely 

devoid of ATP binding capacity. The observation that these non-catalytic kinesin-like proteins, 

Vik1 and Cik1, bind microtubules with high affinity and appear to release from microtubules at 

the command of their catalytic partner raises a number of interesting opportunities for studying 

intermolecular coordination in motor assemblies. Furthermore, the fact that the narrow grouping 

of eukaryotes harboring Vik1 and Cik1-like proteins includes several harmful human and 

agricultural pathogens creates a strong rationale for acquiring a deeper understanding of these 

unusual proteins.   

Our research has identified a single ortholog of Vik1 and Cik1 in Candida albicans (referred 

to as CaVik1) and we have provided evidence that this protein interacts with CaKar3 via its 

central coiled-coil forming region.  As discussed below, CaKar3 and CaVik1 appear to possess 

unique ATPase and microtubule binding activities relative to budding yeast, but share in common 

some form of intermolecular coordination between their respective subunits.  
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4.2 Evidence that CaKar3 Binds to the CaVik1 Protein 

When comparing the central section of CaKar3‟s polypeptide sequence to that of ScKar3 we 

find that both have two predicted coiled-coil forming regions. The combined region for CaKar3 is 

longer (289 residues for CaKar3 versus 272 residues for ScKar3) and only has a four residue 

break in the predicted coiled-coil sequence, while ScKar3 has a 180 residue break, leaving it with 

shorter region of high coiled-coil forming propensity.  CaVik1 has a central coiled-coil region of 

258 residues while ScVik1 has 222, and is predicted to have one large 70 residue break of the 

coiled-coil while ScVik1 has three much smaller breaks of 27, 19 and 45 residues (Figure 14). 

Within these regions, CaVik1 has ~40 more residues with high coiled-coil forming propensity 

than ScVik1, and CaVik1‟s motor homology domain is also ~60 residues shorter than ScVik1.  In 

order to demonstrate that CaKar3 and CaVik1 interact to form a motor assembly, we designed 

and recombinantly co-expressed a number of constructs comprising the C-terminal globular 

domain and different portions of the predicted coiled-coil forming region in the center of each 

protein‟s primary sequence. Through our studies, we were able to demonstrate that CaKar3 and 

CaVik1 indeed form a stable heterodimeric motor complex, and we provided evidence that more 

than 8 heptad repeats of the coiled-coil forming region are necessary for complexation. Notably, 

this is several heptad repeats shorter than the minimal dimerization region required for 

ScKar3/Vik1 (Allingham et al., unpublished)   

In order to more accurately pinpoint the minimal section of coiled-coil required for 

dimizeration, more gradual truncations of the stalk will be needed. Such studies have been 

performed in other kinesins, such as Ncd and Xklp3A/B [38, 118].  For Ncd, these studies 

revealed that although shorter constructs could lead to homodimer formation, these dimers failed 

to display unidirectional motility despite being able to bind MTs and hydrolyze ATP [38]. For 

Xklp3A/B, dimer formation required a specific region adjacent to the cargo-binding domain, and 
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reduction of the coiled-coil domain by two heptad repeats reduced dimer formation, while 

reduction by four heptads abolished it [118].  Thus, in follow-up studies to the work described 

here, one aim is to perform similar studies with CaKar3 and CaVik1. It has been suggested the 

“trigger sequences” [43] could be responsible for the initiating coiled-coil formation in kinesins. 

The eleven residue sequence L-E-x-c-h-x-c-x-c-c-x; where x is random, c is charged, and h is 

hydrophobic, has been proposed to be a trigger sequence for coiled-coil formation [44]. 

Interestingly, such a sequence is found at residues 157-167 in CaVik1.  This potential trigger 

sequence is located ~80 residues upstream of our CaVik1L1 construct, and therefore did not exist 

in our any of our constructs. A comparable sequence is, however, not obvious in CaKar3.  While 

the absence of this trigger sequence did not prevent our constructs from dimerizing, we cannot 

rule out the possibility that this segment aids in dimer formation, perhaps assisting achievement 

of the correct coiled-coil register. Therefore, constructs planned for future studies will include the 

putative „trigger‟ region, as well as those consisting of more incremental truncations of the 

coiled-coil.   

In order to understand the function of specific coiled-coil forming regions, beyond their role 

in forming the molecular interface between CaKar3 and CaVik1, these constructs will also 

undergo detailed function characterization in hopes of identifying regions essential for 

intermolecular communication and motility.  

4.3 CaVik1 Influences the Structure and Activity of CaKar3 

Our research has demonstrated that monomeric CaVik1 shares many of ScVik1‟s functional 

properties.  Similar to ScVik1, CaVik1 binds to microtubules tighter than Kar3 and lacks ATPase 

activity.  Based on these results we predict that the open reading frame encoding CaVik1 is 

indeed a non-catalytic kinesin-like protein.  We have also demonstrated that CaKar3 has typical 
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kinesin properties; it binds to microtubules in a nucleotide-dependent fashion and hydrolyzes 

ATP.  However, the subtle differences in MT-binding affinities and ATP turnover rate would 

suggest this protein works slightly differently from its ScKar3 ortholog.  The molecular basis for 

these differences remains unclear at this point, but it is not uncommon for subtle structural 

differences between the motor domains of different kinesins to result in variations in the rate and 

equilibrium constants governing their mechanochemical cycles. Moreover, these differences can 

elicit unique motile properties and further separate their individual cellular roles [112]. 

