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ABSTRACT 

Kinesin motors are nanometer-scale biological motor proteins that evolved for a 

range of biological transport functions in cells. They move along microtubules, long 

filaments that are part cell‟s cytoskeleton, by hydrolyzing ATP. The small size and 

robustness of movement in vitro provide tremendous advantages for using kinesin in 

engineering application compared to many artificial motors. Moreover, kinesin‟s 

efficiency and ability to readily utilize chemical energy from their ambient environment 

simplify microdevice design and eliminate the requirement of large external power 

supplies. In this dissertation, I present three micro- and nano-devices into which kinesin 

motors are integrated. Two of the devices efficiently rectify the mechanical power 

produced by multiple kinesins into designated directions by mechanically guiding the 

movement of microtubules with micro- and nano-structures. The third device leverages 

the previously developed techniques of directioning the motion of microtubules and 

integrates antibody to achieve highly sensitive bio-molecule sorting. These devices 

demonstrate that kinesin-powered devices are practical and have significant potential 

for future applications in modern microfluidic devices.   

To enhance future technological application, it is important to understand the 

molecular mechanisms of kinesin. Kinesin has been intensively studied for decades; 

however, many of the detaileds of its molecular mechanisms remain poorly understood. 
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One major gap in our understanding relates to the mechanism(s) that control the 

direction of movement of kinesin motors along microtubules. Regardless of the 

structural similarity of the head domain, the structural domain for force production and 

energy transduction, kinesins with head domain in N-terminus (N-terminal kinesins) are 

microtubule plus-end directed motors. C-terminal kinesins on the other hand, which 

have their head domain at the C-terminal end, are minus-end directed kinesins. Here, I 

used mutagenesis to investigate which structural domains determine the directionality 

of conventional kinesin and Ncd, the two major kinesin models most frequently used 

for directionality studies. The result suggests that structural components that control 

kinesins‟ directionality are also directly involved generating the motor‟s motility. 

Therefore, it is challenging to alter kinesins‟ directionality and simuteneously keeping 

their motility intact. My data are consistant with a model where both kinesin and Ncd 

use components close to their head domains for controlling their directionality: the 

structural components that may control kinesins‟ direction are neck-linker and C-

terminal neck domain for plus-end directed kinesin and minus-end directed kinesin, 

respectively.  

An important physiological property of conventional kinesin is its ability of 

single motor molecules to take a large number of uninterrupted, sequential steps along 

the surface lattice of the microtubule without detachment. This processive hand-over-

hand motion is believed to be based on a coordinated, alternate catalysis of the two 

head domains. One frequently cited hypothesis postulates that this coordination is based 

on intra-molecular mechanical strain. However, little work has directly investigated the 
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intra-molecular strain coordination of kinesin‟s processive movement. To test this intra-

molecular strain hypothesis I inserted a set of flexible residues at the junction between 

kinesin‟s neck domain and neck-linker. The single molecular motor gliding assays 

show that the wild-type and mutated kinesins move in vitro with the same velocity, but 

the run lengths of mutants decrease. These biophysical properties of these kinesin 

mutants suggest that the strain coordination mechanism is not essential and kinesins 

may use different mechanism(s) other than the mechanical strain to coordinate their 

processive movement.    
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CHAPTER 1  

INTRODUCTION 

1.1 Kinesin 

1.1.1 Molecular motors 

Molecular motors or motor proteins are poly-peptide which can convert 

chemical energy to mechanical work inside the cells. Because of this unique property, 

they are responsible for various mechanical roles in living organisms. For example, the 

F0F1-ATPase, a rotary motor, consists of 12 different types of polypeptides and can 

convert the energy of a proton ion gradient to mechanical work which in turn is used to 

form a high energy molecule ATP. Kinesin-1, a linear motor, has 4 polypeptide chains 

and uses the energy available from the hydrolysis of ATP to transport organelles inside 

the cells. For an engineering or mechanical point of view, these motors can be divided 

into rotary motors and linear motors. For instance, the F0F1-ATPase is a torque 

generating rotary motor while the kinesin and myosin are linear motors because they 

move unidirectionally along their substrates, and do not generate torque or rotary 

motion. The other difference between the rotary motors and linear motors is that linear 

molecular motors move or produce force on their own substrate. One example of linear 
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motor is DNA polymerase, it moves along a DNA template strand to synthesize a 

complementary copy. Another example is myosin, a large family of motors which are 

involved in the transport of cargos along actin filaments and the production of 

contractile forces in the muscle cells. Among these linear molecular motors, three types 

of motor, known as cytoskeletal motors, use cytoskeleton as their substrate and have 

similar functions; they are actin-based myosin motors, and microtubule-based kinesin 

and dynein motors. All of these three motors are responsible for different kind of 

intracellular transportation and force production. For instance, myosin II can produce 

force in muscle fibers and cause muscle contraction(Fujiwara and Pollard, 1976; 

Mabuchi and Okuno, 1977; Robinson and Spudich, 2004) whereas myosin V is 

responsible for secretory vesicle transportation(Johnston et al., 1991; Schott et al., 

1999). Another motor, kinesin, for example, kinesin-1 and kinesin-2 have function on 

intracellular transportation(Aizawa et al., 1992; Cole et al., 1993; Hirokawa and Noda, 

2008; Kondo et al., 1994) and Eg5, a kinesin from kinesin-5 family, can produce force 

to establish and maintain bipolar spindle(Cochran et al., 2004). 

 

1.1.2 Kinesin 

Among the cytoskeletal motors, the members of the kinesin family have the 

simplest structure as indicated by its smaller size, lower molecular weight and apparent 

fewer components compared to other families. The first kinesin was discovered only 2 

decades ago from the transporting of squid giant axon(Allen et al., 1982; Brady, 1985; 

Brady et al., 1982; Vale et al., 1985a; Vale et al., 1985b; Vale et al., 1985c; Vale et al., 
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1985d).  This kinesin is generally referred to as conventional kinesin and belongs to 

kinesin-1 family(Brady, 1985; Lawrence et al., 2004; Vale et al., 1985a). After 

systematic search using ATP binding and microtubule binding consensus sequences, 

kinesin antibodies and bioinformatics tools, about hundred different kinesins were 

identified, and based on their structures, they are now categorized into 14 families 

(Lawrence et al., 2004). 

1.1.3 The functions of kinesin 

The function roles of kinesin motors inside cells are wildly assumed to be 

related to organelle and molecular transport and movement and force generation in 

mitosis. The members of kinesin superfamily which are responsible for intracellular 

transport are kinesin-1, kinesin-2, kinesin-3, kinesin-4 and kinesin-6 whereas kinesin-4 

and kinesin-6 also participate in mitosis. The other kinesin families, in contrast, all have 

function in mitosis(Hirokawa and Takemura, 2004).  For example, members of 

Kinesin-1 family are responsible for transporting organelles and macromolecular 

complex, such as mitochondria(Tanaka et al., 1998), lysosomes(Hollenbeck and 

Swanson, 1990; Nakata and Hirokawa, 1995), tubulin oligomers(Terada et al., 2000), 

mRNA complex(Brendza et al., 2000; Carson et al., 1997) while members in kinesin-2 

family transport vesicles and macromolecules in axons of mammalian neurons(Takeda 

et al., 2000) and play important roles in the molecular assembly of cilia and flagella 

(Cole, 1999a; Cole, 1999b; Cole, 2005; Cole et al., 1998). On the contrary, kinesins 

from kinesin-5 and kinesin-13 families are important in mitosis where they generate 
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forces or movement to position anti-parallel microtubules(Bannigan et al., 2007; 

Kapitein et al., 2005; Sharp et al., 1999).   

1.1.4 Kinesin and diseases 

As mentioned above, member of kinesin family are mostly responsible for 

intracellular transport and mitosis. Consequently, kinesin related diseases can be 

classified as intracellular transportation malfunction, non-physiological cargo 

transportation and disease linked to uncontrollable cell proliferation(Goldstein, 2001; 

Mandelkow and Mandelkow, 2002). One example related to intra-cellular transport 

malfunction of kinesin is Charcot-Marie-Tooth (CMT) 2A disease. The cause of CMT 

is that KIF1B, a member of kinesin-3 family, is mutated in its motor domain, and 

synaptic vesicle precursors are not properly transported to the required synaptic termini. 

This malfunction leads to a progressive atrophy of distal muscles(Zhao et al., 2001). 

Another example is relevant to kinesin-2 which is responsible to supplying protein 

component for cilia and flagella(Goldstein, 2001; Hirokawa, 2000; Pazour and 

Rosenbaum, 2002). Defect in kinesin-2 related transport cause polycystic kidney 

disease by affecting sensory cilia in the kidney(Qin et al., 2001), retinitis pigmentosa in 

which the transport for photoreceptors is malfunctioning(Marszalek et al., 2000) and 

Kartagener‟s syndrome is characterized by abnormal sperm flagella, bronchial cilia and 

nodal cilia(Marszalek et al., 1999; Nonaka et al., 1998).   

The second category of kinesin linked disease is non-physiological cargo 

transport. This non-physiological cargo transport involves certain viruses, bacteria or 

parasites. These pathogens hijack kinesin-dependent transport system to transport their 
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compartment back to cell membrane(Sodeik, 2000). For example, vaccinia requires 

kinesin-1 motor to transport viral protein A36R(Rietdorf et al., 2001), and herpes 

viruses interact with kinesin-1 for long distance transport from cell body to axon 

terminals(Diefenbach et al., 2002). The third category of kinesin-related diseases is 

uncontrollable cell proliferation. The uncontrollable cell proliferation or cancer requires 

multiple mitosis steps to duplicate the cells. It is clear that number of kinesins involve 

in mitosis (Bannigan et al., 2007; Kapitein et al., 2005; Sharp et al., 1999); therefore, 

one possible strategy to treat such cancers is to develop drug that target kinesin for 

chemotherapy. For example, the compound adociasulfate-2 can block kinesin-

dependent motility and mitosis(Sakowicz et al., 1998) whereas another compound, 

monastrol, can inhibit Eg5, a member of kinesin-5 group of motors, and cause defect in 

cell division(Kapoor et al., 2000). Since these molecules can inhibit or modulate  

kinesin‟s function, they offer significant potential for future clinical applications. 

1.1.5 The structure of kinesin 

Common to all kinesins is its head domain which consists of about 320 amino 

acid residues. The head domain has a nucleotide binding pocket and a microtubule 

binding site. The nucleotide binding pocket binds ATP and hydrolyzes it in this pocket 

whereas the microtubule binding site allows kinesin to bind in a stereo-specific manner 

to microtubules in order to produce directed forces and movement(Woehlke et al., 

1997).  Thus, the head domain is the force generate domain and truncated kinesins from 

which all but the head domain has been eliminated can convert energy from ATP to 

mechanical power without the interaction of other domains(CHAPTER 3). Besides, the 
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position of the head domain classifies kinesins into three categories: N-terminal motor, 

C-terminal motor and M-kinesin. The N-terminal motor has kinesin‟s head domain in 

the N-terminal of poly-peptide; the C-terminal motor‟s head domain is in the C-

terminus of the peptide; in M-type kinesins, the head domain is located between two 

ploy-peptides(Hirokawa and Noda, 2008). One interesting observation with regard to 

these three classes of motors is that all N-terminal motors are plus-end directed motors 

whereas all C-terminal motors are minus-end directed(Woehlke and Schliwa, 2000a). 

 

Figure 1-1: Structure of kinesin heavy chain (KHC) of conventional kinesin. 

Conventional kinesin is a tetramer consisting two kinesin heavy chains and two 

kinesin light chains (KLC). Each kinesin heavy chain has a head domain in its N-

terminal following by a coiled-coil neck domain and a stalk domain. A tail domain 

extended from stalk domain C-terminally. The kinesin light chains binding to the 

tail domains of KHC forms a kinesin tetramer. Picture is taken from Woehlke and 

Schliwa(Woehlke and Schliwa, 2000b).   

The first kinesin, convention kinesin, is an N-terminal motor(Kozielski et al., 

1997; Vale et al., 1985a). Conventional kinesin is a heterotetramer(Figure 1-1). It has 

two kinesin heavy chains (KHC) and two kinesin light chain (KLC). The KHC has a 

head domain in its N-terminus, a coiled-coil neck domain and a stalk domain extended 
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C-terminally from its head domain and a tail domain in KHC‟s C-terminus. This coiled-

coil neck domain and stalk domain dimerize two kinesin heavy chains such that kinesin 

becomes a functional dimer with two head domains.  Besides its role in dimerization, it 

has been suggested that the neck domain interacts with the microtubule increase the 

distance that individual kinesin motors move along microtubules(Thorn et al., 2000)and 

increase the speed of movement(Kallipolitou et al., 2001). The stalk domain contains 

several flexible hinge structures which facilitate the interactions of the tail domain of 

KHC with the head domain(Coy et al., 1999a; Wong et al., 2009).  The tail domains are 

located C-terminally from the stalk domain and interact with the head domain and 

inactivate the catalytic activity of kinesin. This inactivation is a physiological adaption 

of  kinesin to prevent futile consuming of ATP(Coy et al., 1999a; Wong et al., 2009). 

Each tail domain binds to a light chain (KLC). There is significant evidence that the 

light chains bind scaffolding proteins, JIPs, to facilitate kinesin‟s cargo binding(Verhey 

et al., 2001).  

1.1.6 Properties of kinesin: 

Kinesin is a force generating enzyme and can directly transform chemical 

energy (ATP) to mechanical work. Kinesin-1 (from animal cells) has speed about 0.3-

0.8 µm/s which is the unloaded speed of kinesin measured in multiple motor kinesin 

gliding assay (Howard et al., 1989), optical tweezers experiments (Svoboda et al., 1993) 

and single kinesin gliding assay (Funatsu et al., 1997).  

In addition, biochemical measurements indicate that Kinesin-1 has a maximal 

turnover rate about 40 ATP molecules per head per second in the presence of 
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microtubules (kcat= 40s
-1

) (Hackney, 1995; Jiang et al., 1997). For wild type Kinesin-1, 

because it is dimeric motor, this means that it will turnover approximately 80 ATP per 

molecule per second. Considering that the step size of Kinesin-1 is about 8nm (Coppin 

et al., 1996; Hua et al., 1997; Ray et al., 1993; Schnitzer and Block, 1997; Svoboda et 

al., 1993), and that Kinesin-1 takes one step per each ATP molecule it hydrolyzes (Coy 

et al., 1999b); Kinesin-1 has a predicted speed about 0.64 µm /s which is consistent 

with the speed measurements from in vitro gliding experiments.  

Furthermore, the force generated by kinesin is about 5-7 pN in vitro experiments 

(Hunt et al., 1994; Kojima et al., 1997; Meyhofer and Howard, 1995; Schnitzer et al., 

2000; Svoboda and Block, 1994; Svoboda et al., 1993; Visscher et al., 1999)which can 

easily overcome the drag force produced by moving micro size beads(Block et al., 1990; 

Gelles et al., 1988) and, thus, kinesin is well adapted for its proposed cellular transport 

roles and it becomes a motor suitable for power micro- and nanotechnology 

applicatrions to power micro devices(Bull et al., 2005; Clemmens et al., 2004; Hess et 

al., 2004a; Hess et al., 2005; Hess and Vogel, 2001; Ionov et al., 2005; Jia et al., 2004; 

Li-Jing Cheng 2005; Nitta and Hess, 2005; van den Heuvel et al., 2005a; van den 

Heuvel et al., 2005b). 

In each diffusional encounter with a microtubule, from biochemical in solution 

measurement,  each kinesin turns over about 120 to 200 ATP molecules (Gilbert et al., 

1995; Hackney, 1995; Jiang et al., 1997) which also suggests that the processivity is 

larger than hundred steps for moving along a microtubule (Asbury et al., 2003; Funatsu 
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et al., 1997; Lakamper et al., 2003; Vale and Milligan, 2000; Yildiz and Selvin, 2005; 

Yildiz et al., 2004) 

1.1.7 Kinesin and nanotechnology 

Kinesin is a biological machine that evolved to handle the cell‟s nano- and 

microscale transport challenges. Interestingly, kinesin‟s nano-meter size, easy 

accessibility to its energy source, ATP, from ambient environment, high 

thermodynamic efficiency and self-assembly properties also give it tremendous 

advantages in engineering applications compare to any artificial motors. Therefore, 

several research groups have focused on the integration of kinesin-microtubule system 

with micro-devices(Clemmens et al., 2003b; Dennis et al., 1999; Hess et al., 2004b; 

Hess et al., 2002; Hess et al., 2003; Ramachandran et al., 2006; Stracke et al., 2002; van 

den Heuvel et al., 2005c; van den Heuvel et al., 2006; van den Heuvel and Dekker, 

2007; Verma et al., 2009; Yokokawa et al., 2004). Since the force produced by single 

kinesin is insufficient to overcome the inertia, friction or drag associated with many of 

the current micro-devices, a large number of motor molecules must be integrated into 

the devices such that they can work collectively to overcome the mechanical challenges 

in micro-device applications. One simple solution for arranging a large number of 

kinesins for productive interactions with microtubules is to essentially utilize multiple 

motor kinesin gliding assay. In this assay kinesins in bound to the surface of the test 

chamber in a high density in such a way that multiple motors can bind and productively 

interact with a single microtubule and support high fidelity motion of this microtubule. 

However, the direction of moving microtubule is not unique which is not efficient for 
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artificial devices; therefore, controlling the moving direction of the microtubules inside 

the micro-devices is essential for such kinesin based device application. Several studies 

have shown that the moving direction of the microtubules can be successfully 

controlled by nano- and micro-structure and external fields(Kim et al., 2007a; Kim et 

al., 2008; van den Heuvel et al., 2006). In some cases there device configurations have 

now been advanced to the point where they could be successfully used for first proof-of 

–concept applications in biomolecules detection and sorting devices(Bachand et al., 

2006; Fischer et al., 2009; Jia et al., 2004; Lin et al., 2006; Ramachandran et al., 2006; 

van den Heuvel et al., 2006; van den Heuvel and Dekker, 2007).        

1.2 Overview 

The work presented in this dissertation summarizes my research in integrating 

kinesin motors into engineering applications and fundamental studies of kinesin‟s 

functions. Integrate kinesin motors into engineering devices, as mentioned before, 

could provide sophisticate power to drive devices while more fundamental knowledge 

of molecular motors can be obtained by using technological devices as platforms. 

Moreover, more scientific knowledge of kinesin‟s functions will not only provide the 

understanding of nature‟s design on molecular motors but also promote future enhanced 

technological applications.  

In Chapter 2, three kinesin-based micro- and nano-technology devices are 

presented. One of the micro-devices is a circular microfluidic channel which can rectify 

more than 90% of the microtubules to a unique moving direction. The other device is a 

nanometer-size structure of parallel barriers which can direct 99% of microtubules 
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moving along a designated course. These two devices show that different 

microstructures can efficiently control the motion of microtubules and redirect 

microtubule into a single direction which is essential for applying kinesin motors in 

nanotechnology. The third device is the kinesin-powered, high efficiency molecular 

sorter which incorporates previous design features to control the direction of 

microtubules and integrates antibodies and microscale trapping structures to achieve 

ultra-sensitive bio-molecule sorting. This device has an ability to sort specific analyte 

molecules presented in very low concentration from a complex mixture of molecules 

and concentrate the analyte molecules by about 2000-fold to a designated location in 

less than an hour. This ability indicates that this device has the potential to enhance 

existing bio-molecule detector, and demonstrates that the idea that integrate the 

kinesins into micro-engineered is practical and can have applications in modern 

instruments. 

