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Abstract

Key words: Dynein ¢, microtubule joining, computer simulation, protein
motors, self-organization, nano-bio-machines

In this work, a general dynamic model was proposed to simulate the
dynamic motion of microtubules driven by dynein motors, which is of importance
to the design of potential nano-bio machines composed of dynein motors and
microtubules. The model was developed based on Newton’s law of motion. By
incorporating a DPD technique, the general model was applied to simulate the
unidirectional motion of microtubule. The functions of dyneins and their
coordination with each other, which plays an important role in the motion of
microtubules, were studied. By taking into account the bending energy of
microtubules, we extended the general model to study possible mechanisms
responsible for the microtubule-microtubule and microtubule-wall interactions,
which are essential to the design of optimal track patterns for potential nano-
machine systems. This study helps to evaluate the influence of bending and
rotation on microtubule joining processes, involving bumping force, bending
moment and torque generation. Finally, a phenomenal modeling study based on
the Monte Carlo method, was conducted to investigate the self-organization of
microtubules driven by dynein motors and identify out key parameters that
control the self-organized movement of microtubules, giving crucial information
for nano device design.

This modeling study helps to clarify several important issues regarding

the interaction between dynein motors and microtubules as a power transfer



medium, which provides important information for the development of potential

nanobio-machines using dynein as a biological motor.
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Chapter 1

Introduction and Literature Review



1.1 Anintroduction to protein motors

Motor proteins, such as myosin, kinesin, and dynein, are protein-based
superamolecular conjugates, which have specific functions of converting the
chemical energy from adenosine triphosphate (ATP) hydrolysis into mechanical
energy, which is used to power cellular motility [1]. These motors are called
molecular machines, which play essential roles in a wide variety of biological
events or progresses related to the activities of cells, e.g., muscle contraction [2],
axonal transport [3, 4], formation of spindle apparatus, and separation of
chromosomes during mitosis and meiosis [5]. Defective motor proteins are
responsible for many diseases when they fail to fulfill their functions. For
example, kinesin deficiencies cause Charcot-Marie-Tooth disease [6] and some
kidney diseases [7]. Dynein deficiencies can lead to chronic infections of the
respiratory tract as cilia fails to function without dynein [8]. Defects in muscular
myosin predictably cause myopathies [9].

In recent years, motor proteins have been extensively studied due to their
potential to be used at the molecular scale for nano-bio-mechanical systems or
devices [10-13]. By fabricating tracks on a surface in which motor proteins are
immobilized, the motion of cytoskeleton filaments can be confined by the tracks
and thus guided to move along desired directions or patterns [14-20]. The tracks
are channels bordered by walls of a material that is coated on a glass surface,
within which microtubules rarely climb up the walls, so that the microtubules can

move only along the designed tracks. The success in controlling the moving



direction of microtubules using surface tracks has shortened the distance between
the concept and reality for nanobiomachine development.

In order to better understand the interaction between cytoskeleton
filaments and motor proteins for control of relevant biomedical processes as well
as to develop molecular machines or nanobiomechanical systems using bio-
filaments as the power transfer medium and motor proteins as biological engines,
it is essential to understand the structures and functions of theses molecular
motors and cytoskeleton filaments, and the interaction between molecular motors

and cytoskeleton filaments.

1.2 The structure of motor proteins and cytoskeletons

1.2.1 The structure of motor proteins

1.2.1.1 Myosin motors

Myosins are molecular motors that use the energy from adenosine
triphosphate (ATP) hydrolysis to generate force to drive actin filaments. The
motors are bound to actin filament to form actomyosins and walk unidirectionally
along the filament [21, 22]. Myosin has one or two heavy chains (HCs) with a
molecular mass of about 200kDa, and 1~6 light chains (LCs) with a molecular
mass of about 20kDa. The light chains wrap around the neck region of the heavy
chain just like a necklace. Based on functions of heavy chains, they can be

divided into three domains. The relatively conserved N-terminal motor or head



domain has binding sites for both ATP and the actin filament. The second domain
includes a tail, which positions the motor domains properly so that they can
interact with actin filaments. The third domain joining the head and neck, which
is called the converter domain, is responsible for producing the force required for
movement. Fig.1.1 illustrates the structure of a myosin S1 fragment motor [23].
The greatest revelation of the myosin structure is that the head contains a large
subdomain that might function as a molecular lever. The domain consisting of an
8-nm-long « -helix is wrapped with two calmodulin-like light chains. It extends
from near the nucleotide-binding pocket to the distal end of the head to amplify
small movement in the nucleotide-binding pocket into large nanometer-sized

motion of the myosin tail.

Nucleotide

binding (!

Al pocket
|

Light-chain binding domain Converter Myosin motor domain
(lever) domain

Fig.1.1 The structure of myosin S1 fragment motor !



1.2.1.2 Kinesin motors

Kinesins are molecular motors that direct the movement of microtubules
by consuming the energy from ATP hydrolysis. They are involved in the
intracellular transport of organelles, proteins, protein complexes, mRNA, and
chromosomal, and spindle movements during mitosis and meiosis [24].

Kinesins are classified into three majors: N-terminal, middle motor
domain, and C-terminal kinesins, defined by the topology of the motor domain.
Conventional kinesin and kinesin heavy chain both belong to the N-1 class and
have been extensively studied. Conventional kinesin consists of two 80nm-long
heavy chains (about 120 kDa), which are connected at their C-termini to two light
chains (about 64 kDa). Each heavy chain has a rod-like structure composed of two
globular heads, a stalk, and fanlike ends, as Fig.1.2 illustrates [25, 26]. Different
from myosin, kinesin lacks a light-chain binding domain. However, it is thought
that kinesin undergoes a conformational change of 8nm as it steps along the
microtubule. It is possible that kinesin’s second head acts as a lever arm that

amplifies smaller motions of the first head.



Light chain

Fig.1.2 The crystal structure of the kinesin dimer'?®

1.2.1.3 Dynein motors

Dyneins are multicomponent complexes, which participate in a wide range
of fundamental cellular processes, such as mitosis, vesicular transport, and the
assembly and motility of cilia and flagella [27].

In general, dyneins have very high molecular weights, and their structures
have not been well established yet. Similar to kinesin and myosin, all dyneins are
built around one or three heavy chains motor units (HCs, about 520 kDa, which
are 10 times as large as those of conventional kinesin), which contain the ATPase
and motor activies. Defined by the number of HCs and various HC-associated

polypeptides, the dyneins can be divided into two major classes. The first class



includes cytoplasmic dynein, outer arm dynein, and the I1 type of inner arm
dynein. These types of dyneins contain two or three heavy chains, at least two
intermediate chains (ICs), and a series of light chains (LCs). Fig.1.3 illustrates a
model of the Chlamydomonas outer dynein arm [28]. In the model, a series of I1Cs

interact directly with the HCs and be involved in the regulation of motor activity.

LC3 & LCS
LC7?

EOCH dimer

Fig.1.3 A model of the chlamydomonas outer dynein arm !

Different from kinesin and myosin, dynein motor domain is a member of
the AAA+ class of ATPases [29, 30]. In dyneins, the six ATPase units are
integrated in a single polypeptide chain to form a ring. There are two additional
domains projecting out of the hexameric ring, which play an essential role in the

motion function. One is called a stalk, which is 15 nm long and carries an ATP



sensitive microtubule-binding site at its tip. Another is called a stem, which is
larger and connects to the N-terminal region of the hexameric ring of dynein. It is
used for docking with a cargo. Fig.1.4 shows the structure of dynein (left) and

crystal structure of the hexameric ring [30].

For Microtubule Binding

f Stalk

AAAS

AAA4

AAA Domain

Stem

e

For Cargo Binding
Fig.1.4 Schematic structure of dynein (left) and crystal structure of the ATPase

domain of AAA protein (right) %

1.2.2 The structure of cytoskeleton filaments

1.2.2.1 Actin filament

Fig.1.5 illustrates the lattice structure of the actin filament [31]. An actin

filament is a one-start, left-hand, double helical supramolecular polymer of actin



monomers (globular actin). The full period of the filament is 72 nm, which
contains 26 actin monomers that make 12 turns. The rise is 2.77nm per subunit
and rotation per monomer is 166 degree [32]. The actin monomers are
asymmetrical, which leads to a polar structure of an actin filament. Due to this
polar structural difference, the polymerization at one end is faster than the other.
The fast-growing end is called a plus-end while the slow-growing end is called a
minus-end. This polarity is the main reason for the unidirectional guide of motor

proteins.

Fig.1.5 The lattice structure of the actin filament !

1.2.2.2 Microtubules

Fig.1.6 illustrates the lattice structure of the microtubule determined by
electron microscopy [33]. The microtubule is composed of tubulin monomers.

The building blocks, af tubulin heterodimers, are the subunits of microtubule.

As Fig.1.6 shows, the dimers are connected head-to-hail to form a protofilament.



The protofilaments are then connected laterally to form a cylindrical tube. The
protofilaments run parallel to the axis of the microtubule, generating a three-start
helical structure. Most of microtubules have 3 starts and 13 protofilaments. There
is a small offset, ~0.92nm, between dimers of neighboring protofilaments, which
accumulates a total offset equal to the length of three monomers, 12nm, after 13
protofilaments. Same as the actin monomer, the dimer is also asymmetric. Since
the dimers associate head to tail and all the protofilaments are parallel, the
microtubule is polar, which allows kinesins or dyneins to move unidirectionally

using their motor domain attached to the microtubules [34].

[33]

Fig.1.6 The lattice structure of microtubule

1.3 Functions of motor proteins

1.3.1 Roles of motor protein in biological system

Myosin is an important muscle protein which "causes" the contraction of

muscle fibers in animals and human beings. The sliding of filaments in muscle
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fibers is the result of interactions between the myosin cross-bridges and thin (actin)
filaments. The cross-bridges reversibly bind to actin and produce a mechanical
impulse, resulting in force transmission along the filaments, which results in

either force production at the tendons, or shortening, as Fig.1.7 illustrates [35].

7 Thick H zone Thin 4
line filaments filaments  line

(@) (b)

Fig.1.7 The mechanism of muscle contraction (a) the structure of muscle,

(b) the Sliding Filament Model of Contraction !

Kinesins drive the transport of a wide variety of organelles and vesicular
cargoes, including endoplasmic reticulum (ER), Golgi, endosomes, lysosomes,
mitochondria and transport vesicles. The movement of these vesicles requires the
action of molecular motor proteins that bind cargo vesicles and generate directed
movement coupled to ATP hydrolysis along polarized microtubules or

microfilaments. Fig.1.8 illustrates how kinesin transports “cargos” along
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microtubules in neurons [36]. In axons, the microtubules are oriented in a
longitudinal array. They are unipolar, and the plus-end points distally. However,
in the proximal region of dendrites, microtubules have mixed polarity. Most
proteins needed in axons and synapses have to be synthesized in cell bodies and
are then transported along the axon. In axons, kinesin-superfamily proteins (KIFs)

transport various cargoes from the cell body to the synapse.