The analysis of the heterodimeric motor assembly led to some interesting discoveries 

regarding differences between C. albicans Kar3/Vik1 and its orthologue in S. cerevisiae.  In the 

presence of the AMPPNP (the non-hydrolyzable ATP analog) the microtubule affinity of the 

ScKar3/Vik1 heterodimer was almost identical to that of the monomeric ScKar3 motor domain 

construct.  However, when incubated with ADP, the microtubule binding affinity of ScKar3/Vik1 

was much higher and resembled that of the ScVik1 monomer. This indicated that when ScKar3 is 

driven to a state in which it has weak affinity for MTs, (in the presence of ADP), the complex is 

tethered to the MT lattice by ScVik1.  

The CaKar/Vik1 complex behaved somewhat differently.  In the presence of AMPPNP, the 

MT binding affinity of CaKar3/Vik1 resembles that of the monomeric CaKar3 motor domain 

construct, however, in the presence of ADP CaKar3/Vik1 has much lower affinity for MTs than 

the CaVik1 monomer.  This suggests that the CaVik1 subunit may not have a prominent MT 

binding role in the CaKar3/Vik1 complex, as is the case for ScVik1. Perhaps what influences the 

complex‟s microtubule-binding and catalytic properties through a different mechanism, for 

example by regulating nucleotide binding or hydrolysis in CaKar3. Indeed, CaKar3 ATPase 

activity is significantly decreased by its association to CaVik1, while ScKar3‟s ATPase activity 

increased when associated with ScVik1.  
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Regulation of nucleotide binding and hydrolysis through intra- or intermolecular 

association of the motor domain with accessory components is not uncommon in kinesins and 

other motor proteins.  Kinesin-1 family members, for example, have been shown to adopt a 

folded conformation that brings part of the cargo-binding domain in contact with the motor 

domain in the absence of their cargo [49, 50]. Also, the minus-end directed kinesin-like 

calmodulin-binding protein (KCBP) (a Kinesin-14) can be trapped in its ADP-bound state by the 

binding of its Ca
2+

 sensing regulatory protein KIC, which interferes with the mechanical cycle of 

KCBP by blocking nucleotide-responsive elements of the motor [119]. Based on the activities 

observed for CaKar3/Vik1, perhaps CaVik1 functions as an inhibitory regulator of CaKar3. 

MT-gliding assay revealed the CaKar3/Vik1 motor complex binds to the coverslip and tethers 

microtubules, however, no fluid microtubule gliding was observed.  The most probable 

explanation for a lack of motility is that we have not yet found the optimal surface chemistry 

conditions within the gliding assay chamber for this particular heterodimer. Thus far we have 

only attempted these assays using BSA as a blocking agent to prevent adsorption of the kinesin 

motor domain to the coverslide surface.  Casein is another commonly used blocking reagent in 

these types of assays, and has recently been shown to form a bi-layer on the glass surface, where 

the first layer anchors the kinesin tail and the second layer supports and orients the kinesin motor 

subunits, allowing them to interact more effectively with MTs [120].   Thus, we aim to perform 

further experiments with the addition of casein in order to further investigate the motile properties 

of CaKar3/Vik1.  If no conditions are found to allow motility of our CaKar3/Vik1 constructs, we 

may have to consider the possibility that problems exist with the overall construct design, and as 

such new dimer engineering strategies would be required. Yet another consideration that cannot 

be ignored is that, as previously mentioned, CaVik1 negatively regulates mechanical movement 

of CaKar3. This possibility can be investigated by studying the motile functions of CaKar3 alone.  
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A final possibility that we would not rule out is that CaKar3/Vik1 is a non-motile kinesin 

assembly, like the MCAK and NOD kinesins, which are both microtubule depolymerases[115, 

121].  By taking advantage of the light scattering properties of microtubules, investigation of the 

MT-depolymerizing activity of CaKar3/Vik1 could be readily accomplished using a turbidity 

assay [122]. Alternatively, MT-depolymerization can also be visualized under a fluorescence 

microscope using GMP-PCP stabilized fluorescent MTs in the presence of low concentrations of 

taxol [54, 123]. 

Taken together, these studies have demonstrated that CaVik1 is influencing the MT-binding 

affinity of the CaKar3/Vik1 heterodimer, as well as the ATPase activity of CaKar3. At this time, 

we do not yet have an experimentally validated explanation for these activities of CaVik1, 

however, ongoing studies in the Allingham lab should garner at least some of this information 

soon. 