To enhance future technological application, it will be important to understand 

the molecular mechanism by which the directional movement of molecular motors is 

controlled. Toward this goal research summarized in chapter 3 is directed at figuring 

out the directional determinant of both plus-end and minus-end directed kinesins. To 

achieve this goal, a series of kinesin mutants was constructed. The directional 

properties results of these kinesin mutants and the results from previous reports, 

together, suggest that both plus-end and minus-end directional kinesins use structural 

components close to their head domains to control their directionality.  For plus-end 

directed kinesin like conventional kinesin, it is the neck linker that may direct kinesin‟s 
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hand-over-hand movement toward the plus end. On the contrary, the head-proximal end 

of the neck domain may control the direction of minus-end directed kinesin Ncd. This 

finding provides not only the information on control of kinesins‟ directionality, but also 

illustrates additional detail on the motile mechanism in general.  

During recent years, the mechanism of kinesin‟s processive movement has 

become a hotly contested research problem. Most of researchers hypothesized that a 

coordination mechanism should exist between two heads of the processive kinesins and 

this mechanism should be a mechanical force or strain. However, little work has been 

directed at directly investigating this strain dependence and the influence of intra-

molecular force of the processive stepping kinesin. In chapter 4, the hypothesis that the 

strain coordinates kinesin‟s two heads is examined. To test the hypothesis, I constructed 

a set of kinesin mutants with different length of flexible inserts at the junction of the 

neck-linker and neck domains. The biophysical properties of these kinesin mutants 

suggest that this strain coordination mechanism may be not essential, and kinesin may 

use different mechanism(s) other than the mechanical strain to coordinate their 

processive movement.  

Finally, in chapter 5, I will provide the conclusions of my researches and some 

future research directions. 
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CHAPTER 2  

NANOTECHNOLOGY APPLICATIONS OF KINESIN MOTORS 

2.1 Introduction 

MEMS (Microelectromechanical system) and microfluidic devices utilize 

engineered microscale structures, such as tiny fluid channels, switches, cantilevers or 

electrodes, to integrate various advanced analytical or measurement techniques into 

fully functional microscale devices. More complex versions, integrating multiple 

devices on a single chip are frequently referred to as Lab-on-a chip (LOC), and recently 

significant efforts have been made to extend these technical developments to the nano-

scale(Kim and Meyhofer, 2008; Lindquist et al., 2009).  The general idea behind this 

miniaturization is that the small scale confers some superior cost and performance 

characteristics to this new technology that the instruments using traditional approaches 

do not have the ability to compete with. For example, LOC devices offer the advantages 

of low reagent consumption and fast response time (because of their small size), high 

throughput (because they are small and can be made in array form), biocompatible and 

low cost (ideally suited for mass production by nano- or microfabrication techniques). 

Although these devices per se are small, they require significant external equipment in 
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order to generate pressure and fluid motion or provide electrical power to the devices. 

Therefore, the complete technical solution is not small at all. Moreover, the power 

consumption of many devices is large for facilitating the motion, and since the devices 

are tiny this may causes significant heat dissipation problems.  Without sufficient heat 

dissipating, the temperature of the devices may be so high that it exceeds the tolerance 

of biological systems. These challenges associated with the required power sources 

diminish the potential impact of MEMS and microfluidic devices. 

In contrast, the nature completely avoids these problems in cellular transport 

systems. Here, molecular motors are responsible for powering the transport of 

organelles and other molecular constituents, as well as the motility and contraction of 

entire cells. They facilitate from several piconewton forces required vesicle 

transportation inside the cells to hundred tons of whale‟s swimming by a large number 

of motors collectively acting in muscle contraction. The size of these motors is much 

smaller (about 1,000 to 100 times smaller) than any existing MEMS or microfluidic 

devices; thus they can be integrated into the micro-devices. They are obviously 

biocompatible and they do not need any enormous external power source, because they 

utilize the energy of ATP present in their ambient aqueous environment. Although 

molecular motors have plenty of advantages for MEMS microfluidic devices, the force 

produced in any single molecular motor (maximally about 5 – 7 piconewtons) is 

insufficient to propel the motion of complete, existing micro-devices. These devices 

need a large number of motors to collectively work in a coordinated way. Fortunately 

such coordinated interactions of many molecular motors are also required in nature in 
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order to generate macroscopic forces. In skeletal muscle, thousands of billions of 

myosin II motors and actin filaments form array like structures (sacromeres) and 

generate forces on the order of tens to hundreds of newtons.  Coincidently, the ability to 

arrange components into array like structure is one of the strengths of MEMS and 

microfluidic devices. Therefore, it should be possible to combine the desirable 

properties of molecular motors, and MEMS and microfluidic devices by functionally 

integrating molecular motors into microengineered device structures. 

In this chapter, I present three major research projects that used the molecular 

motor kinesin in microfluidic devices.  Because of the interdisciplinary research 

challenges of this work, I collaborated closely with other graduate students to carry out 

this work.  I worked with Chih-Ting Lin(Kurabayashi Lab)  to develop a device which 

can efficiently rectify the direction of movement of microtubules propelled by surface-

attached kinesin motors (section 2.2). In section 2.3, I present a fluidic device that 

guides the motion of microtubules in nanoscale tracks (work in collaboration with Li-

Jing Cheng, Guo lab).  Finally, in section 2.4, I present a molecular motor--powered, 

molecular sorter, which uses kinesin motors to efficiently separate, sort and concentrate 

molecules (collaboration with Li-Jing Cheng and Taesung Kim, Hasselbrink lab). 

I also participated in several other studies using kinesin to power molecular 

sorting and concentrating, utilizing MEMS and microfluidic devices to facilitate 

scientific questions related to the biophysical properties of microtubules and the 

external control of the directional movement of kinesin-powered microtubules. All of 
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these materials are published(Kim et al., 2007a; Kim et al., 2008; Kim et al., 2007b; Lin 

et al., 2008) and will not be described here.            

2.2 Efficient designs for powering microscale devices with nanoscale 

biomolecular motors
1
 

2.2.1 Abstract  

Current MEMS and microfluidic designs require external power sources and 

actuators, which principally limit such technology. To overcome these limitations we 

developed a number of microfluidic systems into which we seamlessly integrate a 

biomolecular motor, kinesin, that transports microtubules by extracting chemical 

energy from its aqueous working environment. Here we establish that our 

microfabricated structures, the self-assembly of the bio-derived transducer, and guided, 

unidirectional transport of microtubules are ideally suited to create engineered arrays 

for efficiently powering nano- and microscale devices. 

2.2.2  Introduction  

In biological systems, cellular activities such as intercellular mass transport, cell 

division and various forms of cell motility and contractility are all driven by 

biomolecular motors. Among various biomolecular motors, conventional kinesin (now 

referred to as kinesin-1) holds significant potential for nanotechnology applications 

because it is compact (the actual motor domains are < 10 nm), efficient (~ 50%), moves 
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robustly in vitro, and extracts chemical energy from its aqueous working 

environment(Brady, 1985; Vale et al., 1985d).Kinesin generates linear, stepwise motion 

along microtubules (a filamentous cytoskeletal polymer) toward their plus-end by 

alternately advancing its two motor domains in a hand-over-hand manner(Asbury et al., 

2003; Yildiz et al., 2004).
 
Each of the resulting 8-nanometer steps is coupled to the 

binding and hydrolysis of one molecule of adenosine triphosphate (ATP)(Hua et al., 

1997). 

Of particular significance for future nanotechnology applications of 

biomolecular motors are strategies to effectively interface with and extract sufficient 

mechanical power from this nanometer-scale machine.  However, the force generated 

by a single kinesin molecule is miniscule (~ 5 - 6 pN) and needs to be scaled up to drive 

man-made microstructures.  In nature, cells generate large forces and substantial 

mechanical power by utilizing highly ordered arrays of motor proteins.  For example, in 

skeletal muscle cells myosin motors and actin filaments are precisely aligned in the 

nearly crystalline structure of the sarcomere to harness the collective forces (up to one 

hundred newton) and motion (up to 10 m/s) from a very large number (>10
13

) of 

individual motor molecules.  We need to follow nature‟s strategy and develop new 

technology to selectively pattern and functionally integrate kinesin molecules and 

microtubules into engineered microstructures.  As the direction of motion of kinesin 

motors along microtubules is determined by the structure (polarity) of the microtubule 

and directed towards its plus-end, the most critical and challenging requirement is to 

uni-directionally guide, sort and align microtubules such that they can serve 



18 

 

simultaneously for many motors as nanoscale tracks.  Accordingly, micrometer-scale 

structures may be driven by kinesins along such aligned microtubule tracks to generate 

meaningful motion and mechanical power. 

Simple physical confinement of gliding microtubules by sidewalls has been 

demonstrated(Jia et al., 2004; Limberis and Stewart, 2000) using a linear microchannel 

patterned on a kinesin-coated glass substrate.  Unfortunately, the guided motion in this 

earlier work was not uni-directional, and gliding microtubules frequently detached from 

the channel tracks.  To achieve uni-directional microtubule sorting, Hiratsuka(Hiratsuka 

et al., 2001) introduced arrow-shaped structures into their microchannels and used 

experimental conditions to selectively adsorb motor proteins into the channels.  This 

approach demonstrated that it was feasible to arrange microtubules by using a proper 

structural design, however, the design still suffered from frequent detachment of 

microtubule and unsatisfactory sorting performance.  For instance, only about 70% of 

total microtubules were guided in the proper direction.  To address some of these 

limitations, another group(Hess et al., 2003) introduced channel overhangs to reduce 

microtubule loss, but this technique makes it impossible for any other (microfabricated) 

structures to engage with the microtubules for power extraction.  Yet another 

group(Yokokawa et al., 2004) used an external flow field to obtain uni-directional 

microtubule movement.  While improved microtubule alignment was achieved, the 

method is not suitable for microscale fluidic systems or arrays because the large scale 

of the required external flow does not permit local control of microtubule movement.  

In addition, previous studies usually relied on photoresist as structural material for the 
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microfluidic channels.  But alternative materials are more desirable as photoresist 

rapidly swells in an aqueous environment.   

The long term goal of our work is to develop autonomous nano- to microscale 

transport systems that extract power from kinesin molecules and translocate 

microfabricated shuttle structures with molecular precision along defined pathways of 

complex microfluidic systems (Figure 2-1). To extract collective force and mechanical 

power from a group of kinesin molecules moving on microtubule tracks, the 

microfluidic channel design needs to allow for (i) efficient collection and retention 

(self-assembly) of microtubules, (ii) satisfactory uni-directional microtubule sorting, (iii) 

physical access to external micro-mechanical device structures or components, and (iv) 

stability in the aqueous environments. In this paper we present a new microfluidic 

channel design that meets these requirements as shown in Figure 1 (A), and on the basis 

of quantitative experimental observations we develop a mechanistic understanding of 

the guided sorting and assembly of microtubule tracks in our devices. 
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Figure 2-1: (A) Optical image of a microfluidic channel design for effective uni-

directional sorting of microtubules.  A fluorocarbon polymer (CYTOP) pattern 

forming the channel sidewalls achieves selective microtubule motility.  (B) Design 

concept for powering microscale structures with nanoscale biomolecular motors.  

The fastener kinesin (yellow) is first used to align microtubules in the microfluidics 

channels, subsequently it is exploited to permanently immobilize, via a chemical 

crosslink, aligned microtubules (blue) onto the microfliuidic channel surface.  The 

actuator kinesin (green) drives the transport of man-made microstructures by 

hydrolyzing ATP (red dots) from the microfludics environment requiring no 

external power source.     

2.2.3 Results and discussions.   

We used three different circular microfluidic channel designs (Figure 2-2) to 

study the influence of channel shape and geometry on the sorting performance. Each of 

the designs consists of a few micrometer-wide (5 m for Design 1 and Design 2; 6 m 

for Design 3) circular channel with differently shaped motion rectifiers, which are 

supposed to change the direction of motion of microtubules such that all microtubules 

in a channel rotate in the same direction. 
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Figure 2-2: SEM images of channel (A) Design 1, (B) Design 2, and (C) Design 3. 

The micro-guide structure of Design 3 can be clearly shown in (C).  (D) 

Fluorescence microscopy image of the microfluidic-channel designs operated under 

identical conditions in a single device structure. All three designs support uni-

directional motility of sorted microtubules, but under identical conditions Design 2 

and 3 contain more microtubules than Design 1. 

Design 1 has four motion rectifiers with a sharp arrow-head shape. Experimental 

observations of the poor turning and detachment behavior of microtubules in the sharp 

corners of the arrow heads and theoretical predictions of the guiding of microtubules in 

micro-channels on the basis of a statistical mechanics model (described below) 

motivated Designs 2 and 3 with rounded rectifier corners to reduce the bending energy 

of microtubules following channel sidewalls.  Design 3 has two additional rectifiers and 

a microstructural feature (see Figure 2-2 and Figure 2-3), which we call “micro-guide”, 

to influence to the distribution of microtubules within the microchannel.  Figure 2D 

shows a fluorescence light microscopy image of the three microchannel designs and 
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labeled microtubules during self-assembly and directional sorting. We used long image 

sequences of such events to characterize the functional properties of the different 

designs. All three microchannel designs support motility and upon sorting microtubules 

move, as expected, clockwise in Design 1 and counterclockwise in Designs 2 and 3.  

 

Figure 2-3: Turning of a microtubule to the designed direction in a rectifier.  (A) 

Optical image of channel design 3; (B) image sequence of a microtubule redirected 

in the rectifier pattern 

The total number of microtubules assembled in a channel at steady state is 

determined by the equilibrium between the rates of landing in and detaching form the 

channel. The high concentration of microtubules in the motility buffer and the large 

buffer volume ensure that the free microtubule concentration remains unaffected during 

our observations. It is therefore reasonable to assume that the landing rate of 

microtubules, k (the number of microtubules landing and moving inside the entire 

channel surface per unit time, number per minute) stays constant throughout the sorting 

process. 
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Following this assumption, the governing equation for the total number of 

microtubules as a function of time, NMT (t), is given by  

( )
( )MT

MT

dN t
k pN t

dt
        

 (1) 

where p (min
-1

) is the microtubule detachment probability per unit time. The 

solution to Eq. (1) is 

( ) 1 exp( )MT

k
N t pt

p
        

 (2) 

Obtaining the two rates k and p from experimental data allows us to 

quantitatively assess the performance of each channel design.  Figure 4 shows how the 

number of the microtubules collected in the channel and the fitted theoretical curves 

change as a function of time for each design. For reference, the same measurements 

were performed for an unprocessed bare cover glass surface.  We included only 

microtubules longer than 1.5 m in length in this analysis to avoid double counting, as 

some of the shorter microtubules are fragments detached from much longer 

microtubules moving in the microfluidics channel. 
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Figure 2-4: Total number of microtubules gliding within the different micro-

channel designs as a function of time during the sorting process. The dashed lines 

show theoretical curves obtained from Eq. (2) with the key parameters fitted to the 

experimental data. 

The experimentally measured landing and detachment rates for each design are 

summarized in Table 1.  The larger initial slopes of the curves for Designs 2 and 3 are 

consistent with their higher microtubule landing rates. The larger landing rate and lower 

lift-off probability of Designs 2 and 3 explain the larger number of collected 

microtubules at steady state.  
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Table 2-1: Landing and lift-off rates measured for more 160 samples of the various 

channel designs and cover glass surfaces. We expect landing and detachment rates 

on flat, geometrically unconstrained cover glasses to represent (optimal) reference 

rates.  Parameters for cover glass were normalized to an equivalent surface area as 

compared to the microfluidic channel designs. 

 

 Design 

1 

Design 

2 

Design 

3 

Cover 

glass 

landing rate k 

(number·min
-1

 per 

channel) 

2.601 

±0.378 

3.948 

±0.333 

4.483 

±0.376 

4.787 

±0.155 

detachment rate p 

(min
-1

 per channel) 

0.237 

±0.038 

0.1916 

±0.018 

0.1858 

±0.018 

0.1422 

±0.005 

The difference of 

landing rate k 

(compared to 

cover glass) 

-2.186 -0.839 -0.304 0 

The difference of 

lift-off rate p 

(compared to 

cover glass) 

 

0.0813 

 

0.0345 

 

0.0348 

 

0 
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Figure 2-5: Rectifier and channel regions as defined by the angular symmetric 

configuration of the different designs. 

To understand the detailed mechanisms responsible for the above results, we 

divide our microchannel structures into a rectifier region and a circular channel region 

as illustrated in Figure 2-5.  Figure 2-6A compares the microtubule landing events 

measured for these regions.  It is clear that landing events occur more frequently in the 

rectifier region. Figure 2-6B shows a particular microtubule landing event at the wider 

channel area near the Y-shaped junction between the rectifier pattern and circular 

channel of Design 3. We repeatedly observed that landing primarily occurred in this 

part of the channel. Also, the wider channel cross section of Designs 2 and 3 in the 

rectifier portion is responsible for the higher landing rate of these designs. This can be 

understood by calculating the probability of a microtubule landing and moving in the 

different micro-channel designs. Assuming that microtubules behave as rigid rods (a 
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reasonable assumption as the persistence length of a microtubule is several millimeters), 

randomly diffusing into the channel from solution and move upon contact with the 

kinesin-coated floor (but not the CYTOP sidewalls), a wider channel provides more 

incident directions for a microtubule with less geometric constraint, leading to a higher 

local landing probability. Our simple calculations predict, in agreement with the 

experimental observations, that the landing rate in the rectifier region of Design 2 is 

about 2-fold higher than that of Design 1.  As Design 3 offers the least geometrical 

constraints for microtubules to diffuse into this micro-channel we predict landing rates 

that are about 1.5-fold higher than those of Design 2.  

 

Figure 2-6: (A) Experimental data showing the distribution of landing events in the 

channel and rectifier regions of the different channel designs. The wider local 

channel areas of Designs 2 and 3 are result in the higher landing ratio. Design 1 

does not have any locally wider channel area. (B) Microtubule landing sequence 

near the rectifier pattern of Design 3 channel 
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In addition to the landing rate, the number of microtubules in our microfluidics 

devices is decisively influenced by the detachment or lift-off of microtubules. Figure 

2-7A summarizes our experimental observations on microtubule detachment events 

observed in the rectifier and circular channel regions of the three designs. Clearly, lift -

off events most frequently occur in the rectifier region and are directly related to the 

mechanical guiding of the microtubule by the channel sidewall. To quantitatively 

understand the detachment of microtubules from the microfluidics channel we 

developed a (statistical mechanics) model that computes the probability of microtubule 

detachment.  

 

Figure 2-7: (A) Experimental data showing the microtubule detachment probability 

in two channel regions for various channel designs. The probability was calculated 

from detaching and total number of microtubules in specific region.  The majority 

of the detachment events occurred in the rectifier region because of the large 

bending energy required for the microtubule to turn in the region. It should be 

noted that the detachment probability of the Design 1 rectifier region is 100%, 

because an extremely large bending energy is needed to guide microtubules along 
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this structure.  (B) Microtubule detachment sequence at the sharp edge of the 

rectifier patter of Design 1 channel.   