Growth cone
Dendrites

Axon
collateral

u,
Axon

Initial
segment

sV

KIFS/ KIF1A/
KIFS  KIF1Ba KIFS KIF3 KiF1Bp

APP  Mito ApoERFod @ SV ﬁ

L

Cytoplasmic dynein

Dendrites

Fig.1.8 Kinesin-superfamily proteins (KIFs) transport various cargoes

from the cell body to the synapse in axons [36]

Dyneins can be divided into two groups: cytoplasmic dyneins and
axonemal dyneins. Axonemal dynein is the first discovered microtubule motor

protein, which functions as a molecular engine for the movement of cilia and
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flagella [37]. Dynein is responsible for the beating movement of cilia and sperm
flagella, and is found only in cells with those structures. Cytoplasmic dynein,
found in all animal cells and possibly plant cells as well, performs functions
necessary for cell survival such as organelle transport and centrosome assembly in
the cell. Dynein probably helps to position the Golgi complex and other
organelles; it also helps transport cargo needed for cell functioning, such as
vesicles made by the endoplasmic reticulum, endosomes, and lysosomes [38].
Dynein may be involved in the movement of chromosomes and positioning the
mitotic spindles for cell division [39]. Fig.1.9 illustrates a model for dynein
function in cell spindle. In the absence of dynein activity, poles are loose and
splayed. By cross-linking microtubules and moving toward their minus ends,
dynein functions to focus spindle poles. Dynein also carries organelles and
microtubule fragments along the axons of neurons in a process called axoplasmic

transport [40].

Effect of antibody Proposed role of
addition dynein

(@) (b)

Fig.1.9 A proposed model for dynein function in a cell spindle
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1.3.2 Roles of motor proteins in human diseases

Motor proteins also play a very important role in some processes related to
diseases. The importance of motor proteins in cells becomes evident when they
fail to fulfill their functions. Hypertrophic cardiomyopathy is characterized by
robust thickening of left ventricular muscle due to enlargement of individual
myocytes with disorganized fibers. Mutations in the gene encoding cardiac b-
myosin heavy chains considerably contribute to the cause of the disease [41].
Myosins play a very important role in signal transduction. Myosin XV is linked to
human nonsyndromic deafness, DFNB3, which displays severe inner-ear
dysfunction involving both auditory and vestibular functions [42, 43]. Fig.1.10
illustrates point mutations of MYO15 with deafness in three Bengkala nuclear
families and two Indian families [43]. A myosin VIIA defect results in a
disorganized array of stereocilia and is responsible for human Usher syndrome 1B
and the corresponding mouse model shaker-1[44, 45]. In lacking myosin VIIA,
the resting tension is absent, requiring non-physiologically large bundle
deflections to open. Myosin VI is linked to human DFNA22 and mouse Snell’s

Waltzer deafness [46].
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Fig.1.10 Cosegregation of 1892F, N890Y, and K1300X point

mutations of MYO15 with deafness in three Bengkala nuclear families and two

Indian families [43]

In nerve axons, most proteins that are vital for the maintenance and
function in the axon and synaptic regions need to be transported down the axon
since protein synthetic machineries are absent. Kinesin plays an important role in
transporting synaptic vesicle precursors in the axon from the cell body to the
synapse. Zhao et al [6] reported that a mutation of KIF1Bb was the cause of
Charcot-Marie-Tooth disease type 2A. CMT2A patients contain a loss-of-
function mutation in the motor domain of the KIF1B gene, which indicates that
defects in axonal transport due to a mutated motor protein could underlie human
peripheral neuropathy. Reid, E. et al’s [47] research demonstrated that KIF5 had
been linked to the hereditary spastic paraplasia (SPG10) locus. Hereditary spastic

paraplegias are a genetically heterogeneous group of nondegenerative disorders
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that are characterized by progressive lower-limb spasticity and weakness. The
gene encoding KIF5A is found in the SPG10 locus, and a mis-sense mutation in
this gene has been identified in all affected members of the family.

Immotile cilia syndrome (primary ciliary dyskinesia) is a disorder
characterized by a defect in the motility of cilia. Due to a structure defect, e.g.,
lacking dynein arms, mutational cilia and flagella may cause the Kartagener’s
syndrome, a chronic disease that occurs when cilia are unable to move [8, 48].
Fig.1.11 illustrates electron micrographs of cross sections through the sperm tail.
Dynein protein is also responsible for some diseases related to roles in cell
division or nucleokinesis. Recently, researchers have found that the interaction
between cytoplasmic dynein and LIS1 might cause neuronal migration defects
either by affecting cell division, which is crucial for determining the final
destination of a cortical neuron, or by affecting the extension of leading processes

and/or nucleokinesis [49, 50].

Fig.1.11 Electron micrographs of cross sections through the sperm tail with
dynein arms (A) ordinary tail with nine microtubular doublets: each doublet has

two dynein arms; (B) the sperm tail of patient, devoid of the dynein arms
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1.3.3 Motor proteins — A new power for nano machine design

In recent years, molecular motors have attracted wide interest and became
one of the most exciting areas in nanotechnology since they are promising
candidates for future nanobio machines. These molecular motors can move
objects thousands of times as heavy as their own weight and transport specific
cargos under controllable conditions. It was noticed that a molecular motor was
able to attach to DNA at a specific location and then trans-locate the rest of the
DNA molecule through the bound complex. Therefore, the motor acts as a nano-
actuator and is able to move objects attached to the end of the DNA toward the
bound motor. This ability may be used to link biological systems to silicon-based
nanodevices [51]. Molecular motors transport intracellular cargo along actin
filaments or microtubules, and provide a force to drive potential nano- and micro-
bio-machines. To use the biological motors for microscale transport, the most
common approach is to move filaments along surfaces functionalized with motor
proteins. The filaments then become potential transport vehicles for sensors and
lab-on-a-chip applications. Fig.1.12 illustrates controlled motility of bio motor-

driven microtubules using a designed surface track pattern [52].
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Fig.1.12 Unidirectional rotational movement of microtubules along circular

tracks[52]

Studies of motor proteins were revolutionized by the development of in
vitro motility assays. In such assays, the motility of purified motor proteins along
purified cytoskeletal filaments (actin or microtubules) or of the filaments moving
on protein-motor coated surfaces is reconstituted in cell-free conditions [53]. In
1985, a first completely reproduced assay was performed by Spudich, in which
motor-coated beads were shown to move along oriented filaments made from
purified actin that had been bound to the surface of a microscope slide [54].
Assays have been now extended to the single-molecule level and permit
determination of dynamic properties, which cannot be studied by macroscopic
ensemble-averaged measurements. The chemo-mechanical energy transduction
processes in motor proteins are now being revealed by these technical

developments.
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In in vitro assays, there are two typical geometries: bead assays and
surface assays. Fig.1.13 illustrates these two methods [55]. In the former, actin
filament or microtubule is fixed to a substrate, such as a microscope slide, and
motors are attached to small plastic beads of typical diameter 1 nm or to the tip of
a fine glass needle. The motion of the beads or of the needle along the filaments
in the presence of ATP is visualized using a light microscope. Position and

movement of the beads or the needle are measured

(A}

Fiexible glass fiber

Filament

Cover glass

Fig.1.13 Schematic illustration of single-molecule technique: (A) Surface assay in
which the filament is held by a glass fiber, (B) Bead assay in which the bead is

held in an optical trap ©**

photoelectrically and can be determined with a resolution on the order of
nanometers with sub-millisecond time-response. In the surface assay, the motors
themselves are fixed to the substrate. A filament is held in a force transducer. The

filament is observed to diffuse down from solution and then be attached to and
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glide over the motor-coated surface. Visualization of the filaments is readily

accomplished using dark-field or fluorescence microscopy.

In vitro assay methods provide powerful tools for the development of
nanometer devices using motor proteins. The general method of using motor
machines for nanometer scale devices is conceptually simple. The motor proteins
are deposited on a specific polymer surface and are aligned to form special tracks.
The fabricated tracks will guide the movement of cytoskeleton filaments. This
directed motion could be used for nano-devices. Fig.1.14 illustrates how to make
tracks on polytetrafluoroethylene (PTFE)-deposited surfaces [56], in which motor
proteins are aligned to drive filaments to move along the tracks. The PTFE thin
films consist of many linear and parallel PTFE ridges, 10-100 nm wide, on the
coverslip surface. Myosins are adsorbed on the ridges without loosing activity; the
actin filaments were observed moving on the ridges. Fig.1.15 shows the
movement of actin filaments that is restricted to the well-defined fabricated tracks
[57].

paly{tetrafluorocthylens)
,l. Pressure 7x10° Pa

Sliding rate ca. S0mm/min

* (Glass slide

Hotplate ca. 220°C
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Fig.1.14 Making tracks on a polytetrafluoroethylene (PTFE)-deposited

surface [56]

(a) (b)
Fig.1.15 The movement of actin filaments along fabricated tracks: a) along
polytetra-fluoroethylene (PTFE) linear tracks, (b) along polymethylmethacrylate

(PMMA) circle tracks [57]

A lot of efforts have recently been made to advance this specific function
of motor proteins. Suzuki and co-workers [17] reported directional motion of
actin filaments driven by aligned and immobilized myosin molecules using
microlithographically-patterned resist polymers. In the presence of detergent,
kinesin can be selectively attached onto a glass surface, from which the photo-
resist polymer has been removed, rather than on the photo-resist polymer itself
[58]. The tracks are channels bordered by walls of the resist material, within
which microtubules rarely climb up the walls, so that the microtubules can move
only along the designed tracks. Controlled movement of microtubules along
tracks can also be achieved using micrometer-scaled grooves fabricated

lithographically on glass surfaces [19, 20]. Among different motor proteins,
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dynein has attracted increasing interest due to the fact that it moves 10 times
faster than kinesin [59]. Dynein is capable of moving cytoskeletal filaments,
microtubules at a velocity of 10-20 pm/s, which makes dynein the fastest motor
among microtubule motors reported so far. Such ability would render dynein the
most promising motor protein for nano-bio-devices. By fabricating designed
pattern tracks on NEB-22 deposited on a glass surface, Oiwa and his colleagues
[60] immobilized subspecies of axonemal dyneins on the tracks to guide
microtubules to move along specific trajectories; Changing the geometry of the
track wall, they also successfully rectified random movement of microtubules into
unidirectional movement. By designing track patterns of motor proteins with
restricted walls on a well-defined surface, the motion of bio motor—driven
cytoskeleton filaments could be arranged in defined directions or patterns. These
efforts largely shorten the distance between the concept and reality for
nanobiomachine development.