4.4 The CaKar3 Motor Domain Structure Exhibits Differences from ScKar3  

MBP fusion tagging has proven to be a successful method to aid expression, purification 

and crystallization of the CaKar3 motor domain, and has given similar positive outcomes for 

many other proteins.  The arrangement of the MBP and CaKar3 MD modules is such that 

interactions formed at their interface appears to have reduced flexibility of some labile elements, 

and likely improved crystal packing.  These interactions are unique to this fusion protein and do 

not mimic interactions found between MBP (PDB: 4MBP) and its symmetry related molecules. 

The CaKar3 motor domain structure has the typical α/β fold seen in other kinesin motor domains.  

However, the nucleotide-binding pocket and the β1-lobe have some interesting structural 

differences from ScKar3.  The most notable difference is that a novel transition between the ATP 

and ADP state has been captured in the active site. Specifically, an imperfect inter-switch salt 
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bridge is formed in spite of the OPEN conformation of the Switch I. This observation offers new 

information about the conformational dynamics experienced by nucleotide-responsive elements 

of the kinesin motor domain during ATP binding, hydrolysis, and products release, and their 

degree of interconnectedness. 

The β1-lobe of our CaKar3 motor domain has an extended β1b/β1c β-hairpin, which has 

been associated with MT-depolymerization activity in Kif2c/MCAK kinesins.  This differs from 

ScKar3, whose β1-lobe is more reminiscent of Ncd kinesin, forming an α-helix within the L2 

loop that broadens this lobe rather than elongating it. These differences in the β1-sheet module 

might indicate these proteins have evolved different methods of accomplishing MT-

depolymerization [54, 90]. It is possible that ScKar3 may rely more on its association to Cik1 in 

order to depolymerize MTs, while CaKar3 may rely much less on its KAP. 

Finally, the surface electrostatic potential of CaKar3 also shares more similarities with the 

MCAK kinesin than it does with ScKar3.  The proposed microtubule binding regions were found 

to be positively charged, more so than ScKar3, which would facilitate their interaction with the 

negatively charged E-hooks located on the MT-surface [116, 117].  The proposed neck-docking 

region was also found to be less negatively charged in CaKar3 than ScKar3 and Ncd.  This could 

prevent docking of the conserved arganine and lysine residues within the neck-linker to the motor 

domain, which would in turn reduce or abolish MT-based motility [124]. 

Preliminary functional analysis of CaKar3MD-MBP reveal that the fusion protein retains it‟s 

MT-binding ability but has a significantly lower ATP hydrolysis rate than the CaKar3MHD 

monomer (data not shown).  This might suggest that the interactions occurring along the CaKar3 

-MBP interface stabilize the kinesin motor domain, which is otherwise dynamic, and that 

conformational dynamics in this region of the motor domain may be essential for its  

functionality.  In light of these results, we cannot help but wonder whether the presence of 
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CaVik1 may reduce ATP hydrolysis and prevent MT-motility of the CaKar3/Vik1 heterodimer in 

the same way, acting on CaKar3 in an inhibitory fashion by limiting its overall conformational 

dynamics.. 

4.5 Summary and Outlook 

The work outlined in this thesis provides the first functional description of the CaKar3 and 

CaVik1 proteins individually, and as part of a heterodimeric motor assembly.  We have 

demonstrated that these proteins exhibit several parallels to their S. cerevisiae Kar3 and Vik1 

relatives, but that they have somewhat different biochemical and biophysical properties. The 

results of these studies provide an excellent basis for further biochemical experiments aimed at 

testing the possibility that CaKar3 acts as a MT-depolymerase, and at further dissecting the 

functional differences between CaVik1 and ScVik1 and ScCik1. Research that defines the 

molecular mechanism through which these non-catalytic kinesin-associated proteins influence the 

mechanochemical cycle of Kar3 is also an area of intense interest in the Allingham lab.  

 Advancements in these areas will be facilitated enormously by determining the high-

resolution structures of the motor homology domain of CaVik1, and the CaKar3/Vik1 complex. 

The MBP-fusion system used to crystallize the motor domain of CaKar3 is one of the main 

strategies being used to accomplish this. Indeed, protein fusions like maltose binding protein have 

a variety of applications in protein structure/function studies [125-130].   They can assist protein 

purification by binding a specific ligand, they can facilitate visualization and localization of the 

protein of interest if they possess inherent fluorescence properties, and they can increase protein 

expression/solubility for proteins that struggle to fold properly in recombinant expression 

systems. One drawback to the use of such fusions is that the linker used to join the protein to the 

fusion partner can result in unwanted conformational polymorphism, making protein 

crystallization difficult.  In our studies, introduction of a short three alanine linker between two 
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globular proteins reduced conformational flexibility, and allowed interactions between MBP and 

the CaKar3 motor domain to form that stabilized the protein structure.  Our hope is that this 

strategy will prove successful in crystallizing some of our longer constructs, which include the 

coiled-coil forming region. This may be critical for crystallizing CaVik1. We speculate that 

CaKar3 may act as a template to form the final ordered structure of CaVik1, and that the central 

coiled-coil forming sequence of each protein exerts a sort of magnestism for its alter ego, leading 

to a heterodimeric assembly that is more stable than its individual parts. 
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