During normal gliding on the bottom surface of the microfluidic channels 

microtubules are prevented from detaching by kinesins that maintain continuous 

physical contact with the microtubules as they are pushed forward. When microtubules 

encounter a sidewall during the gliding process they are mechanically redirected and 

locally bent to accept the shape (bending angle ) of the sidewalls. The energy for this 

process is provided by the cumulative action of many kinesin molecules leading to 

potentially large mechanical bending energy storage in the microtubule.  In our model 

detachment will occur if the bending energy of the microtubule exceeds the binding 

energy of the kinesin-microtubule complex. We presume that microtubules are elastic 

rods guided by channel sidewalls with a perfectly smooth surface. When bending 

occurs, each microtubule stores energy given by(Clemmens et al., 2003a; Clemmens et 

al., 2003b; Hess et al., 2002):   

2

2

EI
U

L
         

 (3) 

where E is the Young‟s modulus of the microtubule, I is the moment of inertia 

of the microtubule, L is the length of the microtubule, and  is the bending angle 

determined by the local channel curvature. Assuming a flexural rigidity EI of 1.9×10
-24

 

N-m
2 

(Felgner et al., 1996), an average spacing of functional kinesins of 100 nm and a 

kinesin-microtubule binding energy of half of the free energy of ATP hydrolysis 
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(~50x10
-21

J), our calculations predict microtubule bending energies of 1.05×10
-17

 J, 

9.26×10
-20

 J , and 8.42×10
-21

 J for a microtubule following the rectifier of design 1, the 

rectifier of designs 2 and 3, and the circular channel region respectively. Because of the 

sharp turning angle in the rectifier of Design 1, the bending energy for a microtubule to 

follow the sharp channel shape is much larger than for the others design, and it is also 

much larger than the energy available from the hydrolysis of ATP (about 5×10
-20

J) 

during the stepwise motion of kinesin. We expect that the large bending energies in the 

microtubules could be generated by the concerted action of many kinesin, but during 

the mechanical interaction of the microtubule with the CYTOP sidewall this large 

bending energy inevitably leads to an upward directed force component. This unzippers 

the microtubule from kinesins at its leading end, because the bending energy of the 

microtubule is much larger than the maximum binding energy available from a single 

kinesin-microtubule interaction, resulting in the extremely high lifting probability in the 

arrow-shaped region. Consequently, our model predicts, that microtubules will not be 

able to turn in the sharp corner of the design 1 rectifier, there is a small, but significant 

detachment probability in the round rectifier of designs 2 and 3, and a very low 

detachment probability when a microtubule follows the channel region of the tested 

devices. These predictions are in good agreement with our experimental data (Figure 

2-7, Table 1) suggesting that our model is well suited to predict the microtubule 

detachment behavior and should be used to guide design improvements of future 

devices. 



31 

 

 

Figure 2-8: Time dependence of the total number of sorted microtubules and 

sorting ratio for various channel designs. All of the channel designs achieve a 90% 

sorting ratio after 25 minutes.  The actual number of the sorted microtubules for 

Design 1 is much smaller than those for Designs 2 and 3. 

Next, we have studied how many microtubules among those captured are uni-

directionally sorted in these channels.  Figure 2-8 shows the number of microtubules 

gliding in the designed direction and the ratio of sorted microtubules as functions of 

time for each design. This process reaches steady state after about 25 minutes achieving 

sorting ratio slightly above 90% regardless the design. While there is no obvious 

difference in the time variation of the sorting ratio among the designs, the largest 

number of sorted microtubules is always achieved in the same amount of time by 

Design 3.  At steady state, both the landing and detachment of microtubules continues 

to occur while the total number of microtubules in the microfluidic channel stays 
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constant. Some of the (previously) sorted microtubules escape from the channel while 

new microtubules from solution land in the channel and of which initially one half glide 

in the reverse direction. As a result, the steady-state sorting ratio never reaches 100%. 

In a control experiment we removed the free microtubules by washing with a buffer 

solution without microtubules and repeated the above experiment (Design 3). Under 

these conditions we achieve sorting ratios of > 98%, consistent with our previous 

conclusions.  

Finally, we have examined the spatial distribution of the sorted microtubules 

across the channel for each design. The gliding microtubules tend to approach the outer 

channel sidewall. This can also be explained by considering the bending energy state of 

the gliding microtubules.  The gliding along the outer channel sidewall results in a 

minimum bending curvature, thus providing the lowest energy path for the 

microtubules.  However, our future goal is to extract mechanical power from sorted 

microtubules. This requires the microtubules to engage with other external microscale 

mechanical components. For this purpose, a design leading to a uniform cross-channel 

microtubule distribution is highly desirable. To redirect the microtubules away from the 

outer channel sidewall, we introduced the micro guide structure as shown in Figure 

2-9A and Figure 2-9B to channel Design 3.  Due to its inwards-oriented curved shape, 

this structure redirects gliding microtubules towards the inner channel sidewall (Figure 

2-9C). Figure 10 shows the cross-channel spatial distribution of microtubules at various 

times. It clearly shows that the distribution remains fairly uniform in Design 3 while the 

two other designs exhibit a larger number of microtubules near the outer channel 



33 

 

sidewall as time increases. This result indicates a significant impact of the micro-guide 

structures on the resulting cross-channel microtubule distribution. 

 

Figure 2-9: (A) SEM pictures of a design 3 microfluidic channel.   (B) Micro-guide 

structure in the channel of a design 3 device.  (C) Sequential optical images 

illustration the redistribution of microtubules within the micro-channel by the 

micro-guide. 
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Figure 2-10: Microtubule positional distribution across channel for each design 

after (A) 3 minutes, (B) 10 minutes, (C) 20 minutes, and (D) schematic view of 

microfluidic channel cross section.  The position coordinate is taken across the 

channel from the inner side to the outer side. The origin is located at the edge of the 

inner channel sidewall. Initially, the microtubules are relatively uniformly 

distributed across channel due to the randomness of the landing process.  After the 

sorting process, a majority of the microtubules are located close to the outer 

sidewall in Designs 1 and 2.  The micro-guide structure helps microtubules to 

uniformly stay more uniform distributed across the channel for Design 3. 

 

2.2.4 Conclusion 

In summary, we have designed, fabricated, experimentally tested and modeled 

microtubule uni-directional sorting mechanisms that make possible efficient integration 
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of nanoscale biomolecular motors and microengineered device structures. Future 

devices based on the finding presented here will be suitable for powering MEMS and 

microfluidic devices without external power sources at unprecedented low power levels.   

We are currently exploring implementations for sorting molecules and extracting 

mechanical power for the actuation of microscale mechanical devices and fluids. 

2.2.5 Experimental Section  

The micro channels utilized for our work consist of a circular pattern etched into 

a layer of fluorocarbon polymer, CYTOP, deposited on a glass substrate. The thickness 

of the CYTOP layer is typically 1.5 m. Previous work(Nicholson et al., 1999) 

indicates that the CYTOP coating suppresses nonspecific protein binding.  We have 

found a very large contrast between the numbers of gliding microtubules on bare and 

CYTOP-coated glass surfaces in a gliding assay.  We believe that this differential in 

motility is due to the selective adsorption or selective functionality of kinesin on the 

exposed glass surface of the channel bottom.  To fabricate these channels, we first 

prepared a cover glass substrate using piranha clean and diluted HF (1:20) surface 

treatment.  A CYTOP film was spun on the cleaned glass substrate at 1500 rpm 

followed by a 30-minute curing step at 180
o
C in an oven. Following standard 

photoresist lithography we patterned the channels in the CYTOP film by plasma 

etching using a SF6 gas at a 20 mTorr pressure, an RF etching power of 120 W and a 

gas flow rate of 20 sccm (Standard Cubic Centimeters per Minute).  Finally, the cover 

glass substrate with the micro-channel patterns was treated by NH4OH (NH4OH:H2O2 = 

1:1) for 5 minutes.  These fabrications reproducibly yield channels with surface 
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properties that allow kinesin binding and microtubule affinity and motility similar to 

those of control experiments on unprocessed glass surface.  Furthermore, the walls of 

microfabricated channels processed in this manner are steep enough to prevent rapid 

loss (detachment) of microtubules from the microfluidic channels. 

For our experiments we used a bacterially expressed kinesin motor, 

NKHK560cys.  This motor consists of the head and neck domain of Neurospara crassa 

kinesin (amino acids 1-433) and stalk of Homo sapiens kinesin (residues 430 to 560) 

and a reactive cysteine at C-terminal end(Kallipolitou et al., 2001; Lakamper et al., 

2003; Vale et al., 1996).  The NKHK560cys gene was ligated into the pT77 plasmid 

and expressed in E. coli BL21 cells using TPM medium with 50 M ampicllin at 37°C.  

Expression was induced by adding 0.1 mM IPTG at a cell density corresponding to an 

OD of 0.6-0.8 and continued over night at 22°C.  Cells were centrifuged and 

resuspended in lysis buffer containing protease inhibitors, DNAse and lysozyme 

followed by sonification.  The supernatant of this was loaded on SPFF ion 

exchanger(SP Fast Flow, Amersham Biosciences, Piscataway, NJ, USA) and kinesin 

was eluted by a step gradient to protocol.  Tubulin and TMR-labelled tubulin were 

obtained by standard procedures.  Birefly, tubulin was purified from cow brain by three 

cycles of microtubule polymerization and depolymerization followed by 

phosphocellulose ion exchange chromatography to eliminate microtubule associate 

protein. Tubulin was labeled with TMR(5-6carboxytetramethylrhodamine, Molecular 

Probs, Eugene, OR, USA) by reacting polymerized microtubules with a 20 folds excess 

of dye at room temperature for 30 minutes. Competent, labeled tubulin was purified 
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from this mixture by repeated depolymeriztion and polymerization. For experiments, 

microtubules were polymerized by incubating 2 mg/ml tubulin (equal ratios of TMR-

labeled and unlabeled tubulin) 1mM GTP and 4 mM MgCl2 in BRB80 buffer at 37°C 

for 20 minutes. Microtubules were stabilized by the addition of 10 µM taxol. Flow 

chambers were constructed from microscope slides and microfabricated cover glasses 

containing the microfluidic channels separated by 75 µm thick glass spacers. Where 

indicated, flow chambers were first pretreated with 100 µl of an 2 mg/ml aqueous 

solution of Pluronic (Pluronic
®

 F108 Prill,BASF, NJ, USA)
 
and then washed with 200 

µl de-ionized water followed by 100 µl BRB80 buffer. Protein loading procedure was 

identical to that for standard kinesin gliding assays: Chambers were loaded with kinesin 

(47µg/ml casein and 1.4 µM kinesin in BRB80 buffer) and incubated for 5 minutes. 

Subsequently, microtubules in a BRB80 buffer containing 1 mM ATP and an oxygen 

scavenger system (4 µg/ml microtubules, 2 mM MgCl2, 10 mM glucose, 100 µg/ml 

glucose oxidase, 80 µg /ml catalase, 10mM DTT, and 47µg/ml casein) were loaded. 

Samples were observed with an inverted fluorescence microscope (ZEISS Axiovert 200, 

40x/ 1.3 NA Plan Neofluar objective) and images were recorded with a digital CCD 

camera (Orca II, Hamamatsu, Japan). 
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2.3 Highly efficient guiding of microtubule transport with imprinted 

CYTOP nanotracks
2
 

2.3.1 Introduction 

There has been increasing interests among the scientific community to explore 

natural biomaterials and biomolecules for engineering applications. Kinesins, a family 

of biomolecular motor proteins, are nanoscopic engines that utilize the free energy from 

the hydrolysis of ATP molecules to move along microtubules (MTs). Within cells, the 

kinesin-microtubule system is responsible for intracellular transport of proteins, 

organelles and vesicles throughout the cytosol. This system can also be exploited in in 

vitro environments to achieve certain useful functionalities, which may pave the way 

for complex artificial micro- and nanosystems. One of the important examples is 

nanoscale transport in which microtubules carrying designated target molecules glide 

along kinesin-coated tracks towards a destination,
 
which can form the basis of novel 

chemical transport and separation systems. To produce controlled microtubule transport, 

it is necessary to immobilize kinesin motor proteins in the form of linear tracks by, for 

instance, protein patterning, physical confinement, or a combination of both. In this 

regard, a recently developed nanoscale protein patterning technique offers great 

potential(Hoff et al., 2004). Several previous studies proposed to control microtubule 

transport in microscale tracks made of or generated by lithographically patterned 

photoresist barriers(Hess et al., 2002; Hiratsuka et al., 2001; Jia et al., 2004). However, 
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high guiding efficiency has not been achieved. The mechanisms of microtubule guiding 

in such artificial tracks have been analyzed in several papers(Clemmens et al., 2003a; 

Clemmens et al., 2003b). 
 
The reason for the observed low guiding efficiency and high 

MT detaching rate can be explained by the fact that in microscale tracks, the 

microtubules tend to reach the track barriers at large approach angle, which often leads 

to escape from kinesin tracks or permanent attachment at the site of contact with the 

barrier. These results imply that decreasing track width should significantly enhance the 

efficiency of microtubule guidance. Prior work by Dennis et al. has demonstrated that 

the motion of microtubules can be directed in oriented nanoscale protein tracks formed 

by rubbing a poly(tetrafluoroethylene) (PTFE)-coated glass substrate(Dennis et al., 

1999). However, rubbed topographies lack micro- or nanoscale design and the barrier 

height, typically less than 30nm, was too small to prevent kinesin proteins from 

projecting out over the barriers, which makes it possible for MTs to frequently switch 

to adjacent tracks. Also, the low barrier height provides poor physical confinement for 

the gliding MTs. As a result, MTs continue to move randomly on the substrate.  

2.3.2 Results and discussions 

To solve all these problems, we have developed a very effective method to 

achieve highly efficient guiding of MT transported by kinesin motors that are 

immobilized within polymer nanotracks created by nanoimprint lithography (NIL). As 

illustrated in Figure 2-11, nanoscale protein tracks constrained by polymer barriers 

prevent the gliding microtubules from swaying and compel the microtubules to 

approach the track edge at glancing angles, thus restraining them from moving out of 
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the tracks. Furthermore, the barriers are chemically modified to have protein-

nonadhesive properties, which effectively prevents microtubules from either climbing 

up the barriers or randomly gliding over the top surface of barriers. By combining these 

two strategies, we have obtained high-efficiency and high-density of controlled 

microtubule transport. Fluorescence microscopy-based microtubule motility assays 

showed that high densities of microtubules glide exclusively (close to 100%) along the 

imprinted nanotracks. The average gliding distance of microtubule before detaching 

from the surface is about 2.5 mm.  

 

Figure 2-11: Kinesin motor proteins immobilized within CYTOP nanotracks on a 

glass coverslip. Microtubules propelled by the kinesin motors are physically 

confined by the CYTOP track barriers, leading to precision guided transport along 

the nanotracks. 

We developed several novel techniques for forming such nanotracks to guide 

the motion of kinesin-propelled microtubules. For our experiments we used a 

bacterially expressed kinesin motor, NKHK560cys. Details on the biochemical 

techniques used for kinesin and MT preparation can be found in the experimental 

section. The nanotracks on glass substrates were fabricated through direct 
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nanoimprinting of a cyclized perfluoropolymer called CYTOP
TM 

(Asahi Glass Co., 

Tokyo, Japan), followed by CYTOP surface hydrophobicity enhancement that is based 

on sulphur hexafluoride (SF6) reactive ion etching (RIE). The CYTOP track barriers are 

further treated with a Pluronic® triblock copolymer that forms a Poly(ethylene oxide) 

(PEO) monolayer on its surface, which or dramatically reduces protein adsorption.. 

Then a simple flow cell is constructed which is filled with kinesin protein. Kinesin 

protein is preferentially adsorbed on the glass surface, but not on modified CYTOP 

barriers. Kinesin motor protein immobilized on the coverslip in the form of nanotracks 

propels microtubules exclusively along the patterned nanotracks.   

 

Figure 2-12: (a) Process flow of creating CYTOP nanotracks by NIL. (b) Schematic 

of Pluronic treatment of CYTOP surface to prevent adsorption of kinesin proteins 

on track barriers. 

As illustrated in Figure 2-12a, CYTOP gratings were created using nanoimprint 

lithography (NIL). NIL provides the capability of creating large-area nanoscale patterns 

with high yield, high throughput and high reproducibility(Chou et al., 1997). CYTOP 

thin films are especially suitable as an imprinting material: the glass transition 

temperature (Tg) of CYTOP ( 105
 o

C) is well suited for the imprinting process and 
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CYTOP has very low surface energy which greatly facilitates the demolding process 

after NIL. These key material properties lead to very low defects in the imprinted 

CYTOP nanostructures. Low defect density is important to obtain controlled MT 

transport over long distances. The scanning electron microscope (SEM) image of the 

CYTOP grating in Figure 2-13 shows the uniform nanoscale tracks with very straight 

side walls. Imprinted CYTOP gratings of such quality perform extremely well in 

physically confining and guiding the motion of microtubules.  

 

Figure 2-13: SEM image of nanoimprinted CYTOP grating. 

 

CYTOP has previously been shown to significantly reduce nonspecific binding 

of certain types of proteins (such as BSA) at low concentration (< 1 g/ml)(Nicholson et 

al., 1999). Nevertheless, we found that untreated CYTOP surfaces was not effective in 

preventing the kinesin binding that leads to undesirable motility on the surface of the 

grating. Therefore, we chemically treated the hydrophobic CYTOP surfaces to further 
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reduce protein adsorption which makes it possible to selectively immobilize the motor 

protein kinesins on the exposed glass surface only. We used Pluronic® F-108 

(PEO129-PPO56-PEO129 triblock copolymer) to coat the CYTOP surface, where PPO 

stands for poly(propylene oxide). The hydrophobic PPO domains bind with high 

affinity on the hydrophobic CYTOP surface while leaving the hydrophilic PEO domain 

extending out into the aqueous environment in the assay experiment (Figure 2-12b). 

PEO is known to have protein repelling properties. After the Pluronic treatment, 

CYTOP surfaces can effectively suppress the binding of kinesin motors. We found that 

the Pluronic treatment works well on the as-deposited and imprinted CYTOP surface, 

but the dry etching process necessary for removing the residual CYTOP layer after NIL 

unavoidably degrade the hydrophobicity of the imprinted CYTOP surface. Typically in 

NIL oxygen plasma RIE is used to remove the residual layers after nanoimprint. But O2 

plasma etching turns CYTOP surface hydrophilic, which significantly hinders the 

following Pluronic treatment. We found that baking at an elevated temperature can help 

to partially recover the hydrophobicity of etched CYTOP surface. However, since a 

temperature over the Tg of CYTOP is necessary to obtain sufficient hydrophobicity, 

such baking temperature can cause reflow of CYTOP material or even destroy the 

imprinted CYTOP nanostructures.  