In order to drive a cytoskeleton filament, motor proteins must bind to the
filament, hydrolyze ATP and then convert released chemical energy to
mechanical energy, thus driving the filament to move. Understanding the
mechanism responsible for this energy conversion and driving process is of
importance to utilization of motor proteins in future molecular machines.
Considerable experimental efforts have been made to investigate relevant issues,
including the structure of motor proteins [61-63], elastic behavior of motors and
cytoskeletal filaments [64-67], and the motility of motor proteins [68, 69], etc. In

addition, the rapid progress in the development of advanced experimental
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techniques, such as atomic force microscopy [70], optical trap nanometry [71] and
fluorescence microscopy [72], has provided researchers effective tools to
investigate the dynamics of single-molecule in situ with spatial and temporal
resolutions down to A and s ranges, respectively. This allows direct observation
of dynamic processes involving motor proteins, for which macroscopic ensemble-
averaged measurements do not work. Two fundamental motor-protein parameters,
coupling efficiency (duty ratio) and step-size, which can only be indirectly
inferred from in vitro motility assays can now be studied by using single-molecule
techniques that allow direct and simultaneous observation of ATP-turnover and
force generation.

However, the process of controlling the motion of bio-filaments driven by
motor proteins is very complex and multi-factorial, which makes it difficult to
understand involved mechanisms from experimental observations alone. Great
efforts in theoretical work have also been made to study the interaction between

motor proteins and cytoskeleton filament.

1.4 Mechanics of motor proteins and the

cytoskeleton

For the motility of cytoskeleton filaments driven by motor proteins, there
are three main types of force acting on the filaments: mechanical, thermal, and

chemical. The mechanical force can be divided into three subtypes: the driving
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force from motor proteins, a viscous force from solution, and a bending force

from filament bending.

1.4.1 The mechanical force

There are three mechanical forces generated on a cytoskeleon filament
during its motion driven by motor proteins. The first one comes directly from
motor proteins, which convert the chemical energy from ATP hydrolysis into
mechanical energy. This force drives the filament to move. Since the filament
moves in a solution, there is a viscous resistance to its motion. This force drags
the movement of the filament (called viscous force). In addition, as a slender
polymer, the filament can be folded or bent in the solution. A bending force is
thus generated to resist the bending or folding (more explanation in chapter 1.4.1
C).

Among the three forces, the interactions between motor proteins and
cytoskeleton filaments are most important and complicated since these are related
to the energy conversion, ATP hydrolysis, and the complex structures of motor
proteins and filaments. Significant efforts have been made to study the driving

mechanism of motor proteins on cytoskeleton filament.

A. The interaction between protein motor and cytoskeletonal

filament

It is well known that the motor proteins can drive and direct actin

filaments or microtubules by consuming the energy from ATP hydrolysis. How
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does it happen and what is the mechanism involved? Understanding the driving
mechanism of protein motor on cytoskeletonal filaments is a key to study the
motility of these filaments. In 1957, Huxley [73] proposed a rotational model,
which provided a molecular basis for the contraction of a muscle. In the model, it
was assumed that the bending or rotation of crossbridges causes the actin-
containing thin filaments to slide relative to the myosin-containing thick filaments,
which, in turn, leads to shortening of the muscle. Fig.1.16 illustrates the rotating
crossbridge model for myosin. Firstly, the binding of myosin to the actin filament
catalyzes the release of phosphate from the motor domain and induces the
formation of a highly strained ADP state. Secondly, the resultant strain drives the
converter domain to rotate, which is connected to a lever domain that amplifies
the motion, moving the load through the working distance. Thirdly, following the
ADRP release, ATP binds to the motor domain and causes dissociation of myosin
from the actin filament. Finally, during the dissociation process, the crossbridge
recovers to its initial conformation, so that the motor is able to be attached to a

next binding site on the filament.
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Fig.1.16 The rotating crossbridge model for myosin motor [73]

The rotating crossbridge has been proven to be a general mechanism
responsible for the cell motility that is responsible for the beating of cilia and
flagella, the movement of organelles, and the segregation of chromosomes. This
mechanism is also applicable to dynein [74] and kinesin [75]. There is strong
crystallographic evidence that the light-chain binding domain does rotate during
each ATP hydrolysis cycle. The structure of the converter domain that forms the

junction between the motor domain and the light-chain binding domain depends
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on the nucleotide bound at the active site. Fig.1.17 illustrates the pre-powerstroke
and post-powerstroke state of Dictyostelium myosin docked to actin. It has been
demonstrated that the changes in the converter domain are expected to cause a
rotation of the light-chain domain by about 70 degrees [76]. This model provides
a framework including the structural, biochemical, and mechanical properties of

motor molecules.

Fig.1.17 Beginning and end of myosin’s working stroke [76]

In Huxley’s model, a powerstroke model is proposed. In the model, it is
assumed that a protein motor has an elastic element acting as a spring, which
stores the mechanical energy. The conformational change of protein motor strains
the spring for ATP hydrolysis, The driving force from the motor is a result of the
release of the strain stored in the spring. Fig.1.18 illustrates the powerstroke
process [73]. Firstly, associated with the ATP hydrolysis, a conformational

change in the crossbridge produces strain in an elastic element. The strain
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generates tension, which drives the filament to move. The maximum force is the
product of powerstroke distance ( 0, ) and the spring constant ( x ). The

crossbridge is then detached from the filament when the strain reaches zero.
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Fig.1.18 A powerstroke model (T = ATP, D = ADP, D* = Strained ADP, P = P))

[73]
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B. The viscous force

Viscous force plays a resisting role in the motion of a cytoskeleton
filament. This force results from the friction between the filament and
surrounding solution. The viscous force depends on the viscosity of the solution
and the motion of the filament. This drag force can be expressed by the following
equation:

Fa=-y-V (1.2)
Here y isadrag coefficient, which is related to the viscosity of the solution and

the shape of the filament, and V is the velocity of the filament along the direction
of motion.

It is demonstrated that, for the filament, the drag coefficient is not a
constant. It is much higher when the filament is near a substrate surface than that
in the unbounded solution (i.e., that away from the substrate). In addition, the drag
coefficient also depends on the moving direction of filament. Fig.1.19 illustrates
the drag coefficient of the filament in unbounded solution and that near a surface

[77].
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C. The bending force

As a slender filament, the cytoskeleton filament will be bent or folded in
the solution during moving. This will generate an additional force to resist the
bend trend. As Fig.1.20 illustrates, the bending moment of the filament is
proportional to the curvature of the bent filament, 1/R (R is the radius of curvature)

[55]. The equation can be expressed:
M= — (1.2)

where EI define as the flexural rigidity, which is a constant for a specific filament.
| define as the shape moment of inertia of the cross-section, which is determined

by the shape of the filament.

Segment of ;'f R
slender rod / \

Midplane of
-~ segment

Fig.1.20 Bending of a slender rod due to a bending moment !

D. The mechanical behavior of cytoskeleton filaments

The study of the mechanical properties of cytoskeleton filaments will

provide an insight into mechanical properties of cells, such as muscle cells or
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sperm. Moreover, the mechanical properties of the filaments influence the
motility of the filaments.

The most important property of the filaments is their flexural rigidity,
which determines the bending of the filaments. There are four main methods to
measure the filament’s rigidity: 1) buckling force measurement using optical traps
and beads [78, 79], 2) image analysis of the relaxation process following filament
bending [80], 3) image analysis of filament bending via hydrodynamic flow [81],
and 4) image analysis of thermal fluctuations of microtubule shapes in solution
[82]. Fig.1.21 shows the apparatus for measuring the microtubule rigidity through
the buckling force measured with the optical trap [79]. In the apparatus, the laser
power is controlled by rotating the half-wave plate, HWP1, followed by a Glan-
Laser polarizer. The ratio of the two beams is changed by rotating the half-wave
plate, HWP2. Two laser beams are independently manipulated by changing the
angles of the galvano mirrors X1, Y1 and X2, Y2.

Different measurement methods differ in many aspects, e.g., the type of
force applied, the balance and direction of working forces. Thus the values of the
flexural rigidity of microtubule determined using the four methods differ over a
range of two orders of magnitudes, as Tuszynski indicated, from 2.9x10%* Nm? to
45x10%* Nm? [79]. Although the experimental results are scattered, compared
with the actin filament, microtubule still has much higher flexural rigidity but
similar young’s moduli. This explains why microtubule is harder to be bent or

folded than actin filament.
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Fig.1.21 A schematic diagram of the video-enhanced DIC microscope with
optical traps ["®!

1.4.2 The thermal force

In addition to the mechanical forces, cytoskeleton filaments and motor
proteins are subject to thermal forces that arise from collisions with water and
other molecules in the surrounding fluid. Each collision generates an impulsive
force on the object that it strikes. The resulting motion is thermally generated. It is

random and called Brownian motion.
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Investigation of the thermal motion is crucial for understanding molecular
and cellular mechanics, because the chemical reactions that drive biological
processes produce energies that are only a little higher than the thermal energy.
Therefore, the thermal motion or fluctuation is large and cannot be ignored.

For a molecule, the average thermal energy is [55]:
<U >=%k<x2 >=%KT (1.3)

where K is the Boltzmann’s constant, T is the temperature.

The diffusion is a random walk and can be expressed by the following
diffusion equation [55]:

oC(x,t) _ 5 0°C(x,t)

14
ot ox? (L4)

where D is the diffusion coefficient, and C is the concentration.

1.4.3 The chemical forces

In addition to the mechanical and thermal forces, cytoskeleton filament
and motor proteins are also subject to chemical forces that arise from the
formation of intermolecular bonds. For example, the polymerization of actin
filaments or microtubules causes the protein to move in one direction. To
understand how the motor proteins work as a biological engine, it is important to
understand how proteins move in response to these chemical forces. Ax

Forces can influence equilibrium and the rate of chemical reactions. If the

length of molecule changes by Ax = x, —x, as a result of a conformational change,

as Fig.1.22 shows, then the difference in free energy will be [55]:

34



AG = AG° — F - Ax (1.5)
where F is the tension across the molecule due to the conformational change and

AG'is the corresponding change in the free energy relative to the state in the

absence of tension.

v Q= Q=
Ax +
State 2
(B) e
—x;— be X9 *
State 1 State 2

Fig.1.22 The schematic illustration of two states of molecule under external

force [

It was discovered that the actin polymerization and microtubule
depolymerization can generate force [83, 84]. In the case of microtubules, forces
as large as 2 pN have been inferred from instances when a microtubule is inside a
vesicle buckles [85]. Fig.1.23 illustrates an equilibrium polymer model for
external force generation during polymerization. In the model, a compressive
force F counters the polymerization. Then the mechanical energy of (n+1)th
monomer in the filament exceeds that of nth monomer by F - &, where §is the

increase in length due to the incorporation of one monomer.
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Fig.1.23 The schematic illustration of the polymerization of filament

under external force %

For actin, it is equal to 2.75nm, while for a microtubule, it is about 8nm/13 =
0.6nm. The equilibrium force for a given monomer concentration in the system

can then be expressed as [55]:

F, =T nlAd (1.6)
TS5 K

¢
where [A;] is the monomer concentration, T is the temperature of system, K. is
the critical concentration in the absence of external force.

The theoretical work may provide us a better insight into the mechanics of

motor proteins, e.g., what factors affect the motility of cytoskeleton? How is a

specific force generated? How do molecular motors coordinate to drive
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cytoskeleton? Computational modeling has provided an effective tool for studying
the motility of cytoskeletons driven by molecular motors, which is described in

the following section.

1.5 Computational modeling

In 1957, Huxley [73] proposed a model to treat a protein motor as an
elastic spring storing mechanical energy. This approach establishes the basis of a
powerstroke model. Details about this model are given in ref [73] and also
mentioned earlier. Based on the powerstroke model, Holmes [86] proposed a
swinging lever-arm model to explain the mechanism for the myosin and actin
filament, which included a catalytic ATPase cycle consisting of four fundamental
steps. As Fig.1.24 illustrates, myosin is firstly bound to an actin filament to form
actomyosin. In the second step, binding of ATP takes place at an empty site
located at the motor domain of actomyosin, lowering the affinity of the motor
domain toward the actin filament. Consequently, actomyosin is dissociated into
the ATP-myosin conjugate and the actin filament. The binding of ATP also
triggers a conformational change of the neck domain, leading to a pivotal motion
on the motor domain. In the third step, hydrolysis of the ATP-myosin conjugate
gives out a complex of an ADP-myosin conjugate and phosphate Pi, which is then
bound to the actin filament. This binding is weak and called a "weak-binding
state”. Finally, the binding conjugate releases ADP and Pi stepwise, resulting in a

conformational change of the motor domain. This motion causes the contraction
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of muscles, which is called the "power stroke". A different mechanism, so-called
biased Brownian ratchet model, was proposed recently. In the model, the motion

of myosin on actin filament was driven by a directionally biased Brownian motion

[87, 88].
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Fig.1.24 Schematic of the ATPase cycle involving myosin Il and actin filament ®!

Howard [89] recommended a hand-over-hand and inchworm mechanisms
to explain the walking motion of two-headed kinesins. The basis of hand-over-
hand model is that the two heads are related by an axis of rotational symmetry and
undergo identical, sequential motion. As Fig.1.25 illustrates, in (i) the trailing
head is stippled, which indicates that it is incorrectly oriented to be bond to the
microtubule (the symmetry axis bisects the heads). The transition (i) -> (ii) is
hypothesized to entail a rotation of the distal part of the attached head to bring the

trailing head forward. The symmetry breaking transition rotates this head so that it
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can now be bond to the microtubule (iii). The unbinding of the now trailing head

pulls the load forward (iv).

(i) (i) (iii) (iv)

Fig.1.25 Hand-over-hand model for conventional kinesin: D = ADP, T = ATP,

DP = ADP+PI. ¥

An alternative hypothesis is that kinesin head movement is coordinated
through an “inchworm” mechanism in which the structure of the kinesin-
microtubule complex is identical at the beginning of each cycle but the two heads
do not swap places [90, 91]. Thus, there is no net neck rotation in each cycle.
Such a mechanism differs fundamentally from the symmetric hand-over-hand
type in that the two identical subunits of the kinesin homodimer are maintained in
different environments and therefore have non-equivalent enzymatic cycles. In

addition, Qian [92] studied force—velocity relationship and the stochastic stepping

of single kinesin based on the theory of Markov processes. Gao et al. [93]

proposed a molecular dynamics model based on free-energy simulations and
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experimental binding constant measurements, which makes it possible to develop
a kinetic scheme to understand the ATP hydrolysis by F1-ATPase.

These models have helped to successfully explain how a single motor
binds and drives cytoskeleton to move during ATP hydrolysis. With the models,
one could predict the driving force from a single protein motor attached on a
cytoskeleton filament. However, when predicting the motility of cytoskeleton, one
needs to develop a more complicate model since this motion involves the
coordination of multiple motor proteins, the bending moment of microtubules,
hydrodynamics and thermodynamics.

Bending is a very important characteristic of cytoskeleton filament.
Brokaw [94] developed a bending model based on the balance of bending
moments. In the model, the movement of an elastic filament in a viscous medium
was computed using a fourth-order nonlinear partial differential equation obtained
by balancing bending moments at all points along the length of the filament. The
basic assumption of this analysis is that the following equation must be satisfied
at every value of s:

Ma+ Mg+ My=0 1.7
where My represents the bending moment resulting from actively generated forces,
Mg represents the bending moment resulting from elastic bending resistance of the
microtubule, and My represents the bending moment resulting from the viscous
resistances of the surrounding medium. This model has been used to simulate 2-
dimensional and 3-dimensional bending-wave propagation of microtubules and

flagella [95-97].
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A hybrid particle/continuum model was proposed by Lowe to simulate the
motility of micro-filaments, such as the microtubule [98, 99]. In the model, the
flexible filament is considered as a set of N rigidly connected beads. The rigid
connections between beads impose the condition that stretching of the filament is

negligible. The force on one of the individual beads reflect the forces acting on a

segment of length Al = /A~ of real filament with a total length I. The forces on
the th bead include:

e a tension force, Fr, associated with the resistance of the filament to
stretching;

e a bending force, Fg, associated with the resistance of the filament to
bending;

e an active bending force, Fa, generated by the organism to induce
movement;

e aviscous force, Fy, exerted by the fluid on the filament.

The governing equation of motion for the /z» bead can thus be written as

m, S = Fir + o + Fia + Fiy (18)

where the bead mass mi= m/N, V; is the velocity of the bead. The model has been
used to investigate the sperm’s swimming mechanism.

In both the bending moment model and hybrid particle/continuum model,
the bending factor and hydrodynamics are considered. As continuum model, a

large system can be simulated with a large time step. However, thermodynamics
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is ignored in the models. Besides, the driving force from motor proteins is over
simplified in the models. Hence, it is difficult to use these models to further
investigate some factors involving the synergy of motors, such as the density of
motors and the effects of coordination motor proteins on the dragging force and
driving force, which may have great impact on the movement of biofilaments
driven by the motor proteins.

Considering the advantages and disadvantages of various models, great
efforts have continuously been made to develop more effective and realistic
modeling approaches to simulate the kinetic behavior of cytosckeleton filaments
driven by motor proteins. In the present work, a general model involving
mechanical properties of dyneins and microtubules, the interaction between
dyneins and microtubules, bending moments, and hydrodynamics, was proposed.
This model has been applied to simulate unidirectional motion of a microtubule
driven by dynein motors and joining of microtubules. Furthermore, a Monte Carlo

approach was incorporated to study the self-organized movement of microtubules.
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Chapter 2

A general model system for studying the
kinetic behaviour of microtubules driven by

dynein C
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2.1 Introduction

The motion of a microtubule driven by a number of dynein motors is a
very complex process, involving ATP hydrolysis, energy conversion, driving and
drag actions from the dynein motors, viscous and thermal forces from solution,
density of dynein motors and so on, which are greatly influenced by the
coordination among the motors. Because of experimental limitation, it is not easy
to experimentally determine the roles that the individual factors play in the entire
process. The previously proposed models are primarily used to explore the driving
mechanism for a single motor on a cytoskeleton filament, and the resistance of
surrounding liquid to the filament’s motion, etc. The existing models are therefore
not very suitable for investigating the effects of these factors on the filament’s
movement.

In order to elucidate experimental observations and understand
mechanisms involved, especially the coordination functions of motor proteins on
the motion of a microtubule, in this work, a general model system was developed,
which takes into account the influence of dynein motors, viscous drag from the

solution, bending and extending of microtubule during its movement.
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2.2 Model description

2.2.1 A general model for motor proteins and microtubule system

As Fig.1.15 illustrates, there are several types of microtubules and their
structures are complicated. In order to simplify the model, a microtubule is treated
as a polymer chain composed of N segments, as Fig.2.1 shows [1]. The mass of
each segment concentrates on its center. These centers are treated as beads

connected by strings.

F A4
Ynm

Fig.2.1 Structure of a microtubule: (a) a three-start helices structure ),
(b) a polymer chain structure used to model a microtubule
Each bead represents a segment of filament (25nm). The strings between beads
may extend or contract under the external or internal stress.

When a microtubule moves in the solution with dynein motors and ATP,
its motion is influenced by many factors: the density and activity of dynein
motors, the concentration of ATP in solution, viscosity of solution, distortion of
the microtubule, polymerization and de-polymerization. Thus, simulating the

motion of_a microtubule driven by dynein motors is a very complex process,
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which needs to consider the mechanical force from dynein motors, energy
conversion from chemical energy to mechanical energy due to ATP hydrolysis,
thermal force of Brownian motion, viscous force from the solution, bending
energy, strain energy and torsion due to the movement and structural change of
microtubule, and chemical force from polymerization and depolymerisation.

Table 2.1 shows the levels of these forces [2].

Table 2.1 Examples of forces acting on molecules [2]

Type of force Approximate magnitude
Elastic 1-100 pN
Covalent 10,000 pN
Viscous 1-1000 pN
Collisional 10™*%-10 pN per collision/s
Thermal 100-1000 pN
Gravity 10° pN
Electrostatic and van der Waals 1-1000 pN

As a two-dimensional model, the torsion of microtubule is ignored. In
addition, the polymerization and de-polymerisation of microtubules are ignored in
the model. It is also assumed that there is sufficient ATP hydrolysis in the

solution, which supplies enough energy for dynein to drive the microtubule.
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Hence, in the system, the equation that governs the microtubule’s motion for the

ith microtubule bead can thus be written as:

. d’s,
" dt?

= Fi=Fis + Fig + Fip +Fio (2.1)

where Fis is a spring force associated with the stretching of spring connecting
adjacent beads; Fip is a driving force generated by dynein; Fig is a bending force
associated with the resistance of the filament to bend; Fio is an force from
environment, including viscous and thermal forces from solution, and collision
force from other microtubules, which depends on system conditions. Fig.2.2

illustrates a sketch of force system.

Fip: Driving force generated by || Fis: Spring force between
dynein adjacent beads

Microtubule bead

[ P PSP

Nicrotubule Chain

Fio: Environmental force
from solution or other
microtubules

Fis: Bending force
resulting from bending
of the filament

Fig.2.2 Forces exerted on a microtubule
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2.2.2 The driving force from dyneins

According to the power stroke model [3], a motor protein was treated as a
strained elastic string after receiving energy from ATP hydrolysis. The strained
spring generated a driving force on a microtubule to which it was attached. When
attached to the microtubule, the motor released its strain energy and thus drove
the microtubule to move. For a single motor of dynein c, each power-stroke
resulted in a displacement of about 8nm as determined experimentally [4].