To overcome this problem, we replaced the oxygen RIE with a sulphur 

hexafluoride (SF6) RIE process. It was reported previously that the surface fluorination 

by SF6 plasma can significantly enhance the hydrophobicity of certain polymers, such 

as polyurethane, silicone and poly(tetrafluoroethylene) (PTFE)(Rangel et al., 2003). 
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The phenomenon of hydrophobicity enhancement was also observed in our experiment 

on the SF6 RIE etched CYTOP surface. Figure 2-14 compares the results of water 

contact angle measurements performed on different RIE etched and/or chemically 

treated CYTOP. Oxygen RIE reduces the hydrophobicity of CYTOP, and baking 

(120
o
C) can partially recover the hydrophobicity. In contrast to O2 etching, SF6 RIE 

actually improves the contact angle of CYTOP surfaces. In addition, it does not affect 

the binding of kinesin to glass surfaces as compared with the samples cleaned by our 

standard process. Based on these observations, we conclude that using CYTOP as track 

barriers, and employing SF6 RIE to remove CYTOP residuals to expose glass surface 

for protein binding is an effective combination to achieve high contrast in kinesin 

binding.  

 

Figure 2-14: Water contact angle measurements on CYTOP substrates etched 

under different plasmas etching conditions and/or treated with different chemicals. 

We performed microtubule motility assays that were evaluated by fluorescent 

microscopy. Flow chambers were constructed from microscope slides and 
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microfabricated glasses with 75µm cover glasses (Menzel, Germany) as spacers. 

Samples were observed with an inverted fluorescence microscope (ZEISS Axiovert 200, 

40x/ NA 1.3 Plan-Neofluar objective) and images were recorded with a digital CCD 

camera (Orca II, Hamamatsu, Japan). The statistical results of MT density obtained 

on microtubule gliding assay shown in Figure 2-15 agree with our expectations. 

Pluronic treatment works very effectively on SF6 RIE etched CYTOP samples and 

significantly reduces the binding of kinesin and hence the density of microtubules. The 

result indicates that the PEO coated CYTOP surface provides almost no kinesin 

adsorption, and therefore no microtubule gliding on it. Besides SF6 RIE, chemical 

treatment in ammonia hydrogen peroxide mixtures was applied for 5 minutes and was 

observed to improve kinesin binding on glass surface. The reason of the improvement is 

not entirely clear at this moment. Further work is currently underway to understand the 

effect of chemical treatment on both glass and CYTOP surface. 

 

Figure 2-15: MT gliding assay on substrates generated under various plasma 

etching conditions and treated by different chemicals. The MT density of each 

sample is normalized to that of standard process-cleaned glass. 
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When the track width is reduced to nanoscale dimensions, PEO treatment of 

CYTOP surfaces is of vital importance. Without Pluronic treatment, CYTOP 

nanotracks have poor control over MT guiding. Figure 2-16a shows a large number of 

microtubules gliding across nanotracks that were not chemically treated with Pluronic 

copolymer. Since the closely-spaced CYTOP grating surface is not kinesin free, a large 

number of microtubules glides randomly on the top surface of CYTOP barriers. Also, 

those traveling in the track frequently climb over the track barriers to either switch 

between different tracks or detach and diffuse into the solution. Conversely, for the 

sample that has been treated with Pluronic F-108, high densities of microtubules are 

exclusively guided along the PEO-coated CYTOP grating shown in Figure 2-16b. In 

this image, the few microtubules oriented at an angle relative to the grating actually 

were not gliding but on their way diffusing onto surface searching for available kinesin 

proteins to bind. A short video of well-guided MT transport along the nanotracks can be 

found in the supporting materials.  
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Figure 2-16: The influence of Pluronic treatment on guiding microtubule becomes 

significant for CYTOP nanotracks. Gliding assays were performed on the CYTOP 

grating without (a) and with (b) Pluronic treatment. Each image is 160μm×160μm 

in size. 

Because of the physical confinement and chemical treatment, microtubules can 

glide in nanoscale tracks for a long distance before they detach. We managed to trace a 

large group of microtubules for about 1mm along the nanotracks. We only observed 

extremely small number (less than 1%) of microtubules escaping from the tracks within 

the 1mm travel distance. In order to better estimate the average length MTs can glide in 

nanotracks before detaching, we collected time-sequence data of microtubule bindings 

on CYTOP grating to determine the dissociation rate of microtubules from the 

nanotracks. The number of microtubule gliding on CYTOP nanotracks is plotted as a 

function of time in Figure 2-17. Since almost 100% of microtubules move in CYTOP 

grating we conclude that there is little kinesin available on the PEO-coated CYTOP 

surface to support microtubule motility.  
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Figure 2-17: Time-sequence data of MT binding to kinesin proteins on the glass 

substrate covered with Pluronic treated CYTOP gratings. 

We developed a simple MT binding kinetics model to estimate the dissociation 

rate, which can be used to infer the distance that microtubules travel on average before 

they detach from the nanotracks. Detailed analysis can be found in the Appendix. We 

first confirmed that, under our experimental conditions, the microtubule binding rate to 

the kinesin coated surface is much smaller than the diffusive flux, and therefore the 

diffusion process can be neglected when considering the MT surface binding kinetics. 

Under this condition, the binding rate of a single MT onto kinesin coated surface, Ms, 

can be shown to have a simple form:  
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where kon and koff are binding and dissociation rate constants, respectively, and 

Mb, is the constant concentration of freely difussing MTs in the buffer solution. This 

equation is used in fitting the experimental data presented in Figure 2-17 to obtain the 

MT dissociation rate. The fitting curve yields 1/(koff) to be ~ 21 minutes. Since the 

average MT gliding speed is ~ 2 m/sec, this implies that MTs translocate within the 

nanotracks an average distance of about 2.5 mm before detaching from the surface. In 

comparison, the average run-length of MTs traveling in microscale tracks defined by 

photoresist barriers was only a few tens of m. This difference highlights the 

effectiveness of our method of combining nanoscale physical confinement with highly 

selectively patterning of kinesin within the CYTOP channels. The long average 

distance of translocation of microtubules achieved in this study has important 

implications for the development of biomolecular motor-based nanotechnology, 

because the combined speed and travel distance make it now possible to transport target 

molecules over significant distances and overcome the normal diffusive motion.   

In conclusion, highly efficient guiding of MT transport propelled by 

immobilized kinesin motor molecules has been achieved in PEO coated polymer 

nanotracks on a glass substrate. This technique significantly improves both the 

resolution and the contrast of motor protein patterning and physical confinement for 

guided MT transport. With this technology, we can apply CYTOP nanotracks to a 

variety of device applications. For example, CYTOP nanotracks can be integrated to 

microscale fluidic channels to construct a hybrid micro-/nanoscale system with useful 

functionalities. The integration makes it possible to precisely locate and efficiently 
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utilize nanoscale motor proteins to achieve more complex functions, including 

conveyance of molecules between different chemical reservoirs, or sorting and 

separation of specific molecules from chemical flow streams. Based on the versat ility 

of nanoimprinting, the configuration of CYTOP nanotracks can be custom-designed to 

guide single microtubule transport along complex paths. The technology may pave the 

way to novel nanosystems for single molecule manipulation or detection that are 

powered by biomolecular motors. 

2.3.3 Experimental 

For NIL fabrication, a large area grating made of Si with 700nm in period and 

500nm in depth was used as a mold. The mold was treated with a surfactant, 

perfluorodecyltrichlorosilane (Lancaster Synthesis, Windham, NH) to provide a low 

energy surface to facilitate the demolding process. The substrate we used, Corning 

coverslip (Corning, NY), was cleaned by our “standard clean” process, involving a 10-

minute dip in Piranha solution (H2SO4:H2O2=2:1), a 10-minute rinse in deionized water, 

a 20-second dip in dilute HF (HF:H2O=1:20) and another 10-minute rinse in deionized 

water. After dehydration of the coverslip, the material to be imprinted, 370nm thick 

CYTOP, was spun onto a coverslip followed by a 10 minute of baking at 50
 o

C and 30 

minutes of curing at 180
o
C. The mold and substrate were then brought into physical 

contact at 150
o
C, and a pressure of 35Kg/cm

2
 was applied for 5 minutes followed by 

subsequent cooling. After mold separation, SF6 reactive ion etching (RIE) (SF6 gas flow 

= 20 sccm, pressure = 20 mTorr, power = 120W, self DC bias = 275V) was applied to 

remove the CYTOP residuals in the trench regions to expose the glass surface. The 
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CYTOP etching rate is about 130 nm/min. Finally, the whole CYTOP grating chip is 

dipped in ammonia hydrogen peroxide mixtures (NH4OH:H2O2=1:1) for 5 minutes and 

then rinsed in deionized water for 10 minutes. 

For our experiments we used a bacterially expressed kinesin motor, 

NKHK560cys. This motor consists of the head of Neurospara crassa kinesin (amino 

sequence to 433) and neck and stalk of Homo sapiens kinesin (amino sequence from 

430 to560) and a reactive cysteine at C-terminal end (Funatsu et al., 1997; Kallipolitou 

et al., 2001; Lakämper et al., 2003). The NKHK560cys gene was ligated into the pT77 

plasmid and transformed to Escherichia Coli BL21 cell. Cells were incubated in TPM 

medium with 50µM ampicllin at 37°C. Expression was induced by adding 0.1 mM 

IPTG at a cell density corresponding to an OD of 0.6-0.8 and continued over night at 

22°C. Cells were centrifuged and re-suspended in lysis buffer containing protease 

injhibitors, DNAse and lysozyme followed by sonification. The supernatant of this was 

loaded on SPFF ion exchanger (SP Fast Flow, Amersham Biosciences, Piscataway, NJ, 

USA) and kinesin was eluted by a step gradient to protocol.  

Tubulin and TMR-labelled tubulin were obtained by standard procedures 

(Hyman et al., 1991)). Briefly, tubulin was purified from cow brain by three cycles of 

microtubule polymerization and depolymerization followed by phosphocellulose ion 

exchange chromatography (P11, Whatman, UK) to eliminate microtubule associate 

protein. Tubulin was labeled with TMR (5-6carboxytetramethylrhodamine (Molecular 

probes, Eugene, OR, USA) by reacting polymerized microtubules with a 20 folds 
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excess of dye at room temperature for 30 minutes. Competent, labeled tubulin was 

purified from this mixture by repeated depolymeriztion and polymerization.  

For experiments, microtubules were polymerized by incubating 2 mg/ml tubulin 

(app. equal ratios of TMR-labeled and unlabeled tubulin) 1mM GTP and 4 mM MgCl2 

in BRB80 buffer at 37°C for 20 minutes. Microtubules were stabilized by the addition 

of 10µM taxol (Paclitaxel, Calbiochem, USA).  

Flow chambers were constructed from microscope slides and microfabricated 

glasses with 75µm cover glasses (Menzel, Germany) as spacers. The chambers were 

pretreated with 100 µl of an 2mg/ml aqueous solution of Pluronic (Pluronic
®

 F108 Prill, 

BASF, NJ, USA) and then washed with 200 µl de-ionized water followed by 100 µl 

BRB80 buffer. Protein loading procedure was identical to that for standard kinesin 

gliding assays: Chambers were loaded with kinesin (47µg/ml casein and 1.4 µM kinesin 

in BRB80 buffer) and incubated for 5 minutes. Subsequently, microtubules in a BRB80 

buffer containing ATP and oxygen scavenger system (4 µg/ml microtubules, 2mM 

MgCl2, 10mM glucose, 100 µg/ml glucose oxidase, 80 µg /ml catalase, 10 mM DTT, 1 

mM ATP and 47 µg/ml casein) were loaded.  

2.3.4 Appendix 

In deriving the kinesin binding kinetics, we use the fact that surface density of 

kinesin is very high compared to MT concentration close to the surface, and therefore 

can be taken as a constant. The binding rate of a single MT to the kinesin coated 

surface, Ms, is given by: 
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where kon and koff are binding and dissociation rate constants, respectively, and 

M(0,t) the volume concentration of free MTs right next to the binding surface at time t. 

The binding surface is the kinesin-coated surface and defined as x=0 (see Figure 2-18). 

Considering the diffusion of MTs from the solution to the kinesin binding sites with a 

diffusivity D, we can apply two boundary conditions for Fick‟s diffusion equation, 

),("),( txMDtxM . First, the diffusion flux equals to the binding rate at the surface, 

i.e. 

)(),(
0

tMs
dt

d
txM

x
D

x

. (2) 

Second, the concentration of microtubule outside the unstirred layer (a volume 

within a distance δ from the surface) equals to Mb, a constant microtubule concentration 

in buffer (Figure 2-18): 

bMtM ),( .  (3) 
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Figure 2-18: Schematic plot of MT concentration in a flow cell. The kinesin are 

immobilized on galss surface at x=0. Due to high concentration of MT in the bulk 

solution, MTs in the flow cell is assumed to be a constant, and no depletion of MTs 

occurs because of the binding of MTs to kinesins on the glass surface. 

Since the amount of MTs in the buffer solution (with a concentration of Mb ≈ 

1.5×10
11

 cm
-3

 ) is much higher than the amount diffusing to and attached to the surface, 

we neglect the depletion of the microtubules in the buffer. To simplify the problem, we 

used an approximation that the microtubule concentration decreases linearly toward the 

surface across the unstirred layer (as shown in Figure 2-18). The boundary condition 

can then be recast as 

),0(
),()(

0

tMM
DtxM

x
DtMs

dt

d b

x

 (4) 

or 

                                                 
Each microtubule is comprised of 13 linear protofilaments. Within each protofilament, the dimeric 

tubulin subunits repeat every 8 nm. Thus the concentration of microtubule (10 m long in average) 

polymerized from 4 μM (or 2.4×10
15

 cm
-3

) tubulin is 1.5×10
11

 cm
-3 

[= 2.4×10
15

 cm
-3

/(13×10 m/8nm) ].
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Substituting equation 5 into equation 1, we can solve for Ms(t) 
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where Da = kon /D, is a dimensionless parameter, known as the second 

Damkőhler number. It represents the ratio of surface reaction rate to the bulk diffusion 

rate. Prior to extracting koff from the experimental data, it is appropriate to evaluate the 

Damkőhler number and find out which process is the rate-limiting one. Typically δ, in 

the same order of tD , is about 10 m. The diffusion coefficient D of MT is about 

2×10
-9

 cm
2
/s. kon can be estimated from the slope of the binding curve at t = 0, i.e. (1/ 

kon +δ/D)
-1 

Mb. The slope, about 467.7cm
-2

·s
-1

 obtained from the fitted curve, gives kon = 

3.1×10
-9

 cm/s. Substituting these values into the Damkőhler number yields Da=1.6×10
-

3
, i.e. Da << 1. This means that the microtubule binding rate is much smaller than the 

diffusion flux. In other word, the diffusion process can be neglected when considering 

the MT surface binding kinetics. Therefore, the binding kinetics can be reduced to a 

simple form: 
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This is the equation used in fitting the data presented in Figure 2-17(page 48) to 

obtain the MT dissociate rate. 
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2.4 Biomolecular motor-powered molecular sorter
3
 

2.4.1 Abstract 

We demonstrate a novel, stand-alone device for sorting and concentrating 

biomolecules by combining biomolecular motor and microtubule systems with micro-

/nano-fluidic technologies. The device consists of a microfluidic channel network to 

produce an analyte stream and nanoimprinted nanotracks to guide functionalized 

microtubules to move across the analyte stream. The functionalized microtubules 

translocated by kinesin are capable of selectively capturing and transporting a few 

thousand target molecules per second from the analyte. Subsequently, the target 

molecule-bound-microtubules are concentrated at a designed collector, resulting in 

higher concentration of target molecules up to three orders of magnitude within an hour. 

The characterization of the device and optimized microfabrication techniques will be 

significantly useful to engineer biomolecular motor-driven applications. 

2.4.2 Introduction 

Recently, biomolecular motor (kinesin) and microtubule systems have shown a 

high potential to substitute traditional energy sources such as mechanical pressure and 

electrical voltage with biological energy sources for efficient, stand-alone, and self-

contained micro-/nano-devices because kinesin motors are truly nanoscopic(Heuser et 

al., 1988), but generate significant forces about 4–7 pN(Gittes et al., 1994; Hunt et al., 
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1994; Meyhofer and Howard, 1995; Svoboda et al., 1993)  when translocating 

microtubules at the speed of about 1 μm/s via 8nm steps(Kojima et al., 1997; Svoboda 

et al., 1993). In addition, they not only have low total energy consumption compared to 

most externally-driven micro-/nano-systems, but also are significantly efficient up to 50% 

in converting chemical energy to mechanical work(Vale et al., 1985c) because one 8 nm 

step requires one hydrolyzed molecule of ATP but 67kJ/mol is released from ATP 

hydrolysis(Howard, 1996). The feasibility of biomolecular motor powered micro-/nano-

devices has been promising due to the development of the directional control methods 

of microtubules on kinesin-immobilized surfaces using various types of mechanical 

structures(Clemmens et al., 2003a; Hiratsuka et al., 2001; Lin et al., 2006), 

nanoimprinting technology(Li-Jing Cheng 2005), and even external fields(Kim et al., 

2007a; Kim et al., 2007b; van den Heuvel et al., 2006). These fundamental methods 

have inspired one to develop molecular sorting devices(Ramachandran et al., 2006; van 

den Heuvel et al., 2006) and nanotransport systems that make it possible to transport 

beads or biomolecules(Bachand et al., 2006; Jia et al., 2004; Yokokawa et al., 2004). 

Even though these approaches successfully made first steps towards functional 

devices/systems, some devices appear not to fully exploit the advantages of 

biomolecular motors and are not efficient because they still depend on external power 

sources such as electric fields(van den Heuvel et al., 2006). Furthermore, the 

nanotransport distance of those systems is largely limited to the length of immobilized 

microtubules up to a few tens μm and they seem to lack the ability to concentrate target 

molecules at a certain place(Ramachandran et al., 2006; Yokokawa et al., 2004). 
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Here we develop a state-of-an-art, efficient, and self-powered device that can 

selectively sort and highly concentrate target biomolecules by incorporating the 

advantages of nanotransport ability of kinesin and microtubule systems with micro-

/nano-fluidic technologies. In addition, the device overcomes the limited travel distance 

of previous nanotransport systems and enables us to concentrate the transported target 

molecules at a designated spot. The working principles of the device are that kinesin 

adsorbed on the nanoimprinted nanotrack surfaces translocates functionalized 

microtubules along the nanotracks and across an analyte stream. While passing the 

analyte stream the functionalized microtubules can selectively bind to target molecules 

and carry them to a collector. The horseshoe-shaped collector (top side) bonded with 

the bottom side nanotracks concentrates the target molecule-bound-microtubules into 

the fringe which is likely to be generated between the top side microfluidic structure 

and the bottom side nanotracks. We implemented these principles into the device using 

newly developed, biocompatible micro-/nanofabrication techniques, so that we 

demonstrated that the device can selectively sort and transport a few thousand target 

molecules per second from the analyte and then even concentrate them up to three 

orders of magnitude within an hour. We also characterized the performance of the 

device by quantifying the experimental results.  
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2.4.3 Materials and methods 

2.4.3.1 Nano-/micro-fabrication 

Several nano-/micro-fabrication techniques were developed to build the device. 