Hence, for each stroke, the driving force from a motor on a microtubule may
be expressed as:

F, =k, -AS (2.2)
where kq is the spring constant of the motor and A¢ is the stroke distance for
dynein c.

In the model, two springs are used to represent the power stroke action as
shown in Fig.2.3: spring 1 is used to drive a microtubule to move forward, and
spring 2, which represents the stalk of dynein, is used to capture the microtubule.
The motor is attached to a glass surface by its stem, which is assumed to be rigid
and can only wave around the fixed position. The stress-free length of the stalk is
15nm and that of the stem is 13nm. The diameter of the motor is about 15nm [5].
When a motor is attached to a microtubule, spring 1 is full of strain energy given
by ATP hydrolysis and it drives the microtubule to move (The driving period is

defined asz, . .). After the displacement (8nm) is accomplished and the strain

active

energy in spring 1 is consumed, spring 2 starts to drag the bead. The drag force is
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kept for a certain period (z,,,) until the motor is detached from the microtubule.
During the following period of detachment (7 ), the motor would obtain another

energy unit from ATP hydrolysis and then grab the microtubule again, followed

by another cycle, as Fig.2.3 illustrates.

OZOZ0Z0 0,000

A microtubule head Microtubule
attached by a dynein | A5 |
Spring 1 R
Spring 2 (Stalk)
Motor 7 e Som () (b)

A motor 1s attached to a The motor drives the

bhead to move

head of microtubule

(d)
Spring 1 is detached from ~pring } drags the head if it
the head after its stored continues to move
energy is consumed
< JVWLE E
{H
Ty ¢
Spring 2 is detached The motor is attached to
from the head another head after it receives

a unit of energy (ATE)

Fig.2.3 The sketch of an attaching and detaching process
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The total attachment period 7, is the sum of 7, and z,..,7,, = 7

active on active

Tyaq- 1NE Cycle period time of dynein c is about 10 milliseconds. The duty ratio
for dynein c is 0.14 [4]. Hence for dynein c, 7, is about 6 times as long asz, .

In the model, the driving period (7, ) Of dynein ¢ was assumed to be the

active

same as 7,,, , Which can, of course, be adjusted to match experimental

observations. Such an assumption should not lead to misleading information when
studying the mechanism for motor-microtubule interaction, rather than intending
to obtain accurate quantitative data. Fig.2.4 schematically illustrates the three

periods of an attaching and detaching cycle for a dynein c.

"active

Td‘mg

Fig. 2.4. An attaching and detaching cycle for dynein c.

The total driving force of motors on a microtubule bead i may be expressed

as.
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Fo =2, k-AS; (2.3)
j=1

where k is the spring constant of the molecular motor and Ao, is the stroke

distance of dynein j and n is the total number of dyneins attached to the bead.

As Fig.2.5 illustrates, for a dynein c in the circle center, all the
microtubule beads in the cycle region have opportunity to be attached by the
dynein motor. The radius of cycle is equal to the sum of the lengths of stem and
stalk. Since each dynein motor has its specific driving direction, only microtubule
beads in the shaded region can be driven by the dynein motor if they are attached
by it. Therefore, the opportunity for a microtubule bead to be driven is
determined by the attaching probability of the dynein motor on the microtubule

bead and driving region of the dynein motor.

Microtubule

«  bead

y

“ dynein motor

- "
"1|‘ —
o S

Fig.2.5 Sketch of driving region of a dynien motor

63



2.2.3 The spring force between adjacent beads

In this model, two adjacent beads are connected by a spring (Fig.2.1) and

the force between neighbour beads i and j is expressed as [6]: r; T,

FSij =K (f; - req)ﬁj (2.4)

here Kg is the spring constant of connecting spring and r,, is the stress-free spring

length. For a microtubule, the spring constant of microtubule is expressed as:

- 29

where E is the Young’s modulus of the microtubule, which is determined
experimentally, A is the cross-sectional area of the microtubule and L is the

length of the microtubule.

The total string force on bead i can be expressed as:
Fs =D F% (2.6)
j=1

where n is the number of strings attached to the bead.

2.2.4 Bending Force

As Fig.2.6 illustrates, in a microtubule chain, two strings connects

three consecutive beads, i-1, i and i+1. A bending angle, &,, is defined as the

angle between vector r,, and r,. For a short segment i, its bending potential can
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Fig.2.6 A bending microtubule chain

be expressed as [7]:

U(@i)=

I\)lO

%-AI @2.7)

where G is the bending constant of microtubule, R;is the radius of curvature for

segment i, Al is the length of segment, which can be expressed as following [7]

= Vi (2.8)

where r is the radius of cross-section of the microtubule rod.

Therefore, the bending potential can be rewritten as

7Er*[1-cos(6,)]

Ug (i) = oAl

(2.9)

The bending force on bead i results from three bending energies between

groups of three connected beads, i-1, i, and i+1 [8]:

i+1 i+1

__ i dU g (J)
Fig = j;lV(UB(J)) ,Z.El(d oo (9)) V(cos(6,)) (2.10)

Details for calculating Fig are described in Appendix E.
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2.25 Environmental Forces

Fio mainly comes from the interactions between microtubule and its
environment, such as the solution and other microtubules. They are treated

differently in various situations, which will be discussed in following context.

2.3 The simulation process

Once the force on a liquid particle is given, its velocity and trajectory can

be determined using a modified Velocity-Verlet algorithm [8]:

fi©
m;

it AY = F O+ ALY+ (a0 L2 (1)

V, (t+At/2) :vi(t)+iAt- f.(t)
2m.

f (t+At) = f (F (t+At) +V, (t + At/2))

vi(t+At)=\7i(t+At/2)+2LAt-ﬁ(t+At) (2.11)
m.

where T, (t) and T; (t + At) are the positions of particle i at time t and time t + At,

respectively. V, (t), V,(t + At/2), and V, (t + At) are the velocity of the particle at t,

t+At/2 and t+ At, respectively. ﬂ(t) and ﬁ(t+At) are respectively the total

forces on the particle at t and t + At.
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2.4 Summary

In this chapter, a proposed general model system is described, which is
used to simulate the kinetic behaviour of microtubules driven by dynein motors.
In the model, microtubule is treated as a polymer chain connected by microtubule
beads. Forces from its extension and bending, driving or drag force from dynein
motors, and environmental forces are taken into account in the model to
determine the movement of a microtubule.

The model is developed based on a driving mechanism that is
schematically illustrated in Fig.2.3. This stochastic driving mechanism and
various forces involved are discussed in this chapter.

Extension force and bending force are calculated based on the elastic
spring force between adjacent beads and bending potential of microtubule
segment, respectively.  Environmental Force depending on system conditions

will be discussed in following chapters.
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Chapter 3

Dynamic modeling of unidirectional motion of
single microtubule driven by linearly distributed

dynein ¢
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3.1 Introduction

As described in chapter 1, previous research work has demonstrated that
microtubule can be guided to move unidirectionally driven by motor proteins. For
instance, using a highly oriented polymer film functionalized with myosin

subfragments [1] or kinesin [2], the success in driving actin filaments or
microtubules in straight lines has been demonstrated. Suzuki and co-workers [3]

reported the directional motion of actin filaments driven by aligned and
immobilized myosin molecules using microlithographically-patterned resist
polymers. In the presence of detergent, kinesin can be electively attached onto a
glass surface, from which the photo-resist polymer has been removed, rather than

on the photo-resist polymer itself [4]. In recent decades, the rapid development of

advanced experimental techniques, such as atomic force microscopy, optical trap
nanometry, and fluorescence microscopy, has made it possible to investigate the
dynamics of proteins at single-molecule level with different time scales from
millisecond to second. The high resolution of the experimental techniques permits
probing conformational changes and functions of motor proteins, such as myosins,
kinesins and dyneins. However, the coordination mechanism of motor proteins is
still not clear. In this work, the general model was applied to simulate
unidirectional movement of microtubule driven by dynein motors to analyze the

effect of coordination of dynein motors on the motion of microtubule.
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In this work, the general model described in Chapter 2 was applied to
simulate unidirectional movement of microtubule driven by dynein motors with

focus on the coordination function of dynein motors.

3.2 Model description

3.2.1 A modified model for unidirectional movement

When a microtubule move unidirectionally, it is hard to bend, thus
bending force can be ignored in the model. Therefore, derived from equation (2.1),
the controlled equation for microtubule bead i can be modified as:

Fi=Fis + Fip +Fio (3.1)
where Fis is a spring force associated with the stretching of spring connecting
adjacent beads; Fip is a driving force generated by dynein; Fio is an force from
environment, including viscous and thermal forces.

In the equation (3.1), as mentioned in Chapter 2, Fip and Fis can be
calculated using equation (2.3) and equation (2.6). However, the environment
force Fio is unknown in the model.

In recent years, the dissipative particle dynamics (DPD) technique [5]

attracted interest due to its large time steps that markedly decrease the computing
time so that the powering process of motor proteins involving many factors could
be investigated. In 1992, Hoogerbrugge and Koelman proposed a simulation

model based on the dissipative particle dynamics (DPD) to study the
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hydrodynamic behavior of motor proteins [5, 6]. In this model, a liquid phase is

modeled using dissipative particles and their motion is simulated based on some
collision rules. Thermal and hydrodynamic effects could be included in the model,
which are of importance to studies on the fluctuation of a microtubule. The DPD
method has demonstrated its advantages in simulation of complex fluids and soft

materials [7-12]. This method can provide more details of the motor protein’s
behavior than the stochastic model [13] or the ratchet model [14]. It should be
indicated that, compared to the molecular dynamics model used by Gao, et al [15],

the DPD model may be limited for qualitative prediction and explanation due to
its non-conservation of energy. Since the objective of this study is to improve the
understanding of the driving mechanism of dyneins on microtubule, especially to
study the coordination functions of motor protein, rather than quantitative
prediction, the DPD appears to be a suitable approach for the present study.

In this work, the dissipative particle dynamics (DPD) approach was
adopted to represent the interaction between microtubule and surrounding
environment. Thermal and hydrodynamic effects are introduced into the model.
Hence, local forces and their fluctuations can be analyzed, which is of importance

to understand the coordination of dynein motors during driving microtubules.

3.2.2 The DPD approach
DPD is a particle-based method [5], in which a fluid is treated as a group

of interacting particles. Each particle represents a fluid element containing a
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number of molecules. The interaction between two particles is a sum of

conservative force, dissipative force and random force:

Fs =Y (FCi+F% +F%,) (3.1)

ji
F; is a intermolecular force (conservative), which is a function of the distance
between two particles. F°; is a damping force (dissipative) that is primarily
responsible for the viscous effect affected by the relative velocity between a pair
of particles. F®j is a stochastic force caused by the thermal motion of molecules.

Fig.3.1 illustrates the DPD force system.

F% . The

damping force o

from the viscous ] O
0 5’0 ©

effect

pd
F Ca'r' : The F Rgr‘ : The random
intermolecular force from the
force from thermal movement
repulsive effect of molecules

Fig.3.1 The force system for DPD approach
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Since the forces are pairwise, the momentum of the entire system is
conserved and its macroscopic behavior directly depends on Navier-Stokes

hydrodynamics [5]. The conservative force is expressed :

¢ r. <fr
a.(r. —r.)r., 1 ¢
Fcij _{ u(c u) ij (32)

where a; is the maximum repulsive coefficient between particles i and j, which

r.is a cutoff

' e

can be determined from the liquid’s compressibility; r; =|r, —r; |
radius, and F; is the unit vector from particle i to particle j.

For a liquid phase consisting of two different types of particles, A and B,

the particle-particle interaction is approximated by letting

g = (1+4) (3.3)

A positive & results in a larger repulsive force between A and B, while a

negative £ leads to smaller repulsion so that species A and B can be mixed more
easily. The value of & ranges from —0.5to 0.5 [8].

The dissipative force and random force can be written as :
F Dii = _7WD (rij )(ﬁ] “Vij )fu

FRij=ow" (rij)é,ijAtllzfij (3.4)

o? =2k, T (3.5)

where o is the amplitude of noise, and ¢ is a random noise term with zero mean
and unit variance. y is a friction coefficient, which is related to o, as equation

(3.5) describes. o =3 is recommended based on previous work [12].
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It needs to be indicated that F°; and F®; are mutually related through
w® andw” :

(rc _r)Z’(r = rc)

0,(r>r,) (3.6

w (r) =[w" (n]° ={

For a system in equilibrium, its temperature may be determined from the

velocity of particles driven by thermal force:

3KT =<mv® > (3.7)

3.2.3 Modeling Process
Dimensionless simulation was conducted in the study. We set

m=r, =T =1, where F, is the corresponding dimensionless diameter of a

c

100nm , m is the dimensionless mass of a solution

solution particle at r,

particle, and T is the dimensionless temperature at T = 298K. According to

previous work [16], for water,a; =75KT /p, in which p is a number density.

p>3, oc=3 and time step At = 0.04 are adequate choices. Period boundary

condition was applied to both vertical and horizontal dimensions.

The dynein motors were initially randomly but linearly distributed in the
surface in a row and solution particles were placed at random. The initial
velocities of solution particles were chosen randomly from a Boltzmann
Distribution with initial system temperature at T=298. At each time step,

velocities are scaled by a factor to maintain a constant system temperature:
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A= [1+?(Tl—1)] (3.8)

T c
where T is the current kinetic temperature; tr is a present time constant.
To test the influence of thermal force on the structure of microtubule, the
system was relaxed and monitored by a related conformational time correlation

function:

1
2
NR?

C(t) = =5 2[5 ~ Ry (V] [£(0) — R, (O)]) (3.9)

R?q is mean-square radius of gyration, r,(0) and r,(t) are the original position
and position in time t for bead i respectively. R, (0) and R_,(t) are original
center-of-mass of the chain and the center-of-mass in the time t.

Fig 3.2 shows the change of related conformational time correlation
function with time. Only a very small change was observed, which means that the
structure of microtubule was very stable during moving in the solution driven by
dynein motors. Therefore, it is reasonable to treat microtubule as a straight rod
without bending effect.

Since the attachment of motor proteins onto a microtubule is statistically
random, the coordination among motor proteins should therefore largely affect the
motion of a microtubule driven by the motors. The coordination among motor
proteins is dependent on the number of motor proteins, which can affect the
driving and drag forces on the microtubule and thus its mobility. In order to gain
an insight into this issue, the movement of a microtubule driven by dynein ¢ with

different motor densities was simulated. The system for modeling was set
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Fig 3.2 Related conformational time correlation function against time
as 200x 40 as shown in Fig.3.3. The length of a microtubule was set as 100,
consisting of 100 beads. In order to study how the density of motor protein
affected the microtubule’s movement, different motor densities, which represent
the number of dynein ¢ motors per micrometer along the longitudinal direction of
the system, were used in the simulation. Motors were randomly distributed in the

longitudinal direction, along which the microtubule moved.

Dyneins randomly distributed

Microtubule under microtubule

Solution particles

Fig 3.3 Sketch of a model system for unidirectional motion of a microtubule
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3.3 Results and discussion

3.3.1 The effect of motor density on the microtubule motility

Fig.3.4 illustrates the displacement of a microtubule along the longitudinal
direction against time or time steps for different densities of dynein c (the number
of dynein ¢ motors per micrometer along the longitudinal direction of the system).
As shown, when the microtubule was driven by a motor, a stepwise-curve was
observed. In this case, as the motor was attached to the microtubule, it drove the
microtubule to move over one step (&) with releasing its stored energy. The
motor then dragged the microtubule before it was completely detached from the
microtubule. As a result, the microtubule stopped to move due to the drag from

both the motor and the surrounding liquid. After an off-attaching periodz , the

motor was attached to the microtubule again (in another position) and another
attaching-driving-detaching cycle began. This stepwise curve was observed
experimentally, as Fig.3.4 (b) illustrates [17]. Such a stepwise curve was also
observed when more motors were involved; however, the curve became less
stepwise. As shown in Fig.3.4 (a), the movement of microtubule becomes
continuous with an increase in the motor density and the displacement ~ time

curve eventually tends to be a line.
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Fig.3.4 (a) The simulated displacement of a microtubule vs the time (different
motor densities were used in the simulation, respectively); (b) Stepwise
movement of a microtubule driven by a single dynein c [17]
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The velocity of microtubule increases as the density of dyneins (the
number of dynein ¢ motors per micrometer) increases, since the time interval
during which the microtubule stops to move decreases as Fig.3.4 (a) illustrates.
As a result, the average velocity increases, i.e., the average slope of the curve
increases. Fig.3.5 (a) illustrates the increase in velocity against the motor density.
As shown, the velocity increases rapidly with an increase in the density of
molecular motors until saturation when the motor density reaches a certain level.
The saturation of velocity is attributed to an increase in the drag from the motors
as the motor density increases, which renders the coordination among motors poor.
A balance between driving and drag may eventually be reached, leading to a
stable velocity when the motor density reaches a certain value, as Fig.3.5 ()
illustrates.

The relation between the velocity Vs and motor density D may be
approximately represented using the following equation: Vs = Vgo*(1-(1-0.14)),
where Vg, = 9.225E-5. Experimentally, a similar relationship was observed
between the velocity and motor density: Vex, = Vo (1-(1-H)Y), where f is the duty
ratio = 0.14 for dynein ¢ and N is proportional to the motor density [17]. Fig.3.5
(b) illustrates the experimental result, which is consistent with the modeling result.
The only difference is that in the experiment the motor density must reach a
certain level before a microtubule starts to move. This difference between
experimental observation and modeling could be attributed to the difference in

scaling, bearing in mind that the modeling is dimensionless.
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Fig.3.5 (a) The velocity of microtubule vs the density of motors; (b) The sliding

velocity of microtubule vs the surface density of dynein ¢ [17]
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3.3.2 The length of microtubule and sliding velocity

Previous work demonstrated that the motility of microtubules was affected
by its length [18], which should also influence the coordination among motor
proteins. For a fixed motor density, the longer a microtubule, the lower degree
should be the motor coordination. This consequently affects the microtubule’s
velocity. In order to elucidate the relation between the microtubule length and
velocity, the motion of microtubules having different lengths driven by motors
with the same density was simulated. In the model, the average motor density was
fixed as 10 dynein ¢ motors per micrometer along the longitudinal moving
direction. Motors were randomly distributed in the system. In the model,
microtubules having different lengths, 6, 12, 25, 50, 100, 150, 200, 300, 400,

respectively (dimensionless in the simulation), were studied.

Fig.3.6 (a) illustrates the longitudinal velocity of a microtubule against its
length. The velocity increased initially with an increase in the length, which
became stable after reaching a critical length. Similar trend was observed in
reported experiments [18] as shown in Fig.3.6 (b).

For a short microtubule, motors have low probability to attach and drive it.
Hence, the microtubule should move slowly as the total driving force from motors
is smaller. With an increase in the length of microtubule, more motors have the
opportunity to attach and drive it with more local acceleration events associated
with motor attachment, thus resulting in an increase in the velocity of microtubule.
However, along with the increase in the driving force, the drag force from motors

also increases, accompanied with poor motor coordination as indicated earlier.
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Meanwhile, the drag force from solution increases as well due to the increased
velocity and length of a microtubule. As a result, the velocity of microtubule

eventually becomes saturated as the microtubule’s length reaches a certain value.
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Fig.3.6 (a) The simulated velocity of microtubule against its length (b)
Experimentally observed sliding velocity of a microtubule
against its length. (Cited from ref [18])
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3.3.3 Force analysis

As indicated earlier, a microtubule may exhibit very different kinetic
behaviors when driven by a single motor and a group of more motors,
respectively. The higher the motor density, or the longer the microtubule, the
more motors attached to the microtubule simultaneously. Therefore,
understanding how motors work coordinately to drive microtubule is of
importance to gain better understanding of the effect of motor density on
microtubule’s kinetic behavior, which is crucial to future nano-bio-mechanical
systems. Obviously, the coordination of motors directly affects the driving and
drag forces to a microtubule. In this study, we investigated effects of the motor

density on drag force (Farg) and driving force (Faiv). There are two net drag

i
m_drag

Ng
forces: one from motors, Fm_drag :Z Fo arag (F # 0when the motor i is in its

i=1
period of z,,,) and the other from the interaction between the microtubule and

N; N,
solution particles, Fs grag = ZZ F ®ii . N is the total number of motors, Ny is the
i=1 j=1

number of beads within a microtubule, and N is the number of solution particles.

The driving force is the total force from all motors that are attached to the

and F!

m_driv

No )
microtubule, Fgiy = Fm _driv= ZF' - Fy

m_ driv m_drag
i=1

are the drag force and

driving force from motor i. The total force (Fit) On microtubule is the sum of

I:m_drag + I:s_drag + I:driv.
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Fig.3.7 illustrates average Fariv, Fdrag, Fm_drag, @nd Fs_arag With respect to the
density of dynein ¢ motors (the number of dynein ¢ motors per micrometer). With
an increase in the motor density, Fariv, Fdrag. Fm_drag. @nd Fs_arag increased. It is
understandable that the first three forces are proportional to the motor density,
since they are directly contributed by individual motors and affected by their
coordination. Regarding the drag force from solution, although increased initially,
it reached a stable value when the density exceeded 20. Since Fs_grag IS related to
the velocity of microtubule beads relative to solution particles, it is mainly
influenced by the velocity of the microtubule. As demonstrated earlier, the
velocity of microtubule increased initially with an increase in motor density,
associated with a corresponding increase in drag force from solution. However,
the velocity of microtubule became stable when the density exceeded 20 (see
Fig.3.5 (a)). Hence, Fs grag Should also become stable when the motor density

exceeds this value as Fig.3.7 illustrates.
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Comparing to the drag force from solution (Fs 4rg), the drag force from
motors (Fm drag), Was about 8 times as large as Fs grag. This implies that motors
strongly affect drag force, to which the coordination among motors makes a large
contribution, since the motors do not drive the microtubule harmonically. When
comparing the total drag force to the total driving force, though they both
increased with an increase in the density of motors, one may see that the ratio of
these two forces is close to 1. This may make the microtubule moves at a constant
speed.