The technique consists of creating nanotracks on glass substrates through direct 

nanoimprinting of a cyclized perfluoropolymer called CYTOP
TM

, and a polymer inking 

method for bonding CYTOP
TM

 nanotracks with the microfluidic channels. In the 

microfluidic part, the standard microfabrication procedure was used to etch 

microchannels on glass substrate (the top side, including the collector) (Figure 2-19). In 

parallel, CYTOP
TM

 nanotracks on glass coverslips (the bottom side) were fabricated via 

nanoimprint lithography (NIL). The mold used for NIL has nanoscale grating structure 

with 700nm in period and 50% of duty cycle made by interference photolithography 

and dry etching. Such dimension allows us to create 350nm-wide track-arrays separated 

by 350 nm-wide CYTOP
TM

 barriers. Since CYTOP
TM

 (Asashi, Japan), a type of Teflon, 

has a good adhesion to glass substrates but low differential protein binding compared to 

glass. The imprinting temperature and pressure was 150 °C and 600 psi, respectively. 

After mold separation, SF6 reactive ion etching (RIE) was applied to remove CYTOP
TM

 

residuals in the nanoscale trenches and expose glass surface. The more detailed process 

of nanotracks and its guiding efficiency of microtubule are found in our previous 

study(Li-Jing Cheng 2005). 
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Figure 2-19: Step 1 and 2 show the procedure of the microchannel fabrication. 

Microfluidic channels are HF-etched and electrochemical drilled to form pores 

connecting to the microchannels. In step A1-A2 and 3, SU-8 thin film is selectively 

transferred to the top of microfluidic substrate and served as an adhesive bonding 

with glass coverslips. CYTOP
TM

 nanotracks on a glass coverslip are made via 

nanoimprinting lithography (step B1–B3). 
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To integrate microfluidic channels with CYTOP
TM

 nanotracks, a polymer 

transfer bonding technique was used to bond these two parts. As illustrated in Figure 

2-19, a 500nm thick SU8 layer was first spun on an oxygen-plasma treated PDMS 

(polydimethylsiloxane) stamp and, afterward, transferred on the microfluidic chip. 

Because the surface energy of PDMS stamp is relatively low and SU-8 layer is thin 

enough, it is possible to selectively transfer SU-8 on top of the microfluidic chip when 

these two pieces were put into physical contact. After baked at 80 ºC for 2 minutes, the 

SU-8 topped microfluidic chip was then bonded onto the CYTOP
TM

 grating chip at 75 

ºC at 300 psi for 25 minutes. After cooling, the bonded chip was cured by flood UV 

exposure and hard-baked at 95 ºC for 5 minutes. Since the glass transition temperature 

(Tg) of CYTOP
TM

 (Tg=110 ºC) is higher than the Tg of SU-8 (Tg=75 ºC), this low 

temperature polymer transfer bonding is capable of sealing the microfluidic channels 

and nanotracks with no effect on CYTOP
TM

 nanotracks. The SEM cross section view in 

Figure 2-20C shows the SU-8 layer were selectively coated on top of microfluidic chip 

and acts as an adhesive (see also Figure 2-21). The results showed that the SU8 layer 

provides a strong bonding and therefore forms a well-sealed microfluidic channels with 

CYTOP
TM

 nanotracks. Finally, glass pipettes were connected on the chip by UV-glue 

and epoxy served as external reservoirs for loading or draining of analyte solutions and 

motor proteins. A similar microfabrication technique is also found elsewhere(Kim et al., 

2007b). 
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Figure 2-20: (A) A schematic view of a biomolecular motor-driven selective binding 

and concentrating device and (B) its detailed view of the intersection and the 

collector. An analyte containing fluorescently labeled target molecules flows 

towards waste and two buffer flows make the analyte flow hydrofocused to prevent 

other molecules from diffusing to the collector at the intersection. All flows are 

controlled by using hydrostatic pressure differentials among reservoirs to make the 

device stand-alone. Unlabeled microtubules at left are translocated by kinesins 

adsorbed on glass surfaces towards the collector at right. They are guided to move 

straight across the analyte channel by nanotracks on the bottom and bind the target 

molecules (streptavidins) from the analyte stream. The labeled microtubules are 

accumulated at the horseshoe-shaped collector. (C) The SEM image of the cross-

section (X–X’) shows wet-etched glass substrates for microfluidic channels and 

nanoimprinted nanotracks (see the inset) on a coverslip. SU-8 was selectively 

transferred only to the junctions between the glass substrate and the coverslip as a 

sealant due to the polymer transfer bonding technique. 
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Figure 2-21: The top view and cross-section view of the resulting bonding. 

2.4.3.2 Kinesin and microtubule preparation 

For most experiments we used a bacterially expressed kinesin motor, 

NKHK560cys. This motor consists of the head and neck domain of Neurospara crassa 

kinesin (amino acids 1-433) and stalk of Homo sapiens kinesin (residues 430 to 560) 

and a reactive cysteine at C-terminal end. Kinesin was expressed and purified as 

described previously. Tubulin was purified from cow brain by three cycles of 

microtubule polymerization and depolymerization followed by phosphocellulose ion 

exchange chromatography, and fluorescently-labeled tubulin (TMR-tubulin) was 

prepared by reacting polymerized microtubules with a 20 folds excess of 

tetramethylrhodamine (Molecular Probes) at room temperature for 30 minutes. Labeled 

tubulin was purified from this mixture by repeated depolymeriztion and polymerization. 

For all experiments, microtubules were polymerized by incubating 2 mg/ml tubulin, 

1mM GTP and 4 mM MgCl2 in BRB80 buffer at 37 °C for 20 minutes. Microtubules 

were stabilized by the addition of 10 μM taxol. To make biotinylated microtubules, 1 

μL of 10 mM of biotin was mixed with 200 μL of polymerized microtubules and then 
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this mixture was incubated about 30 min. To quench free biotin bindings, 2 μL of 1 M 

of glycine was added to the mixture, followed by additional 10 min incubation. Finally, 

biotinylated microtubules were purified by repeatedly running a high speed centrifuge 

process consisting of discarding the supernatant and resuspending the pellet. All 

motility assays were carried out in BRB80 buffer (80 mM of PIPES adjusted to pH 6.8 

with potassium) at room temperature. 

2.4.3.3 Experimental procedure 

The device was tested as followings: initially, each 200 μL of BRB80 buffer 

was injected into all reservoirs except „waste‟ reservoir and then vacuum pressure of 

~50 kPa was applied to the „waste‟ reservoir for 20 min using a hand vacuum pump 

with gauge (S94224, Fisher Scientific). To help kinesin adsorb better to channel 

surfaces and prevent nonspecific binding of target molecules, all channels were flushed 

with 200 μL of 0.14 mg/ml casein (Sigma-Aldrich) by repeating the previous injection 

step with the same pressure, followed by allowing it to incubate for 5 min. And then, to 

adsorb kinesin on the nanotracks at a higher density, 100 μL of 0.45 mg/ml of kinesin 

was injected into all reservoirs except the microtubule outlet reservoir and then vacuum 

pressure of ~25 kPa was applied to the outlet reservoir for 20 min, followed by 5 min 

incubation. Subsequently, 200 μL of an analyte solution was injected into the analyte 

reservoir in the absence of additional, external pressure.  

The analyte required about 5 min to arrive at the intersection of the device 

because the hydrostatic pressure of the reservoir (~100 Pa) produces about 100 μm/s 

flow speed. The analyte was prepared by mixing an anti-bleach solution with 2 nM of 
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TMR-labeled streptavidin, 1 mM of ATP, and 0.45 mg/ml of kinesin. Addition of 

kinesin molecules into the analyte is believed to maintain the surface density of kinesin 

by reducing the gradient of kinesin concentrations between the bulk analyte solution 

and the surface.16 The anti-bleach solution was made by mixing BRB80 buffer with 10 

μM of Taxol, 0.047 mg/ml casein, 0.08 mg/ml catalase, 0.1 mg/ml glucose oxidase, 10 

μM glucose, and 10 μM DTT to prevent the photo-bleaching of fluorescently-labeled 

molecules. Finally, functionalized, unlabeled microtubules were injected into the 

microtubule inlet reservoir and then observations were made using an inverted 

epifluorescence microscope (Axiovert 200, Carl Zeiss Microimaging, New York, USA) 

with a 40x oil immersion objective to obtain fluorescent imaging via a digital CCD 

camera (Orca ER II, Hamamatsu, Japan). After experiments, quantifications were 

conducted using Image J. 

2.4.4 Results and discussion 

To accomplish our goal we designed and fabricated a molecular sorter device 

using a typical microfluidic channel network, nanoimprinted nanotracks, and a polymer 

transfer bonding technique as illustrated in Figure 2-20(see also Figure 2-19 & Figure 

2-21). First, a 20 μm deep and 50–100 μm wide microchannel network was fabricated 

as the top side of the device in which the horizontal channel was used to introduce 

kinesin and functionalized microtubules and the vertical channel was used to deliver 

target molecules to the functionalized microtubules as well as to provide ATP with 

surfaceimmobilized kinesin. Two buffer channels were used to achieve high selectivity 

by preventing other molecules dissolved in the analyte from diffusing towards the 
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collector. Second, to guide the functionalized microtubules to move towards the 

collector, nanoimprinted nanotracks were fabricated and then integrated as the bottom 

side of the device using a polymer transfer bonding technique (Figure 2-20C). This 

bonding technique enabled a horseshoe-shaped collector to concentrate the target 

molecules transported by the functionalized microtubules at a small spot of the device. 

Finally, to make the device operate without use of other external equipment such as a 

syringe pump, a dynamic range of flow rates of the analyte and buffer solutions was 

controlled by designing the microchannels to have proper hydrodynamic resistances 

and by adjusting hydrostatic pressure differentials among reservoirs (0–100 Pa).  

To test the proposed device, we performed experiments using biotinylated 

microtubules and TMR labeled streptavidin containing analytes as shown in Figure 

2-22. Biotinylated microtubules loaded at the bottom of the image (Figure 2-22A) are 

invisible because they are not labeled, but they are seen at the top of the image because 

they bind to fluorescently-labeled streptavidins while passing the analyte stream. This 

verifies that kinesin molecules adsorbed on the nanotracks surfaces successfully 

translocate the microtubules and the nanotracks guide them to move straight across the 

analyte stream towards the collector. In addition, the analyte flow is well hydrofocused 

by the buffer flows by controlling the hydrostatic pressure of reservoirs. Here, the 

volume of the analyte in the reservoir is about 200 μL, each volume of the buffer is 

about 100 μL, each volume of the microtubule containing solution in inlet and outlet 

reservoir is about 50 μL, and the waste reservoir is almost empty. 
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Figure 2-22: (A) shows the intersection of the device. A fluorescently labeled analyte 

stream flows from the left to the right and is well hydrofocused by two buffer flows. 

Biotinylated microtubules are heading upwards across the analyte. Prior to passing 

the analyte (at the bottom of the image) microtubules are invisible. However, after 

passing the analyte they are visible (at the top of the image). This is because the 

microtubules capture the fluorescently labeled target molecules (streptavidins) 

during passing the analyte stream. (B) Microtubules approaching the horseshoe-

shaped collector are trapped at the deadlock of the collector and then chemically 

cross-linked, implying that the collector increases the concentration of target 

molecules 

The horseshoe-shaped collector concentrated the target molecule-bound-

microtubules as demonstrated in Figure 2-22B. After the microtubules have passed the 

analyte stream, the streptavidin-boundmicrotubules are continuously translocated by 

kinesin until they approached the collector (the white spots indicate the movement of 

microtubules). We can see most of the labeled microtubules accumulate at the deadlock 

of the collector and we believe that the collection of the microtubules proceeds via the 

following mechanisms: first, the leading ends of the microtubules are trapped into the 

gap which is likely to be generated at the fringe of the collector (between the top glass 
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substrate and the bottom nanotracks during the polymer transfer bonding process). 

Second, microtubules trapped in the collector decrease the number of locally available, 

active kinesins, thereby reducing the transport efficiency. Furthermore, microtubules 

are linked together since each streptavidin molecule can bind four biotins. These 

concentration mechanisms lasted more than an hour and increased gradually the target 

molecules at the collector as demonstrated in Figure 2-23. 

 

Figure 2-23: Image sequences of the horseshoe-shaped collector with time. The 

white spots within the rectangle (t=10 min) indicate the concentrated microtubules. 

The number of the microtubules approaching the collector and subsequently being 

cross-linked continues to increase more than an hour, resulting in higher 

concentrations of target molecules. The line of A–A’ is used to estimate the sorting 

rates of target molecules in Figure 2-24A and the rectangle which is 25 μm by 70 μm 

is used to estimate the total number of concentrated target molecules from 

fluorescent signal enhancement in Fig. 4B. 
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As the functionalized microtubules carry the streptavidin molecules, we can 

estimate the sorting rate from the fluorescent intensity and the translocation speed of 

the microtubules (about 1.7 μm/s). Figure 2-24A shows the pixel intensities along the 

line of A-A‟ in Figure 2-23, t=10 min. The background signal is somewhat lower than 

the signal of the TMR-labeled microtubules heading towards collector. The integrated 

fluorescent intensity along the pixel line (220 pixels correspond to ~70 μm since a pixel 

resolution is 0.322 μm) is about 1000 AU (arbitrary unit) and 1AU corresponds to 3.1 

streptavidin molecules/μm which was estimated by calibrating the microscope and 

camera setting(Kural et al., 2005). Therefore, the sorting rate of streptavidin molecules 

is calculated to be Rate = 1000 AUpixel × 3.1 molecules/μm2/AU•~0.322μm/pixel ×1.7 

μm/s, which results in approximately 1700 molecules/s. This rate remained almost 

constant at different timeframes. 

 

Figure 2-24: (A) shows the fluorescent intensities along the pixel line of A–A’ in 

Figure 2-23, t=10 min (see also the inset) to estimate molecular sorting rates. From 

the microscope and camera calibration data and stoichiometry between biotinylated 

microtubules and streptavidins, it is estimated that ~103 molecules/s are removed 
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from the analyte stream and transported towards the collector. This is entirely due 

to the microtubule transport by kinesin. (B) The concentrated microtubules 

increase the fluorescent intensity, which was measured by summing up the 

intensities of every pixel in the dotted rectangle of Figure 2-23 with time (see also 

the inset). These intensity signals were also converted to the number of molecules. 

For example, 8×105 AU (arbitrary unit) (t=50 min) corresponds to ~2.5×105 

molecules in the collector (25 μm by 70 μm). 

Another quantification of the device is to analyze the signal enhancement factor 

of the collected molecules. We determined a rectangle around the collector which is 

about 25 μm by 70 μm (see Fig. 3, t=10 min) and then summed up all intensities within 

the rectangle. Figure 2-24B shows the fluorescent intensity enhancement as well as the 

resulting number of streptavidin molecules concentrated at the collector with time. 

Since microtubules are translocated by kinesin in general gliding assay about 25–50 nm 

above the bottom substrate, the volume of the concentrated microtubules can be 

approximated to be Vcol=50nm•~25μm�~70μm. Hence, the molar concentration can be 

estimated to be ~5 μM (2.6×105molecules/Vcol) which is about 2×10
3

 folds higher than 

the initial concentration of the analyte (2 nM). This result is quite comparable 

compared to other traditional methods(Quirino and Terabe, 1998)  but overall the device 

is significantly efficient(Ramachandran et al., 2006; van den Heuvel et al., 2006). 

The nanotracks played an important role in governing the performance of the 

device because the sorting rate of target molecules from the analyte stream to the 

collector is directly proportional to the number of microtubules guided by nanotracks. 

The width of the horizontal microtubule channel is about 100 μm but the width of 

collector is about 70 μm (see also Figure 2-23, t=10 min and Figure 2-24A). Since the 
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width of a repeatable pattern of the nanotracks is about 700 nm (350 nm valley and 350 

nm bank), approximately 100 nanotracks (=70μm/700nm) can contribute to the sorting 

rate. Assuming that every nanotrack guides at least a microtubule and all biotin 

molecules bind to streptavidin molecules, the resulting sorting rate can be estimated to 

be 1.7μm/s×100×160biotins/μm=2.7×10
4

 molecules/second, which seems to be 

overestimated compared to the experimentally measured sorting rate by a factor of ten. 

However, if we take into account the binding affinity between biotin and streptavidin, 

the difference can be explained. Moreover, our previous study on the efficiency of the 

nanotracks supports that every nanotrack is unlikely to guide a microtubule at the same 

time. 

To increase the binding affinity between target molecules (streptavidins) and 

functionalized (biotinylated) microtubules which is directly related to the performance 

of the device, the diffusion and/or saturation time of the target molecules to the 

functionalized microtubules needs to be optimized. From the analyte flow speed of 100 

μm/s and the overlapping distance of the analyte channel with the horizontal channel 

(100 μm), the streptavidin molecules should diffuse to the bottom where the 

microtubules are translocated (25–50 nm above the bottom substrate8) within a second 

(t=100μm/100μm/s). From the diffusion equation of δ = Dt (where δ is the diffusion 

distance, D=(10
-10

–10
-9

)m2/s is the diffusivity of streptavidin, and t =1 is diffusion 

time), the streptavidin molecules can travel as far as 10–30 μm in a second, which is 

longer than half of the channel depth (10 μm). Therefore, we expect that most of the 

streptavidin molecules can be bound to the biotinylated microtubules. Of course, for a 
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slow flow velocity, since the diffusion time increases, more target molecules can be 

bound to the functionalized microtubules. However, this can deteriorate the 

performance of the device because the target molecules can saturates the binding sites 

of the functionalized microtubules. On the other hand, for a fast flow velocity, shorter  

diffusion time cannot allow the target molecules to bind to the functionalized 

microtubules and the drag force caused by strong hydrodynamic shear may cause the 

microtubules to be lifted off. Therefore, the diffusion and saturation limit of the target 

molecules to the functionalized microtubules were carefully determined when the 

microchannels was designed and fabricated. 

Finally, the performance of the device may depend on the conditions of the 

motility of kinesin and microtubule. Therefore, it is worth confirming that the device 

can provide enough ATP with kinesin at the intersection and the reservoirs contain a 

sufficient amount of analyte and buffer solutions during the experiments. Since the 

fastest analyte flow speed is about 100 μm/s and the channel is 20 μm deep and 50 μm 

wide, the required analyte volume over an hour is calculated to be 100 μm/s×20 μm×50 

μm×1hr =0.36 μL, which is far smaller compared to the analyte volume in the reservoir 

(~200 μL). Similar calculations can be applied to the buffer and the flow of microtubule 

containing solutions, but the buffer and other reservoirs contain a sufficient amount of 

solutions to last much longer than an hour. In addition, the continuous flow rates 

ranging from 10 μm to 100 μm are believed to prevent local pH change and ADT 

accumulation via ATP hydrolysis by flushing all channels with fresh solutions. 
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 In conclusion, we successfully demonstrated a state-of-the-art and self-powered 

micro-/nano-fluidic device for selective molecular sorting and higher concentration by 

employing the nanotransport ability of kinesin and microtubule as operating energy 

sources. We used microfluidic channels so that target molecules, buffer solutions, and 

ATP were properly delivered to the intersection where functionalized microtubule are 

translocated by kinesin and the flow rates within the microchannels were well 

controlled by adjusting the volumes of analyte, buffer, and other solutions in the 

reservoirs. We also used nanoimprinted nanotracks so that the functionalized 

microtubules were guided to move across the intersection. While the functionalized 

microtubules passed the intersection, they were able to bind to target molecules and 

transport them away from the analyte stream. Subsequently, we concentrated the target 

molecule-bound-microtubules at a fixed spot on the device for sensitive detection with 

a high NA objective by integrating the horseshoe-shaped collector with nanotracks via 

the polymer transfer bonding technique. The designed collector physically trapped the 

leading ends of target molecule-bound microtubules into the gap between the 

nanotracks and the horseshoe-shaped microstructure, followed by chemical cross-

linking. We used biocompatible materials to obtain better motility of kinesin and 

microtubule in the device, so that it was possible to selectively remove a few thousand 

biomolecules from the analyte stream and achieve as high as 10
3

 folds pre-

concentration within an hour. Finally, we note that this approach can be useful to build 

portable, selective, and sensitive biosensors and promises integration of other 

microanalysis steps for complete, stand-alone, and lab-on-a-chip applications. 
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CHAPTER 3  

STRUCTURAL DETERMINANT OF  

KINESIN’S DIRECTIONALITY 

3.1 Introduction 

Molecular motors move along cytoskeletal filaments by generating mechanical 

forces from the energy made available by ATP hydrolysis and are responsible for 

various tasks in different cell types. For example, an actin-based molecular motor, 

myosin II, can sliding along a actin filament and is responsible for muscle contraction; 

another actin-based motor, myosin V and the microtubule-based motors cytoplasmic 

dynein and kinesin-1 function as carriers and transport organelles by moving along 

their respective filaments; one member of kinesin-14 family, Ncd, can produce force on 

microtubules to help maintain and elongate the length of mitotic spindles(Hirokawa et 

al., 1998; Johnston et al., 1991; Sharp et al., 1999).  