Fig.3.8 illustrates the total force on a microtubule, Fi, and the total force
from motors, Fm toral, @gainst the time step for different densities of dynein motor.
As illustrated, the total force on the microtubule fluctuated with time. With an
increase in the motor density, the fluctuation frequency increased. However, the
average total force for a long period was zero. This indicates that statistically a
microtubule moves at a constant average speed but acceleration exists once a
motor is attached to the microtubule. Such acceleration becomes less visible with
an increase in the motor density.

The total force from motors, Fm tora, Showed similar fluctuation but its
average was non-zero, since the average force from motor should be non-zero in
order to overcome the resistance from the solution as well as that from motor’s
drag when the microtubule is moving. The positive value corresponded to the
driving force provided by the motor when it was attached to the microtubule,

while the negative value corresponded to the drag force from the motor during the
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detaching period (z,.,,)- The fluctuation frequency became higher as the motor

density increased, leading to more stable motion of the microtubule.
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Effect of the coordination among motors and its influences on the driving
and drag forces, average Fariv, Fdrag, Fm drag, and Fs grag against the length of
microtubule were also investigated. As shown in Fig.3.9, with an increase in the
microtubule’s length, Fgrag, Fariv, and Fm_arag CONtinuously increased. The increases
in the forces are attributed to the fact that a longer microtubule can be attached by
more motors that result in not only a larger average driving force but also a larger
drag force due to inharmonic attachment by an increased number of motors.
Besides, the resultant increase in microtubule’s velocity also increased the drag

force from solution.
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Fig.3.9 The forces Fariv, Farag, FM_drag, and Fs_drag vs the length of microtubule
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In summary, the present modeling study has demonstrated effects of motor
density and microtubule’s length on the microtubule’s velocity, driving and drag
forces. The coordination of motors certainly has strong influences on these
parameters, which have been qualitatively demonstrated in this modeling study. It
should be pointed out that in the present study, it is not attempted to establish
quantitative relationships between the motor coordination and the kinetic behavior
of a bio-filament driven by multiple motor proteins. To do so, it is necessary to
define an adequate statistical parameter to describe the motor coordination and

further quantitative investigations and statistic analysis are needed.

3.4 Movement of microtubule driven by mixed fast and slow

motors

The work presented earlier was focused on the movement of microtubule
driven by only one type of motors, dyneins c. What will happen if two types of
molecular motor, such as dynein ¢ and dynein f, are used to drive a microtubule?
How will the microtubule’s velocity and involved forces change with respect to
the fractions of the two types of motor? Information on some properties of these

two types of motor can be found in the literature. The attaching time (z,,) of the

two types of motors are similar: 1.2ms for dynein ¢ and 1.4ms for dynein f. The
two type motors have the same driving distance of a single stroke equal to 8nm.

However, dynein ¢ can drive a microtubule to move at a velocity up to 10 um/s,

while dynein f can only drive it up to 2um/s due to a lower duty ratio of dynein f
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(~0.02), compared to a much higher duty ratio of dynein ¢ (0.14). Here the duty

ratio is defined as: Fon , Which is the ratio of the attaching period to a
Ton + z-drag + z-of'f

total cycle period consisting of attaching, detaching, and off-attaching (the period
that motor is detached from the bio-filament) processes.

This difference in duty ratio greatly affects the movement of a microtubule
if it is driven by mixed dynein ¢ and dynein f motors. In this work, different
fractions of dynein c and dynein f were used to study the coordination among the
motors with a fixed total number of motors that were randomly distributed. The
observed interaction would be useful for velocity control in future nano-bio-
devices.

Fig.3. 10 illustrates the velocity of a microtubule with respect to the

fraction of dynein c. Since the Ton ratio of dynein f is much smaller than that of
Toff

dynein c, increasing the fraction of dynein c resulted in an increase in the driving
period. Hence, the velocity of microtubule increased, as shown in Fig.13. When

the fraction of dynein ¢ was higher enough, the velocity became saturated.
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Fig.3. 10 The velocity of microtubule vs the fraction of Dynein ¢

In order to obtain more information related to the synergic function
between the two types of motor, the driving force and drag force with respect to
the fraction of dynein ¢ were calculated. Fig.3.11 illustrates average Farag, Fariv,
and Fm drag against the fraction of dynein c. As shown, with an increase in the
fraction of dynein ¢, Fyrag, Fariv, and Fr_arag increased and their increases gradually
slowed down. Fs grag also increased with the fraction of dynein ¢ due to the
increase in velocity as shown in Fig.3.11.

Since dynein ¢ and dynein f have similar attaching time (z,,) but former
has a much higher duty ratio, an increase in dynein c¢ fraction led to an increase in
the total driving period. Hence, the driving force from motors increased.
Meanwhile, the total drag period and thus the drag force from motors also
increased with the fraction of dynein c, corresponding to the increase in the

driving force on the assumption that 7, is proportional to 7, ( 74, =7,, Was

assumed in the present simulation).

92



250

Force

« Fs_drag

O T T T T T
0 20 40 60 80 100 120

Fraction of Dynein C (%)

Fig.3. 11 The average force, Fariv, Farag, Fm_drag, @nd Fs_grag VS the fraction of

dynein c

3.5 Summary

In this chapter, the general model described in chapter 2 was extended and
modified to simulate unidirectional movement of a single microtubule driven by
dynein c. A dynamic method -- dissipative particle dynamic method was applied
to calculate the environmental force on a microtubule, which took account of the
thermodynamic and hydrodynamic behaviours of solution and microtubule. By
combining with this dynamic method, the general model proposed in Chapter 2

was extended to study the driving mechanism for molecular motors attached to a
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microtubule. Effects of motor’s density, the length of microtubule, and the
mixture of slow and fast motors on the motion of a single microtubule were
studied, with the aim of demonstrating the correlation between the observed
phenomena and the coordination among motor proteins.

The simulation study demonstrated that with an increase in the motor’s
density, the average velocity of a microtubule increased and became saturated
when the motor’s density was high enough. The microtubule showed a stepwise
movement under the stroke of a single motor while the corresponding stair-like
velocity-time curve approached a linear line with an increase in the density of
motors. The microtubule’s length showed a similar influence on the velocity. The
computational results are in agreement with experimental observations reported in
literature. The observed phenomena are greatly related to the coordination among
motor proteins.

Detailed information on changes in the driving and drag forces with respect
to the motor density and microtubule’s length was also obtained from the
modeling study. The force analysis indicated that, the average force (mean of
Fariv-Farag) ON microtubule was approximately zero regardless of the motor density
or the powerstroke frequency, which led to a macroscopically constant speed of a
microtubule when it moved. However, instant acceleration existed when a motor
was attached to the microtubule with a generated force to frive the microtubule. In
addition, the average force from the molecular motors (average of Fgriv-Fm_drag)
was positive, which drove the microtubule to move in the solution that provided

resistance to the microtubule’s movement.
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It was also demonstrated that when a microtubule was driven by mixed
fast dynein ¢ and slow dynein f, the microtubule’s velocity showed an
approximately linear increase with an increase in the fraction of dynein c; the
velocity eventually reached a stable value as the fraction of dynein was above

90%.

95



References

Suzuki, H., K. Oiwa, A. Yamada, H. Sakakibara, H. Nakayama and S.
Mashiko. 1995. Linear arrangement of motor protein on a mechanically
deposited fluoropolymer thin-film, Japanese Journal of Applied Physics Part
1 — Regular Papers Short Notes & Review Papers 34: 3937-3941.

Dennis, J.R., J. Howard and V. Vogel. 1999. Molecular shuttles: directed
motion of microtubules along nanoscale kinesin tracks, Nanotechnology 10:
232-236.

Suzuki, H., A. Yamada, K. Oiwa, H. Nakayama H and S. Mashiko. 1997.
Control of actin moving trajectory by patterned poly(methyl methacrylate)
tracks, Biophysical Journal 72: 1997-2001

Hiratsuka, Y., T. Tada, L. Oiwa, T. Kanayama and T.Q. Uyeda. 2001.
Controlling the direction of kinesin-driven microtubule movements along
microlithographic tracks, Biophysical Journal 81: 1555-1561

Hoogerbrugge, P.J., JM.V.A. Koelman. 1992. Simulation microscopic
hydrodynamic phenomena with dissipative particle dynamics, Europhysics
Letters 19: 155-160

Koelman, J.M.V.A., P.J. Hoogerbrugge. 1993. Dynamic simulation of hard-
sphere suspensions under steady shear, Europhysics Letters 21: 363-368
Schlijper, A.G., P.J. Hoogerbrugge and C.W. Manke. 1995. Computer
simulation of dilute polymer solutions with the dissipative particle dynamics

method, Journal of Rheology 39: 567-579

96



10.

11.

12.

13.

14.

15.

Kong, Y., C.W. Manke and W.G. Madden. 1997. Effect of solvent quality on
the conformation and relaxation of polymers via dissipative particle dynamics,
Journal of Chemical Physics 107: 592-602

Gibson, J.B., K. Chen and S. Chynoweth. 1998. Simulation of particle
adsorption onto a polymer-coated surface using the dissipative particle
dynamics method, Journal of Colloid and Interface Science 206: 464-474
Wijmans, C.M., B. Smit and R.D. Groot. 2001. Phase behavior of monomeric
mixtures and polymer solutions with soft interaction potentials, Journal of
Chemical Physics 114: 7644-7654

Soddemann, T., B. Du'nweg and K. Kremer. 2003. Dissipative particle
dynamics: A useful thermostat for equilibrium and nonequilibrium molecular
dynamics simulations, Physical Review E. 68: 046702-2

Satoh, A. and T. Majima. 2005. Comparison between theoretical values and
simulation results of viscosity for the dissipative particle dynamics method,
Journal of Colloid and Interface Science 283: 251-266

Qian, H. 1997. A simple theory of motor protein kinetics and energetics,
Biophysical Chemistry 67: 263—-267

Astumian, R.D., M. Bier. 1994. Fluctuation driven ratchets: molecular
motors, Physical Review Letters 72: 1766—-1769

Gao, Y.Q.,W. Yang, R.A. Marcus, M. Karplus. 2003. A model for the
cooperative free energy transduction and kinetics of ATP hydrolysis by F1-
ATPase, Proceedings of the National Academy of Sciences of the United

States of America 100: 11339-11344

97



16.