The detail mechanism by which molecular motors convert the chemical energy 

from ATP to generate mechanical force remains fundamentally unclear and significant 

efforts from a number of group are directed towards closing these gaps in our 

understanding. One very important unresolved question is how different motors from 

the same motor superfamily with virtually identical structure in the head domain can 
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generate the forces and movements in different directions along cytoskeletal filaments. 

These different directionalities within the same kind of motors can be found either in 

the myosin or in the kinesin superfamily. For example, in the kinesin superfamily, most 

members are microtubule plus-end-directed motors, whereas the members in kinesin-14 

family are minus-end directed motors. As pointed out above, the interesting (surprising) 

observation is that the crystal structures (Kozielski et al., 1999; Kozielski et al., 1997; 

Sack et al., 1997)of these motors are so similar  that we expect that the fundamental 

mechanisms of ATP energy transduction and motility  to be very similar, yet they can 

produce movements in the opposite direction along filaments. Therefore, studying 

motor‟s directionality can not only tell us how motors control their directionality, but 

also give us more information on how motors regulate their motions. The goal for my 

work was to determine which domain of kinesin motors controls their directionality. 

For this work I used a mutagenesis-based approach to create kinesin mutants in which 

domain hypothesized to be determinants of kinesin‟s directionality were altered and the 

functional consequence of the changes where experimentally tested by multiple motor 

in vitro motility assays.  

 

3.1.1 Kinesin’s directionality 

As described above, one of the motor superfamily that is comprised of motors 

with different directionalities is the kinesin superfamily. The kinesin superfamily 

contains fourteen different families(Lawrence et al., 2004). A key feature of kinesins is 

that they move in a predetermined direction along the microtubule that they interact 
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with. All families of kinesin superfamily, except kinesin-14, are plus end-directed 

motors which means that they move toward the microtubule‟s plus-end or fast growing 

end(Vale et al., 1985b; Walker et al., 1990). Kinesins contain a motor domain (also 

called the head domain or catalytic core domain), a neck, coiled-coil part and a tail 

domain. Most  kinesins are N-terminal motors in which the head domain is at the 

amino-terminal end of the protein whereas some kinesins are C-terminal motors in 

which the head domain is located at the carboxyl terminus of the protein.  Interestingly, 

all plus end-directed kinesins are N-terminal motors, whereas minus end-directed 

motors are C-terminal motors(Endow, 1999). The exact mechanism by which kinesins 

can be directed to the minus-end or plus-end of microtubules is still unknown. 

Kinesin-1 (also referred to as conventional kinesin or kinesin) was the first 

discovered (Brady, 1985; Funatsu et al., 1997) and remains best studied. Ncd (Non-

claret disjunction), which belongs to the kinesin-14 family, has been discovered early 

on the 90‟ and it became soon thereafter apparent that Ncd moves in the opposite 

direction as kinesin(McDonald and Goldstein, 1990; Walker et al., 1990). Therefore, 

kinesin, along with Ncd, are used as kinesin directionality model. Interestingly, 

although the amino acid sequences of kinesin and Ncd are only 40% homologous in 

their catalytic cores(Endow et al., 1990; Sablin et al., 1998) the crystal structures of 

kinesin and Ncd show that the head domains are nearly identical(Kozielski et al., 1999; 

Kozielski et al., 1997; Kull et al., 1996; Sablin et al., 1996). 
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Figure 3-1: The crystal structure for kinesin (dimer crystal structure; PDB # 3KIN 

(Kozielski et al., 1997)) and Ncd (dimer crystal structure; PDB #1C7Z (Sablin et al., 

1996)). Pictures were generated by Pymol, DeLano Scientific LLC.  

The crystal structure of the N-terminal region of kinesin is shown on the left of 

Figure 3-1. The head domain which has amino acid residues 1-338, contains a flexible, 

about 15 a.a. neck-linker in the C-terminus of head domain followed by a ~30 a.a. long 

coiled coil commonly referred to as the neck domain. The head domain includes the 

microtubule binding and ATP hydrolysis sites. Associating with the binding of ATP, 

the head domain has a large structural reorganization that is believed to directs kinesin 

motor toward the plus end of microtubules(Rice et al., 1999; Tomishige and Vale, 2000) 

and plays an important role in the processivity of kinesin(Rosenfeld et al., 2003). The 

neck domain is responsible for dimerization of kinesin and is also implicated in 

influencing to the processivity of kinesin(Thorn et al., 2000). As shown on the right 

side of Figure 3-1, a crystal structure of Ncd indicates that the head domain of Ncd is 

located at the C-terminus, and with the neck domain extended N-terminally from the 

head domain. The head domain of Ncd, similar to that of kinesin, contains the sites for 
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ATP-hydrolysis and microtubule-binding, while the neck domain dimerizes Ncd and is 

postulated to direct the motor to the minus direction(Sablin et al., 1998). Structurally, 

the similarities of kinesin and Ncd are: (1) The head domains of kinesin and Ncd are 

virtually identical even they are only 40% identity in their amino-acid sequences. (2) 

The functions for both heads are the same. They both bind microtubule and hydrolyze 

ATP. (3) The dimerization function for both necks is the same. The most striking 

structural differences between the two kinesins is that Ncd does not have neck-linker 

between neck and head domains.    

3.2 Result and discussion 

3.2.1 Does the neck domain of kinesin determinant motor’s directionality? 

In an early study, Kinesin and Ncd were truncated leaving different lengths of 

coiled-coil domains at their C-terminus and N-terminus, respectively (Stewart et al., 

1993). These truncated kinesin and Ncd mutants did not change their direction of 

movement along the microtubules. This result suggested that some parts close to the 

motor domains of kinesins dominate their directionality (Figure 3-2). In addition to this 

truncation study, two reports coincidentally constructed kinesin chimeras in which 

kinesin-1‟s catalytic core domain was replaced with Ncd‟s head domain(Case et al., 

1997; Henningsen and Schliwa, 1997). Although these kinesin chimeras have the head 

domain of wildtype Ncd which supports minus-end directioned movement, these 

chimeras are plus-end directed motors (Figure 3-2). Both experiments indicated that the 

head domains do not determine kinesin‟s directionality.  
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Figure 3-2: Kinesin directionality studies. Early work regarding kinesin’s 

directionality was based on truncation on kinesin’s stalk domains or replacing 

kinesin’s head domain with Ncd’s head domain(Case et al., 1997; Henningsen and 

Schliwa, 1997; Stewart et al., 1993). 

3.2.1.1 The neck domain 

Truncation studies and the kinesin chimera studies, together, suggested that 

domains close to but outside of the head domain may control kinesin‟s directionality. 
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This domain, in both plus-end and minus-end directional motors, is identified as the 

neck domain from the amino acid sequences.  

 The neck domain, in both conventional kinesin and Ncd, is a rigid coiled-coil 

structure formed by two identical α helixes with heptad repeats arrangement. This 

heptad repeat, which is a sequence of amino acids with every seven residues as a 

section and in each section the first and the fourth amino acids are hydrophobic 

residues, has been recognized as an important identification for the coiled-coil 

structure(Kozielski et al., 1997).  This coiled-coil neck domain is rigid; thus, the neck 

domain is ordered in crystal and demonstrated in most x-ray scattering structures of 

kinesin(Kozielski et al., 1999; Kozielski et al., 1997; Kull et al., 1996; Sablin et al., 

1996). This coiled-coil property of the neck domain is responsible for several functions 

of kinesin. First, the rigid neck domain accompanied by another coiled-coil domain, the 

stalk domain, is believed to be sufficiently rigid such that this coiled-coil part acts as a 

rigid rod (lever arm) to provide a power stroke for the forward motion of the Ncd 

motor(Endres et al., 2006). In addition, this lever-arm power stroke mechanism is 

further confirmed by an early crystal structure study of Ncd which shows that the neck 

domain is able to rotate about 75 degrees relative to its head domain with a pivot point 

in the junction of the neck and head(Yun et al., 2003). Also, the coiled-coil structure of 

the neck domain is responsible for kinesin‟s dimerization in which two kinesin 

monomers form a functional dimer in their neck and stalk domains. Another function of 

the neck domain is to support kinesin‟s processive movement. This processive 

movement of kinesin is aided by highly positive-charged residues in the neck domain 
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that interact with the negative-charged C-terminal region of β tubulin (E-hook). This 

electric static interaction helps  kinesin stay on and processively move along 

microtubules and thus, increases kinesin‟s processivity(Thorn et al., 2000). 

 

3.2.1.2 The sequence and crystal structure of kinesins suggest neck domain has 

interaction with head domain 

The amino acid sequences and crystal structures comparisons show that this neck 

domain is directly jointed to the head domain in both conventional kinesin and Ncd but 

with different joint positions (Figure 3-3 and Figure 3-4). The C-terminus of the coiled-

coil neck domain is joined to the N-terminus of Ncd‟s head domain; while in 

conventional kinesin, the neck domain extends from the C-terminus of kinesin‟s head 

domain. Although no direct evidence indicates that the neck domain interacts with the 

head domain, the proximity between kinesin‟s head and neck domains makes it likely 

that the neck domain has interactions with the head domain. These head-neck 

interactions may, therefore, control kinesin‟s directionality.  
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Figure 3-3: The crystal structure for kinesin (dimer crystal structure; PDB # 3KIN 

(Kozielski et al., 1997)) and Ncd (dimer crystal structure; PDB #1C7Z (Sablin et al., 

1996)). Pictures were generated by  Pymol, DeLano Scientific LLC. 

 

Figure 3-4: Amino acid sequences (primary structures) for kinesin-1 (KHC) and 

Ncd and their moving direction on the microtubules  

If the kinesins‟ directionality is controlled by interactions between the neck 

domain and the head domain, the steric position (or proximity) between these two 

domains becomes essential.  In other words, if there is any change in the relative 

orientation on these domains, the interaction between the neck and head domains will 

be disrupted. This proximity is confined by the connection between the neck and head 

domains.  In minus-end directed kinesin, Ncd, it is the C-terminus of the neck domain 

that is connected to the head domain; thus the C-terminus of Ncd‟s neck domain is 
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closer to the head domain than its N-terminus. On the contrary, in conventional kinesin, 

the N-terminus of the neck is directly connected to the head domain; therefore, the head 

domain‟s proximal neck is the N-terminus of neck domain.  Consequently, Ncd‟s C-

terminal neck is more likely to interact with its head while it is kinesin‟s N-terminal 

neck that may interact with its head domain. It is possible that the neck controlling 

kinesin‟s direction is through this proximal interaction between the head and neck. 

Therefore, if a kinesin has its neck replaced by a neck from a different directional 

kinesin, the new neck domain may interact with the head domain reversely and move to 

different direction. As a consequence, this neck-replaced kinesin will change its moving 

direction.   

 

3.2.1.3 Mutation experiments for testing if the neck domain controls kinesin‟s 

directionality 

To test if the neck domain controls kinesin‟s directionality, PCR techniques were 

used to engineer the mutants, HKNcd and NcdHK. HKNcd is constructed based on a 

truncated human kinesin (kinesin-1) containing residues from 1 to 560, and its neck is 

replaced with reversed Ncd‟s neck to mimic the potential proximal interactions between 

Ncd‟s neck and head domains. NcdHK was engineered from a wild-type Ncd with its 

neck domain being replaced with reversed kinesin-1‟s neck domain to mimic the 

potential interactions between the conventional kinesin‟s neck and head 

domains(Figure 3-5). 
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Figure 3-5: Amino acid sequences of HKNcd and NcdHK 

Kinesin mutants are tested in multiple motor gliding assays (Figure 3-6) with 

polarity-marked microtubules which have both ends brighter than the center part and a 

longer plus end than the minus end(Howard and Hyman, 1993) (Figure 3-7). The 

fidelity of end labeling of polarity marked microtubules are tested by wild-type human 

kinesin which is known a plus-end directed kinesin. The result showed that more than 

98% of microtubules are labeled correctly (N>300).   

 

Figure 3-6: Arrangement of kinesin motors and microtubules in multiple motor 

gliding assays and polarity-marked microtubule gliding assays. This figure depicts 

plus-end directed kinesins. Figure is taken from Molecular Cell Biology 5E, Lodish 

et al(H. Lodish, 2003). 
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Figure 3-7: Multiple motor gliding assay with polarity-marked microtubules. The 

slow-growing minus-ends are marked by short bright segments and, conversely, the 

fast growing, plus-ends are marked by long bright segments. In this sequence of 

video images two polarity-marked microtubules are seen to move with the short, 

bright ends leading which indicates that HKNcd is a plus-end directed motor.  

 

3.2.1.4 The neck domain does not control the directionality of conventional kinesin  

The results of motility properties of the chimera HKNcd and NcdHK are 

summarized in Figure 3-8. The gliding velocity of HKNcd is similar to wild-type 

conventional kinesin, and the directionality of HKNcd is the same as kinesin. This 

indicates that Ncd‟s neck does not alter the directionality or the speed of conventional 

kinesin. This result also indicates that the neck domain is not the sole determinant of 

directionality for conventional kinesin.  The gliding assays show that NcdHK does not 

support motility in gliding assays. This suggests that Ncd‟s neck plays a specific and 

essential role in the force generating mechanism of Ncd motor. Certainly, the neck 

domain of Ncd does alter or revert the directional properties of the kinesin-1 motor 

domain. 
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Figure 3-8: Amino acid sequences of HKNcd and NcdHK with directionalities and 

speed measured in the multiple motor gliding assays with the polarity-marked 

microtubules. 

The mutant of convention kinesin, HKNcd, has the same directionality as wild-

type conventional kinesin regardless of its neck being replaced with a comparable part 

of the reverse directional motor. This result implies that the neck domain does not 

dominate kinesin‟s directionality. This conclusion, in combination with the results from 

the kinesin truncation experiments by Stewart et al., which suggested that parts close to 

the head domain control the directionality, indicates that some parts much closer to the 

head domain than the neck domain control kinesin‟s directionality (Figure 3-9). It has 

been proposed on the basis of the crystal structure of conventional kinesin that the 

neck-linker, which is located between the head and neck domains, is much closer to the 

head domain than the neck domain and may be responsible for conventional kinesin‟s 

directionality. 
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Figure 3-9: Mutations of kinesin-1. KHC: wild type kinesin, HKNcd: kinesin has 

neck region replaced with Ncd’s neck and coiled-coil domain truncated kinesins 

from Stewart et al., 1993.  

3.2.2 Does the neck-linker determinant motor’s directionality? 

3.2.2.1 The neck-linker 

The crystal structure of kinesin has showed that the neck-linker is a flexible linker 

between the globular head domain and the coiled-coil neck domain(Kozielski et al., 

1997; Sindelar et al., 2002). Mutation of this neck-linker area disables kinesin‟s 

motility suggesting that the neck-linker is essential for kinesin‟s motility(Case et al., 

2000). Cross-linking one residue from this linker at its C-terminus to the globule head 

domain dramatically reduces kinesin‟s velocity and processivity(Tomishige and Vale, 

2000). This reduction in velocity and processivity suggests that the neck-linker 

detaches and reattaches to the head domain and has a conformational change linked to 

ATP hydrolysis. In addition to these kinesin mutant experiments, Cyro-EM images and 
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electron paramagnetic resonance (EPR) showed that kinesin‟s neck-linker changes its 

position coupled to changes in nucleotide state(Asenjo et al., 2006; Rice et al., 1999). 

Taken together, these studies indicated that the neck-linker is flexible at nucleotide-free 

and ADP states but becomes ordered when the motor domain is in the ATP state, and 

the neck-linker has its C-terminus pointing toward to the plus end of the microtubule.  

Although these experimental observations are from a number of separate experiments, 

together, they suggested that the transition of the neck-linker form a flexible to an 

ordered state that interacts with the globular head domain in a directed, ordered manner 

suggests that the neck-linker may play a key role in kinesin‟s plus-end directionality. 

As highlighted above, previous studies of kinesin‟s directionality revealed that 

Ncd‟s head domain combined with some parts of kinesin-1 can result in plus-end 

directed motors, regardless the head domain is from a minus-end directional motor. 

These results indicated that parts beside the head domain control kinesin‟s 

directionality(Case et al., 1997; Henningsen and Schliwa, 1997). In these studies, three 

parts from plus-end directional kinesin were combined with Ncd‟s head domain: neck-

linker, coiled-coil neck and stalk domains. As these studies suggested that the head 

domain does not control the directionality, which of these three kinesin-1 domains 

contributes to kinesin‟s directionality is unclear. That the neck and stalk domains 

control kinesin‟s directionality is ruled out because kinesins with necks from motors 

that support movement in different directions (this current study, HKncd) and kinesins 

without stalk(Stewart et al., 1993) do not change their direction. Based on these 

conclusions the neck-linker is the only structural domain left that may determine the 
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direction of movement. Indeed, the neck-linker appear a likely domain to control 

kinesin‟s directionality because first, as suggested from the study of HKncd, it is closer 

to the head domain than the neck domain. Second, it is randomly oriented in the 

nucleotide states other than ATP state and third, it is pointing towards the plus-end of 

the microtubule in the ATP-bound state.  If the neck-linker determines kinesin‟s 

directionality, a conventional kinesin with its coiled-coil neck and stalk domains 

deleted will have the same directionality as wild-type kinesin-1. The results of this 

extremely truncated kinesin chimera, the early kinesin chimera experiments(Case et al., 

1997; Henningsen and Schliwa, 1997) and the observations from previous truncated 

kinesin experiments(Stewart et al., 1993), together, will provide us with more 

information on which parts control kinesin‟s directionality. 

3.2.2.2 Evidence that the neck-linker is an important determinant of kinesin‟s 

directionality 

To test the hypothesis that the neck-linker determines kinesin‟s directionality, a 

kinesin mutant, HKnl, was cloned. HKnl has the head domain of conventional kinesin 

and the complete neck-linker but all coiled-coil neck and stalk domains were eliminated 

( Figure 3-10).  
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Figure 3-10: Domain organization of HKnl and conventional kinesin. HKnl laches 

the coiled-coil neck domain and stalk domain. 

HKnl‟s directionality is measured in the gliding assays with polarity-marked 

microtubules. The gliding assays show that the microtubules moving with their short 

bright ends as the leading ends. This indicates that HKnl is a plus-end directional motor 

(Figure 3-11). This result suggests that the coiled-coil neck domain and the stalk 

domain are not necessary for kinesin‟s directionality.  

 

Figure 3-11: The result of HKnl shows that HKnl is a plus-end directed motor. 

As discussed previously, two early kinesin studies in which kinesins‟ head 

domains are replaced with Ncd‟s head domain suggested that the head domain is not the 

determinant for kinesin‟s directionality(Case et al., 1997; Henningsen and Schliwa, 

1997). In these studies, researchers eliminated the possibility that the head domain 

controls kinesin‟s directionality. However, they did not identify which part other than 

head domain determines the directionality.  In this current study, a kinesin mutant, 
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HKnl, was engineered in which the neck domain and the stalk domain were deleted and 

only the neck-linker remains intact. This kinesin mutant, HKnl, does not change its 

directionality regardless that the neck and stalk domains are eliminated (Figure 3-12). 

This result accompanied by the results from Henningsen and Schliwa and that from 

Case et al. demonstrates that no matter how the kinesin‟s head domain is replaced or 

the coiled-coil parts are truncated, as long as there is a neck-linker, this motor is plus-

end directed motor. Therefore, these results indicate that the neck-linker determines 

kinesin‟s directionality. In addition, two previous studies about mutations in the neck-

linker indicated that the neck-linker also plays an important role in ATP hydrolysis 

function(Case et al., 2000; Tomishige and Vale, 2000). These neck-linker studies and 

current work, together, suggest that the neck-linker not only controls kinesin‟s 

directionality but also controls kinesin‟s ATP energy transduction.  

 

Figure 3-12: The neck-linker’s role in directional motility. Regardless kinesin’s 

head domain is replaced or the stalk domain is truncated, as long as the neck-linker 

is intact, the kinesins are the plus-end directed kinesins.   
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3.2.3 The neck-head joint does not determine the directionality of Ncd 

In the above section I presented evidence that kinesin‟s directionality is controlled 

by the neck-linker. Since Ncd is an analogue to the conventional kinesin, I 

hypothesized that Ncd might use a domain similar to the neck-linker to control its 

directionality. However, from the sequence alignment of Ncd and kinesin, there is no 

part comparable to the neck-linker in Ncd. In addition to this sequence alignment, the 

crystal structure of Ncd shows that there is no residue between the neck domain and the 

head domain which is the place that the neck-linker presented in the conventional 

kinesin(Sablin et al., 1996).  Therefore, Ncd does not appear to use an analogue of the 

neck-linker to control its directionality. However, Ncd may employ a mechanism 

similar to that used by the neck-linker to control its movement toward the minus end of 

microtubules. One of the necessary requirements for the neck-linker to direct kinesin is 

that the directional determinant must be very close to the head domain.  In addition, the 

work of Steward  et al. (1993) also showed that the part control Ncd‟s directionality 

must be sufficient close to the head domain(Stewart et al., 1993).  Thus, this head-

proximal part is reasonable candidates for the directional determinant in Ncd. 

A head-proximal part that might control Ncd‟s directionality is the joint area of 

the neck and head domains. This joint has been reported in a previous study of 

kinesin‟s directionality by Endow and Waligora. In this study chimeric motors 

consisting of kinesins with Ncd‟s neck at the N terminus and kinesin motor domains in 

C terminus move either toward the plus or the minus end of the microtubule. This  
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reversal of direction seems to be based on mutating two residues in the junction of the 

neck domain and the motor domain (Endow and Waligora, 1998). Replacing two 

residues from Ncd‟s neck domain (glycine and asparagines, or GN) with two residues 

from kinesin‟s head domain (aspartate and serine, or DS) changes a minus-end 

directional kinesin to a plus-end directional motor (Figure 3-13). Although these 

kinesin chimeras have only two to nine percent of the speed of wild-type Ncd, this 

minor residue changes leads to a kinesin with reversed direction indicates that this joint 

of neck and head domains may play a leading role in Ncd‟s directionality.  

In Endow and Waligora‟s study, however, the kinesins contain elements of both 

Ncd‟s neck domain and kinesin‟s head domain. Therefore, the conclusion that the neck-

head joint controls wild-type Ncd‟s directionality remains uncertain. If this inter-

domain joint determines Ncd‟s directionality, wild-type Ncd with neck-head joint 

mutated to the same change (G and N are replaced with D and S) may reverse the 

direction of wild-type Ncd and move toward the plus end of the microtubules.  



96 

 

 

Figure 3-13: Kinesin chimeras with altered directionality. Kinesin mutation which 

has Ncd’s neck domain and kinesin-1’s head domain is either a plus-end or minus-

end directed motor. The characters beside mutant’s primary structure are detail 

amino acid sequences in the neck-head junction.  

3.2.3.1 Experiments probing the role of the neck-head joint in Ncd‟s directionality 

To test if the neck-head joint determines Ncd‟s direction, I constructed several 

Ncd mutants where residues in the joint area were replaced with different amino acids. 

The first Ncd mutant, NcdG347DN348S, has the residues in the joint area, G and N, 

replaced by residues D and S (Figure 3-14) as previously described by Endow and 

Waligora (1998). These authors reported that kinesin-Ncd chimeras with this DS 

replacement reverse their direction to the plus-end of the microtubules. I tested the 

directionality of NcdG347DN348S in the gliding assays with the polarity-marked 
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microtubules and found that the microtubules are bound to the motor coated surface 

only and do not have motility. This result indicates that NcdG347DN348S is not a 

functional motor and implies that the neck-head joint does not control Ncd‟s 

directionality. 

 

Figure 3-14: Ncd mutant NcdG347DN328S is an Ncd motor with neck mutations. 

Residues 347 and 348 are located in the neck-head joint.  

Two reasons may be able to explain why this minor mutation in the joint area 

disables kinesin‟s motility. First, the ATPase activities of NcdG347DN348S are 

disabled by the replacement residues; therefore, NcdG347DN348S cannot support the 

multiple motor gliding assays. However, it is very unlikely that only two residues 

changes can destroy the entire ATPase activities of the motor. The ATPase activities 

should be reduced slightly with only two residues being mutated because in most of the 

mutant studies, the ATPase activities of motors will be gradually reduced by 

progressively mutating residues. Furthermore, these two residues are on the surface 

area of the motor domain which is not close to nucleotide binding pocket for intake the 

ATP molecules or in the energy transduction pathway of ATPase for transmitting 

energy of hydrolyzing ATP to provide motor‟s motion. Consequently, the mutation in 

this joint area will not interrupt the hydrolysis of ATP and should not fully block Ncd‟s 



98 

 

ATPase activities. On the contrary, if the ATPase activities are not entirely blocked by 

the replacement residues, NcdG347DN348S should support microtubules‟ movement in 

the multiple motor gliding assays. However, this mutated Ncd cannot facilitate 

microtubules‟ movement; as a result, the reason that the ATPase activities are disrupted 

by the replaced residues is ruled out.  

 The second reason is that the replacement residues disrupt the power-stroke 

mechanism of Ncd; and thus, mutated motors cannot support the gliding assays when 

their power-stroke mechanism is disrupted. An alternative, but similar reason may be 

that the power-stroke mechanism of the neck domain also facilitates ATP hydrolysis by 

the head domain and Ncd with disrupted power-stroke mechanism could neither 

facilitate microtubule movement nor undergo the ATPase activities. Therefore, the 

mutated motors could not support the multiple motor gliding assays.  This disruption of 

Ncd‟s power-stroke mechanism by the replacement of only two residues may be based 

on these neck-head joint residues act as a pivot point of the coiled-coil lever-arm which 

swings relative to the head domain to provide a power-stroke. This coiled-coil neck and 

stalk domains provide the power-stroke in Ncd is supported by Ncd mutation studies 

(Endres et al., 2006) and a crystal structure study of Ncd which showed that the neck 

coiled-coil can rotate to provide power-stroke with this neck-head joint as a pivot 

point(Yun et al., 2003). In addition to this power-stroke study for microtubule-based 

motor, Ncd, another report suggested that an actin-based molecular motor, myosin II, 

which also uses lever-arm to provide a power-stroke for motor movement, uses a 

glycine residue as its pivot point to undergo power-stroke(Higuchi and Endow, 2002; 
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Ruff et al., 2001), and this glycine residue is the same as one of residues mutated in this 

current work. Therefore, this glycine, G347, in Ncd may act as a pivot point for Ncd‟s 

motion.  

To further test that the G347 is a pivot point and confirm that the neck-head joint 

does not control Ncd‟s directionality, two more Ncd mutants, NcdN348K and 

ncdN348A, were constructed. These two mutants have the pivot-point residue G347 

intact whereas in NcdN348K, the uncharged residue N348 is replaced with a highly 

charged residue lysine (K) and in NcdN348A, the large residue N348 is replaced with a 

small residue alanine (A). The multiple motor gliding assays with polarity-marked 

microtubules show that both NcdN348K and NcdN348A have the same directionality 

as wild-type Ncd (Figure 3-15 and Figure 3-16). This indicates that these replacement 

residues do not alter the function of Ncd, regardless of their charge or smaller size. In 

addition, these biophysical similarities between wild-type Ncd and the mutants 

NcdN348K and NcdN348A and the immotile property of NcdG347DN348S suggest 

that the residue N348 is not essential for Ncd‟s directionality whereas the residue G347 

is crucial for supporting motility of Ncd. Besides, the residue G347 is in the neck-head 

joint, which is a point acts as a center for coiled-coil neck rotation(Yun et al., 2003), 

and it is exactly same amino acid residue glycine as the pivot point for myosin II(Ruff 

et al., 2001). Therefore, I propose that the residue G347 probably has the function as 

the pivot point for lever-arm of Ncd(Higuchi and Endow, 2002). In summary, G347 

acts as a pivot point and N348 is not essential for Ncd‟s motility; these results suggest 

that these two residues in the neck-head joint do not control Ncd‟s directionality. 
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Figure 3-15: Image sequence of NcdGN348A. From 1 to 6, microtubule move with 

longer bright end (plus-end of microtubule) as a leading end indicating that 

NcdGN348A is a minus-end directed motor. 

 

Figure 3-16: Ncd mutants to determine if the neck-head joint controls Ncd’s 

directionality. Mutations in the residue number 348 to different amino acid 

(NcdN348A and NcdN348K) do not have large effect in both directionality and 

gliding speed, whereas mutations in residues 347 and 348 result in a non-functional 

motor.   
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3.2.4 The C-terminus of neck domain determines the directionality of Ncd. 

As shown in amino acid sequence and crystal structure (Figure 3-1 at page 79 

and Figure 3-16), Ncd can be divided into three major domains: the head, the neck and 

the stalk domains. According to one of previous directionality study of kinesin by 

Stewart et al., the stalk domain does not control Ncd‟s directionality(Stewart et al., 

1993). Thus, the stalk domain is ruled out as determinant of Ncd‟s directionality. In 

addition, two studies on kinesin‟s directionality implied that head domain does not 

control kinesin motors‟ directionality(Case et al., 1997; Henningsen and Schliwa, 1997), 

and my work on NcdG347DN348S indicates that the neck-head joint is not responsible 

for Ncd‟s directionality. Therefore, only one of the components in Ncd is likely to 

control Ncd‟s directionality: the coiled-coil neck domain.  

The neck domain is not the determinant of conventional kinesin‟s directionality 

(see the study of HKncd), however, it remains uncertain if the neck domain controls 

Ncd‟s direction. This neck domain was the focus of two previous studies for Ncd‟s 

directionality, and they reported that the direction of Ncd can be engineered 

successfully by modifying residues in this neck domain(Endow and Higuchi, 2000; 

Sablin et al., 1998). These results implied that the neck domain may be the determinant 

of Ncd‟s directionality. Sablin et al. replaced 12 amino acids of wild-type Ncd  from the 

C-terminus of the neck domain with 12 random amino acids and showed that although 

the velocity is only about 2 percent of the velocity of wild-type Ncd, this Ncd mutant, 

Ncdr12, is a plus-end directed motor which is the reverse direction of wild-type 

Ncd(Sablin et al., 1998). The other group reported that Ncd can change it directionality 
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by modifying a single amino acid in the neck domain(Endow and Higuchi, 2000). In 

this study, the residue N340 was replaced with lysine, and this construct, NK11 (or 

NcdN340K), can move microtubules in one direction and switch to the reverse 

direction in the multiple motor gliding assays. This work suggests that NcdN340K is a 

bi-directional motor and implied that this residue N340 in the neck domain may be 

important for Ncd‟s directionality.  

These two previous studies indicated that the neck domain may control Ncd‟s 

directionality. However, in this current study, these experimental could not be 

confirmed as reported previously. The Ncdr12 cannot facilitate microtubule‟s 

movement in the multiple motor gliding assays. This indicates that this mutant is a non-

functional motor. This disabled Ncd mutant is largely expect, because a 12 random 

amino acid replacements that cannot form the coiled-coil structure in the neck domain 

results in a disrupted lever-arm power stroke mechanism that is required for Ncd‟s 

normal forward movement (Endres et al., 2006). Therefore, Ncdr12 cannot support 

microtubule movement. On the other hand, another neck domain mutant, NcdN340K, 

was reported to move the microtubules to forward and backward directions; however, 

in this current work the same Ncd mutant (NcdN340K) was tested and shown to be a 

minus-end directed motor which is the same as wild-type Ncd. While this contradicts 

the previous observations, I am confine that the number of polarity-marked 

microtubules (N=119) used in my experiment established the correct directionality for 

NcdN340K (Figure 3-17).  
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Figure 3-17: Mutated Ncd motors with reversed directionality. Ncd motors with 

their neck domain mutated (Ncd-r12 and NK11) are reported that they can move to 

reverse direction. 

As discussed in the previous sections, the neck domain is the only part not being 

ruled out for controlling Ncd‟s directionality. To prove that the neck domain is the 

determinant and find out which part in the neck domain control Ncd‟s directionality, 

several experiments with truncated Ncd motors in it neck domain are necessary. 

Therefore, I engineered three Ncd mutants: Ncdhn1, Ncdhn2 and Ncd314. The Ncdhn1 

is a mutated Ncd which has 7 amino acids from 331 to 337 in the neck domain 

eliminated to keep its coiled-coil structure intact and prevent disruption of the lever-

arm power stroke mechanism. The Ncdhn2 is similar to Ncdhn1, but the eliminated 

neck part, which is from amino acid 334 to 340, is 3 more amino acids closer to the 

head domain. Another truncated Ncd is Ncd341 which is a Ncd having all stalk domain 

and the C-terminal part of the neck domain eliminated; that is, Ncd341 has the same 

head domain and neck domain as Ncdhn2 but all other coiled-coil parts are deleted.  

The multiple motor gliding assays show that Ncdhn1 is a minus-end directed 

motor with 0.55 percent of velocity of wind-type Ncd(Figure 3-18) whereas Ncdhn2 
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and Ncd341 are non-functional motors and do not support microtubule movement 

(Figure 3-19).  

 

Figure 3-18: Image sequence for Ncdhn1 shows that Ncdhn1 is a minus-end directed 

motor. 
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Figure 3-19: Ncd derivative mutants for study its directionality. Only Ncdhn1 is a 

function motor. Others are non functional motors. 

The primary structure and the directionality of these Ncd mutants, wild-type Ncd 

and two of Ncd chimeras from previous study are shown in Figure 3-20. As can be seen 

the comparison of motors derivative from Ncd, no matter on whether head domain is 

replaced or the stalk domain is eliminated, as long as the C-terminus of the neck 

domain is intact, the Ncd mutants can support motility in gliding assay and move 

toward the minus-end of the microtubules. This suggests that the C-terminal segment of 

the neck domain may control Ncd‟s directionality.  
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Figure 3-20: Ncd derivative mutants. Regardless the head domain is replaced 

(NcdKHC4) or the stalk domain is truncated (Ncdhn1 and GST-N320), as long as 

the C-terminus of the neck domain is intact (red dashed box), the motors are minus-

end directed motors.  

 

3.3 Conclusion 

From the studies of kinesin mutants in the current work, I found that that the 

directionality determinant of the plus-end directioned kinesin, kinesin-1, may be the 

neck-linker and the determinant of the minus-end directioned kinesin, Ncd, may be the 

C-terminus of the neck domain. The similarity between the neck-linker of kinesin-1 and 

the C-terminal neck domain of Ncd motor is that they are right on the immediate 
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extension of the head domain. This coincident similarity indicates that different 

directional motors may use similar mechanisms to control their directions. One of the 

well known mechanisms that Ncd uses to provide its motion is the lever-arm-power-

stroke mechanism. Kinesin-1 may use a mechanism similar to Ncd‟s mechanism by 

providing power-stroke via zipping and unzipping of neck-linker to the motor domain. 

The zipping and unzipping of neck-linker to the head domain is a crucial step to help 

ATP hydrolysis; thus, one might speculate the Ncd‟s rotation of the neck domain 

relative to its head domain may have similar function/control on the motor‟s ATPase 

activity. These similarities provide some insight into the conformation changes of 

kinesins during ATP turnover, however, strong, direct support to prove this hypothesis 

is lacking both in previous studies and this current work. Therefore, more detailed 

investigations of these mechanisms are necessary.      
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CHAPTER 4  

INTRA-MOLECULAR COMMUNICATION BETWEEN 

KINESIN’S HEADS 

4.1 Introduction 

The molecular motor kinesin is responsible for several mechanical tasks inside 

cells. One of the roles for one of the kinesins, conventional kinesin, is long distance 

transport along microtubules. To accomplish this task, conventional kinesin need to 

continuously move along a single microtubule without detachment, known as 

processive movement. This processive movement is achieved by having the two motor 

domains (or head domains) of kinesin stepping forward alternately in a hand-over-hand 

fashion (Yildiz et al., 2004). Each step displaces the motor‟s neck domain (joint point 

of the two head domains)  8 nm forward along the microtubule (Schnitzer and Block, 

1997). This continuous movement is so high, sometimes it can reach more than 100 

steps for each time it encounters a microtubule(Thorn et al., 2000). Consequently, most 

researchers in the field believed that there must be a coordinating mechanism between 

the two heads to always keep at least one head attached and a tethered head moving 

forward the direction it is headed. Therefore, this coordination has been modeled by 

several theories which can be divided into two categories: strain gating models and 

non-strain gating models. The non-strain gating models state that the coordination 
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between two heads is a mechanism of steric inhibition in which a microtubule bound 

head masks the binding site on the microtubule to prevent the tethered head from 

moving forward(Alonso et al., 2007). The strain gating models, on the other hand, 

appear to have more general support than non-strain models because there is long-

standing theoretical support (Hancock and Howard, 1999; Purcell et al., 2005; Shima et 

al., 2006)for this concept and most researchers believe (intuitively) that mechanical 

signals are the logical choice in coordinating the alternate mechanical stepping of 

kinesin‟s two heads. Most frequently it is proposed that mechanical (strain) signals 

between the heads  accelerate or inhibit microtubule binding or unbinding events and 

thereby modulate the ATPase activity within specific nucleotide states of each(Block, 

1998; Guydosh and Block, 2006; Hancock and Howard, 1999; Rosenfeld et al., 2003; 

Spudich, 2006; Tomishige and Vale, 2000; Uemura et al., 2002). Most studies which 

support strain gating models, assumed that during the two-head bound state strain is 

present between two motor domains, however, a direct validation of such internal 

strains and their consequences on the processive motion of kinesin remain elusive. 

Recently, first direct evidence for the strain gating model, using single kinesin 

TIRFM and optical trapping experiments, was presented (Yildiz et al., 2008). In this 

study, kinesin‟s neck-linker was extended by different length of polyproline inserts. 

The biophysical properties of the polyproline insert mutants suggest that intramolecular 

strain facilitates kinesins forward movement. Concurrently, I used a similar strategy to 

test the idea that a mechanical strain coordinates kinesin‟s motion by inserting a set of 

flexible amino acids between the neck-linker and neck of kinesin. I expect these inserts 
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to disrupt the mechanical (strain) signal by which kinesin‟s heads communicate. 

Consequently, I expect kinesin‟s gliding velocity/motility to decline in the presence of 

these inserts. Surprisingly, my study shows that kinesin‟s velocity is not influenced by 

inserts, and the decline in processivity observed for the shortest insert (~30%) is 

somewhat recovered with increasing insert length. These results are in disagreement 

with strain-gating models and suggest that mechanical signal may not be essential for 

kinesin.  

4.2 Result 

The crystal structure of kinesin reveals that two heads are extended by neck-

linker and jointed at the junction of the neck-linker and neck domain (Figure 4-1a) 

(Kozielski et al., 1997). If a mechanical signal is transmitted from one head to the other, 

mechanical stresses are transmitted along a pathway starting from the first head, 

passing through the first and second neck-linker to the second head. An additional 

flexible structure inserted in this pathway would disrupt or modulate the mechanical 

signal transduction. And therefore, by inserting flexible linker of variable length in this 

pathway one can test if the mechanical signal plays a major role in the coordination of 

the two heads.  To test this hypothesis, truncated human kinesin, HK560 (referred to as 

wild-type kinesin in this study), was mutated by inserting a set of flexible amino acid 

residues into the junction of the neck-linker and the neck domains (Figure 4-1). All 

wild type kinesin and mutants, HKI1, HKI6 and HKI12, were C-terminally tagged with 

6xHis sequence and a reactive cys-tag to facilitate protein for purification and dye 

labeling(Funatsu et al., 1997; Vale et al., 1996), respectively.  
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Figure 4-1: Wild-type kinesin and kinesin mutants. (a) Crystal structure wild type 

kinesin (PDB #3KIN(Kozielski et al., 1997)). The head domain, neck-linker and 

neck domain are shown in gray, red and blue, respectively. (b) Wild type human 

kinesin and mutants, HKI1, HKI6 and HKI12. The insertions are added between 

the end of neck linker Thr336 and the beginning of the neck coiled-coil Ala337, 

Ala339  in rat kinesin and Ala345 of Drosophila kinesin. 

The motility of the single dye labeled motor was observed in a total internal 

reflection fluorescent microscope (TIRFM) and digitally recorded for further analysis. 

The analyzed average velocities of kinesin and mutants are provided in Figure 4-2. As 

can be seen, the velocities of mutants are slightly lower than that of wild type kinesin 
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(about 11%). The velocities for inserted mutants, however, are surprisingly similar 

regardless of the different length of insertions. We further confirmed, by ANOVA, that 

the average velocities of all mutants are statistically not significant different. (Adapting 

on 5% of error, the probability that the mean velocities of HKI1, HKI6 and HKI12 are 

equal is 94.8%.) The similarity in the velocity of the different kinesin constructs is 

consistent with a previous ATPase study for kinesins using the same insertions 

(Hackney el al., 2003) This work showed  that the maximum ATP hydrolysis rate, Kcat, 

for insert mutants is  slightly lower than that of wild type kinesin and has similar values 

for all mutants(Hackney et al., 2003). The consistent velocities of wild-type motor and 

insert mutants indicate that the flexible inserts do not delay or interrupt the intra-

molecule signal transduction between two heads.  

 

Figure 4-2: Velocities of wild-type kinesin and mutants. (a) Mean velocity of 

kinesins. (b) The velocity distribution for each kinesin for bin size 200 nm/sec. Lines 

indicate the fit of a Gaussian distribution to the velocity data of each kinesin. 
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Figure 4-3: Kymographs showing the processive movement of several Cy3 labeled 

kinesin motors. 

 

Figure 4-4: The processivities (run distance) for kinesin and mutants. (a) Mean run 

length for different kinesin. (b) The processivity distribution for kinesins using bin 

size of 200nm. The lines represent fits of the data for run length distance larger 

than 200nm with single exponential decay functions. 

  



114 

 

The average processivity (run length) for individual kinesins is shown in Figure 

4-4. First of all, all kinesin mutant motors tested here are processive. However, insert 

kinesins have considerably impaired processivities. This significant reduction in 

processivity is, again, consistent with the biochemical processivity measurements  

(Kbi(ratio) ) which declined as  inserts were added into kinesin(Hackney et al., 2003). 

This drop indicates that the inserts alter the processivity mechanism in kinesin which 

may also be due to charge interaction between kinesin and tubulin. In addition, a 

surprising result was found in kinesin mutants. Inserted kinesin shows that the 

processivity gradually recovers as the insert becomes longer. This recovery in 

processivity by kinesins with longer inserts has not been shown before. However, one 

earlier study reports an increasing processivity associated with inserting/introducing 

more positive-charged residues in the neck region(Thorn et al., 2000).  Notice that in 

work of Thorn et al.,(Thorn et al., 2000) the neck-neck linker region was extended by 

introducing positively charged residues into the neck. Therefore, this increase in run 

length for kinesin could be contributed to both charge interaction and neck extension 

effects.   

4.3 Discussion 

To determine whether mechanical signals coordinate the kinesin‟s two heads, I 

modified kinesin-1 by inserting a set of amino acids with different lengths. As 

presented above, mutated kinesinsHKI1, HKI6 and HKI12 do not show significant 

reductions in velocity. A similar phenomenon of comparable velocities has also been 

shown in previous reports in which identical amino acid residues are inserted into this 
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region(Hackney et al., 2003). These equivalent values of velocity of inserted kinesins 

indicate that the mechanical signal or “strain” between two heads for coordination are 

not disrupted by flexible inserts and, therefore, support the interpolation that the 

mechanical signal communication is not present in the rate limiting step of kinesin in its 

processive movement.  

  

The finding in this work, however, is contradictory to the recent report by Yildiz 

et al. in which kinesins with extended neck-linkers significantly reduced the velocity 

while the processivity of kinesin mutants largely remain unchanged(Yildiz et al., 2008). 

The only difference between this previous report and my work is that two distinct sets 

of amino acid insertions are used. The work of Yildiz is used polyproline as insert. The 

structure of polyproline has been studied extensively (Schimmel and Flory, 1967; 

Schuler et al., 2005). The polyproline is rigid with a persistence length of 22 nm 

(Schimmel and Flory, 1967).  Recent FRET work showed that polyproline is perhaps 

not as rigid as previously estimated and the persistence length may be as short as 4.4 

nm (Schuler et al., 2005). However, in any case, the  persistence length of polyproline 

is comparable to the dimension of kinesin‟s head domain (about 4 nm x 4 nm x 5 nm) 

and is much larger than the persistence length of the neck-linker (1.4nm) (Watanabe et 

al., 2002). This comparison suggests that the polyproline is considerably rigid for 

mechanical signal transmission. On the other hand, the inserts used in current work, 

(SGPGPA)n, contain multiple glycine residues, which are known to be highly flexible, 

and thus, these inserts will not be rigid. Besides, the rigidity of two different inserts was 
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further estimated by protein secondary structure prediction (Rost et al., 2004). The 

structure prediction shows that polyproline is less flexible than (SGPGPA)n insert .  

The different rigidity of inserts is expected to contribute to different mechanical 

signal delaying and produce kinesin with different velocities. In mechanical dynamics, 

a mechanical signal transmitted through a rigid component, such as polyproline, will 

have little time delay. Therefore, kinesins with polyproline inserts should not decrease 

their velocity. On the contrary, a flexible component (this study) in the mechanical 

signal pathway will delay signal transmission to a certain degree and thus, kinesin 

mutants‟ velocity should decrease. However, this estimate of kinesin‟s velocity by 

simple mechanical dynamics is different from the kinesin‟s velocity provided in the 

recent study by Yildiz et al. and current work. This contradiction directly indicates 

either that the signal is not transmitted through the pathway or the polyproline is less 

rigid than (SGPGPA)n inserts. However, as we discussed in previous sections about the 

structure of kinesin and the rigidity studies for inserts, these explanations for the 

disagreement are not logical.  

An alternative explanation for our finding is that the mechanical signal is not 

essential. The measurement presented in current work and the report from Yildiz et al. 

indicate that the signal does not delay in a more flexible pathway. Therefore, the 

assumption that a mechanical signal transmitted through this pathway is wrong, that is, 

the mechanical signal is not transmitted through this pathway.  Thus, I conclude that the 

mechanical signal between two heads may be not essential for two heads‟ 

communication during kinesin‟s mechanochamical cycle.  
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In this study, kinesins with insert have severely reduced processivity, particularly 

in mutants with short inserts.. The decrease is probably due to the electric charge 

interaction while the recovery may be explained by the releasing of steric inhibition. 

The electric charge interaction between kinesin‟s neck coil and the C-terminal region of 

tubulin (E-hook) has been previously shown to contribute to the processivity of 

kinesin(Lakamper and Meyhofer, 2005; Thorn et al., 2000; Wang and Sheetz, 2000). 

Because the charge of the inserted residues used in our work is nearly neutral and these 

residues may replace interactions of the native neck domain, weak interactions between 

the neck coil and E-hook could be reduced. Therefore, the processivity of mutants 

significantly decreases.  

In addition, it has been suggested that the binding of the freely diffusing head 

(tethered head) of kinesin could be inhibited to binding to microtubule by s steric 

mechanism(Alonso et al., 2007). On the other hand, the other study indicates the 

inhibited head can be released and bind to next binding site by increasing the length of 

inserts(Hackney et al., 2003). This release allows both heads to simultaneously bind to 

the microtubule surface and thus reduces the chance of kinesin detaching from 

microtubule. As long as the detaching rate is reduced, kinesin tends to stay more stably 

on microtubule, thus, increase the processivity. Therefore, I suggest that the recovery of 

processivity by longer inserts may be due to the extended neck-linker releasing the 

steric inhibition. 
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Figure 4-5: Average velocity of kinesin and inserted mutants from multiple motor 

gliding assays. 
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 Single motor  Multiple motor 

 

Kinesin 

Velocity  Processivity   Velocity  

nm/sec nm/seca  nm nmb n  nm/sec n 

HK 543±12.8 503±20.8  475±14.5 348.44±17.4 410  273±16.1 29 

HKI1 488±17.5 445±32.0  332±15.2 190.28±8.6 193  287±9.67 29 

HKI6 482±17.6 465±19.4  346±19.2 204.12±15.3 160  256±4.16 29 

HKI12 480±19.4 456±24.5  379±21.4 265.06±47.7 160  281±4.15 29 

Table 4-1: Mean values of kinesins’ velocity and processivity (mean±sem). (a) Mean 

velocities from the Gaussian fits to each kinesin’s velocity distribution. (b) 

Processivity as determined from fitting single exponential decay functions to the run 

length distribution of each kinesin. 
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CHAPTER 5  

CONCLUSION AND FUTURE WORK 

5.1 Kinesin’s nanotechnology applications 

In this dissertation, I presented three kinesin-powered microfluidic devices. 

Common to these devices is that they do not require external power sources or control 

system to function properly and achieve their objectives. The first two of these devices 

efficiently control the direction of microtubules to designated target regions or domains 

within the device architecture. The third device builds on these of kinesin and 

microtubule based nanotechnology and has the ability to effectively sort bio-molecules 

and concentrate them to a specified area. The demonstrations presented here illustrate 

that molecular motors-powered devices and instruments are now within the reach of 

applied engineering developments. Integration of technique development within the 

framework of the research can enhance the functionality of modern analytic and 

diagnostic instruments, make the highly portable and more efficiency, and therefore 

hold significant potential to increase the quality of life.  
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5.1.1 Micropump 

Fundamentally, the circular microtubule sorting device performed as designed 

and expected, however, several additional modifications may enhance the performance 

and particularly have practical impact of these devices. Device structures that rectify 

the direction of microtubule movement are ready to be modified to an interesting device: 

a kinesin-powered micropump.  As been shown in Chapter 2, our microtubule direction 

rectifier has >98% of all microtubules moving with a unique direction along the circular 

channel. If each of these unidirectional microtubules carries a micrometer-sized piston 

in a close circular channel, the device immediately becomes a micropump. This concept 

is similar to that shown in Figure 2-1b (page 20). To achieve this goal, several 

techniques, including the design and manufacture of the pistons, the crosslink between 

the pistons and the microtubules, the method to seal an open circular channel to a close 

channel and the way of characterizing the performance of this pump will need to be 

improved. Interestingly, theoretical model suggests that such molecular motor-powered 

micropumps are more efficient than the existing pumping devices(Bull et al., 2005). 

With the increasing demand for low cost, integrated pumps in diagnostic, microfluidic 

devices a molecular motor-based design strategy might prove to be highly valuable. 

5.1.2 Sorter for multiple molecules  

As shown in chapter 2.4, our kinesin-powered molecular sorter is able to sort 

single analyte species from complex mixtures of molecules. This device has the 

potential to extend its capabilities to simultaneously sorting multiple molecules and 

increasing the concentration of these molecules in specified locations. The basic 
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strategy for a multiple analyte molecular sorter is to modify microtubules with different 

antibodies such that they capture different target molecules. As long as the different 

microtubules can be sorted to different designated locations if will be possible to 

accurately differentiate select analytes. To achieve this goal, we plan to refine the 

method of labeling microtubules and method to separate them. One strategy we have 

explored in the past is to use electric fields supplied by tiny external instruments with to 

physically redirect microtubule motions. This may diminish the advantages of using 

kinesin to power the microdevices, on the other hand it should be possible to integrate 

the technology for these external fields into the same device.    

5.2 Kinesin’s directionality 

5.2.1 Convention kinesin with reversed directionality 

In chapter 3 I demonstrated that the directionality determinants of minus-end 

directed kinesin (Ncd) and plus-end directed kinesin-1 may be the C-terminal neck 

domain and the neck–linker, respectively. To confirm this model, two interesting 

studies should be performed which finally might allow us to produce kinesin mutants 

with reversed directionality. The first mutant, a kinesin mutant with reverse neck-linker, 

can confirm that the neck-linker control kinesin‟s directionality (Figure 5-1). This 

mutant motor would need to include additional residues to form an additional -sheet 

with the neck-linker or cross-link to the neck-linker by disulfide bonds in order to 

reverse the orientation of the neck-linker as shown in Figure 5-1. The working 

hypothesis of the construct is that the zipping of reversed neck-linker will position the 
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tethered head of kinesin closer to next binding site in the minus direction of the 

microtubule (Figure 5-2). Therefore, this mutant can not only confirm the mechanism of 

neck-linker zipping but also the role that the neck-linker in controlling kinesin‟s 

directionality. 

 

Figure 5-1: Wild-type kinesin and design concept for engineering a kinesin with 

reversed directionality. Additional residues (red) are added between neck-linker 

(blue) and neck (black) to cross-link with original neck-linker by disulfide bonds or 

via a -sheet structure. 

 

Figure 5-2: Working hypothesis for wild-type and reversed mutant kinesin. a. wild-

type kinesin and b. reversed mutant kinesin. When wild-type kinesin’ neck-linker 

zips, the neck-linker moves toward the next binding site in plus end (a: step 3 to step 
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4) whereas for mutant, the reversed neck-linker will bring kinesin to the next 

binding site in minus direction (b: step 3 to step 4).  

5.2.2 Ncd mutant with reversed direction 

I have presented evidence in support of the hypothesis that the C-terminal neck domain 

may control Ncd‟s directionality. In addition, one previous report suggests that Ncd uses a 

power stroke mechanism to move towards the minus-end direction (Endres et al., 2006). These 

two results indicate that an Ncd mutant with a reversed lever-arm will reverse Ncd‟s direction. 

This mutant of Ncd will have an intact C-terminal neck domain and a reversed coiled-coil neck 

domain and stalk domain. As shown in Figure 5-3b, an Ncd mutant with an additional alpha-

helix sequence can generate a reverse-oriented lever-arm and when the intact C-terminal neck 

domain rotates, this reversed lever-arm will produce a displacement in the opposite direction. I 

hypothesize that such a reoriented “lever arm” will direct Ncd to plus-end of microtubules. This 

modification and mechanism are reminiscent to the work of Tsiavaliaris et al. for a myosin 

motor with a reversed direction(Tsiavaliaris et al., 2004).  
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Figure 5-3: Working hypothesis for wild-type Ncd and a proposed Ncd mutant with 

altered directionality. a. Wild-type Ncd uses a power stroke to rotate its neck 

relative to microtubule-bound head domain and generate a minus-end directed 

motion. b. An engineered Ncd (proposed) with reversed directionality also uses a 

power stroke to rotate the neck region. However, the additional residues (red) in the 

mutated neck forma “reversed coiled-coil neck” that alters the direction of the 

power stroke. 

5.2.3 C-terminal neck domain of Ncd may also control motor’s ATPase 

It is clear that the C-terminal neck of Ncd and the neck-linker of conventional 

kinesin have similar function in controlling the directionality, but the neck-linker may 

not only control the direction but also appears to be part of a sequence of structural 

events necessary to stimulate the ATPase activities of the motor. Therefore, i t seems 

that the C-terminal neck of Ncd also plays a similar role in stimulating the ATPase 

activities as the neck-linker does in the conventional kinesin. To address this issue, 
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several additional Ncd mutants are required, including some with mutations and 

truncations in the C-terminal neck domain, and the biophysical and biochemical 

properties such as multiple motor gliding assays for characterizing their motility, laser 

trapping assays for measuring the step size and ATPase assays to determine the ATP 

coupling rate need to be characterized in detail. 

5.3 Kinesin’s strain coordination  

 As shown in Chapter 4, mutated kinesins with inserts between their neck and 

neck-linker do not change their velocity, but their run distances are reduced. This result 

implies that the reduced strain (due to the inserted neck-linker) between kinesin‟s two 

heads does not alter kinesin‟s speed, and therefore I conclude that the strain does not 

affect or alter the communication between kinesin‟s two heads.  

This interpolation, however, is based on the assumption that the step size for 

wild-type and mutated kinesins are identical. If the step sizes for kinesin mutants are 

different, my conclusion may be inappropriate. Consequently for future studies, it is 

important to use laser trapping experiments to identify the step sizes of wild-type and 

mutated kinesins. The result from such laser trapping experiments may or may not 

immediately affect the conclusions of the strain coordination between two heads, but 

represent critical information to resolve this important molecular mechanism. 
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