17.

18.

Groot, R.D., P.B. Warren. 1997. Dissipative particle dynamics: bridging the
gap between atomistic and mesoscopic simulation, Journal of Chemical
Physics 107: 4423-4435.

Sakakibara, H., H. Kojima, Y. Sakai, E. Katayama and K. Oiwa. 1999.
Inner-arm dynein ¢ of chlamydomonas flagella is a single-headed processive
motor, Nature 400: 586-591

Hamasaki, T., M.E.J. Holwill, K. Barkalow, P. Satir. 1995. Mechanochemical
aspects of axonemal dynein activity studied by in vitro microtubule

translocation, Biophysical Journal 69: 2569-2579

98



Chapter 4
Microtubule-microtubule interactions and
microtubule’s collisions against micro-

fabricated tracks
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4.1 Introduction

As mentioned in previous chapters, In vitro motility assays have been
frequently used to study the function of motors protein [1-4]. In the assays,
purified motor proteins are attached and immobilized on the surface of a substrate
(e.g. glass surface) and counterpart cytoskeletal filaments are added onto the
surface in the presence of ATP. Under a fluorescence or dark-field microscope,
the movement of cytoskeletal filaments is observed and their velocities are
measured to evaluate motors’ functions. In combination with micro-fabrication
techniques, the in vitro motility assays have been extended to explore the
application of the motor protein — biofilament system in the development of
potential nano-bio-devices [5-6].

Several requirements should be fulfilled in order for motor proteins to be
used in nano-bio-technological applications. For example, motor proteins or
cytoskeletal filaments need to be immobilized on surfaces while keeping their
activities and arranging the output of motor proteins, force and movement in one
direction. In order to achieve these, one has to characterize physico-chemical
properties of the surfaces for immobilization and use appropriate topography of
boundaries to guide the movement of cytoskeletal filaments. The motion of
cytoskeletal filaments can be confined by micro-fabricated tracks and thus guided
in desired directions or patterns [4, 7-9]. When channels bordered by walls of a
few hundred nanometers in height were used to confine the cytoskeletal filament

movements, these filaments rarely climb up the walls. In consequence, the
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cytoskeletal filaments move only in the designed channels. In fact, the success in
controlling the direction of microtubule movement using simply-patterned
tracks/channels [8, 9] has shortened the distance between the concept and reality
for nano-bio-machine development.

Using the patterned tracks has been demonstrated to be effective in
guiding all or most MTs move in one direction (rather than in both directions),
which makes it possible to use the one-direction MT flow to drive components in
potential nano-bio-machines, e.g., nano gears. The microtubule movement could
be well controlled by optimizing the geometry of micro-fabricated patterns, which
influences the bumping force, bending or rotation of microtubules when they
collide with the rigid wall. Therefore, investigating the MT's collision with track
wall would generate useful information for the design of optimal wall curvatures
or geometry in order to guide MT movement effectively. Transport processes
involving the microtubule-kinesin motility were previously modeled using a
Monte Carlo simulation approach [10]. However, the mechanism for the guided
MT movement has not been well characterized with sufficient detail. Besides, it
was recently noticed that in in vitro motility assays, when two microtubules
driven by axonemal dynein subspecies ¢ (dynein c) met, they joined and moved
together (either along the same direction or in opposite directions, depending on
their initial moving directions) [11]. Such interaction would influence the
formation of MT bundles that affects their coordinated motion and resultant
driving force on nano-compounds such as nano-gears in potential nano-bio-

machines, thus affecting the overall dynamic processes in the systems. However,
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it remains unclear why and how two microtubules may join together.
Understanding the responses of microtubules when colliding with obstacles is,
therefore, of importance to the design or development of potential nano-bio-
mechanical machines.

In this work, microtubule-microtubule and microtubule-wall interactions,
in which microtubules were driven by axonemal dynein c, were systematically
studied. The general model was modified to analyze involved mechanisms related
to these two interactions. Some mechanical properties of dynein molecules and
microtubules were incorporated into this hydrodynamic simulation, with which
we could simulate dynamic motion of a microtubule during the collision with
another microtubule or a micro-fabricated track wall. This model provides a tool
to analyze the bumping force, bending moment, torque generation involved in the
collision processes and associated dynamic behavior of microtubules. The
obtained information is helpful for designing nano-bio-devices or systems with

micro-fabricated tracks.

4.2 Experimental Analysis

The simulation study was conducted, inspired by recent experimental
observations of the MT-MT collision processes. In order to conduct meaningful
modeling studies, some relevant experiments were performed to provide more

information for the simulation investigation, including the MT-wall collision.
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4.2.1 Protein preparation

Inner-arm dynein ¢ was isolated from the outer-armless mutant of
Chlamydomonas reinhardtii (strain odal) as described in literature [12, 13].
Porcine brain tubulin, purified basically according to Vallee [14], as polymerized
into microtubules in assembly buffer (80mM PIPES/KOH, 1mM MgCl,, 1mM
EGTA, 1ImM GTP, 10% (v/v) dimethyl sulfoxide, pH 6.9) at 37 °C, and was
subsequently stabilized by adding 10 uM taxol. Cy5-labeled fluorescent
microtubules were prepared, using the method of Howard and Hyman [15].
Dynein ¢ and tubulin concentrations were measured using the Bradford dye-

binding assay.

4.2.2 Preparation of wall patterns by microfabrication techniques

In order to investigate the interaction between microtubules and a rigid
wall, a wall-attack-pattern system was fabricated on glass slides (72mm x 18mm)
with electron beam lithography as shown in Fig. 4.1A. First, we deposited Nb on
glass-slide surfaces by vacuum metallic deposition in order to prevent them from
charging up in following processes. The SAL601-SR7 (negative electron-beam
resist) layer was added by spin-coating at 4000 rpm for 90 seconds and pre-baked
for 2 min on a hotplate at 85 °C for 2 minutes. We drew the wall-attack-pattern
with the electron beam lithography. The patterned sample was then baked at

105°C for 2 minutes and etched with CF, and Ar. The wall-attack-pattern was
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composed of four walls and three guiding tracks (Fig. 4.1B). The height of wall
was 500 nm, which was high enough to prevent the climb-over of microtubules
having their diameter of ca. 25 nm. Approach angles of the attack patterns were

designed to be 15, 45, and 75 degrees.

Fig 4.1 Wall-attack patterns microfabricated on a glass surface A. fabrication
process with the electron beam lithography. B. fabricated wall-attack-pattern

system having three approach angles

4.2.3 In vitro motility assays

For comparison with previous experimental studies [13], in vitro motility

assays were carried out at 20-22 °C. A flow cell was made of a fabricated glass
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slide or a non-fabricated glass slide (72 mm x 18 mm), and a cover slip (18 mm x
18 mm) cleaned with non-ionic detergent and rinsed with de-ionized water. Two
slivers of a polycarbonate film with 50 um in thickness were used as spacers of
the flow cell (10 pl in volume). Dynein ¢ (100 ug/ml) was diluted in a buffer
solution containing 30 mM HEPES/KOH (pH 7.4), 5 mM MgSO,4, 1 mM DTT,
1 mM EGTA, and 0.5 mg/ml bovine serum albumin. The flow cell was flushed
with 10 pl of the diluted dynein solution, incubated for 5 min and then washed.
Solution (20 ul) containing 40 ug/ml Cy5-labelled microtubules, 0.5 mM ATP,
and 1 mM DTT was introduced into the flow cell. The densities of dyneins were
calculated from the concentration of dynein (molecular weight = 540kD for
dynein c¢) and the geometry of the flow cell. We assumed that subspecies
distributed evenly on the glass surface. Microtubules were visualized under an
Olympus epi-fluorescence microscope using a 100 W mercury light source. The
image was projected onto an EM-CCD camera (C9100, Hamamatsu Photonics)
and processed by the contrast enhancement and offset controls. Images were

directly stored on a hard disc for subsequent image analysis.

4.2.4 Experimental observation

A. The behavior of microtubules at collision against another microtubule
In our experimental condition, the surface density of dynein molecules

was estimated to be 2000 molecules/um?, which is the saturated density. At this
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density, the movement of microtubules driven by dynein ¢ was observed all over
the surface, which was constant and smooth. The measured velocity of a sliding
microtubule was 6.7 + 1.1 um/s (n = 16), which is comparable to those measured
in previous studies [12]. No significant difference between motilities on both
surfaces was observed.

Microtubules on the dynein-c-coated surface randomly moved in various
directions and collided with each other when met. The behavior of the
microtubules after collision can be categorized into four types: a microtubule 1)
changed its moving direction, joined the other and then moved together in the
same direction (Fig. 4.2A), 2) changed its direction of movement, joined side by
side and then moved in opposite direction (Fig. 4.2B), 3) paused (Fig. 4.2 C), and
4) crossed over the other (Fig. 4.2 D). The joining, pausing and crossing occurred
at the probabilities of 70%, 10% and 20%, respectively, of the total collision
events (Total 393 observations). These probabilities depend upon the surface
densities of dynein molecules (data not shown). In a rare case, two microtubules
collided at both tips and changed both directions and traveled side by side. This
case should be categorized into the case 1.

In the microtubule joining process, the tip of a microtubule (MT1) hits
another microtubule (MT2) laterally and MT1 gradually changes its direction and
finally moves along with MT2. The trailing part of the microtubule does not

follow the trajectory drawn by the leading tip but shows lateral shift.
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Fig 4.2 Video sequences showing the movement of a microtubule after colliding
with another one. Time interval of the successive video images is 2/8 sec.
Microtubules moved on dynein-c coated glass surface at the surface density of
3300 molecules/um? in the presence of 500 uM ATP at 20° C. The surface
density was estimated by assuming all dynein molecules introduced into a flow
cell bound to the glass surface of the flow cell. A. A microtubule bumped against
another, joined to the latter and moved in parallel. B. A microtubule bumping
against another joined and moved in the opposite direction. C. A microtubule
intersected another without changing the direction of motion. D. A microtubule

bumped against another and stopped. Scale bar is 20 um.
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B. The behavior of microtubules at collision against a rigid wall

Fig. 4.3 illustrates the microtubule-wall joining processes for long
(~20 um) and short (~10 um) microtubules with an approach angle of 45°.
Different from microtubule-microtubule joining, microtubules at collision against
a rigid wall always joined with the wall (20 events observed). In movement of a
short microtubule at the 45° collision, the tip of the microtubule moved along the
wall but the rest of the microtubule did not follow the trail. In consequence, the
microtubules rotated around a point on the surface during the microtubule-wall
joining process. For short microtubules, bending was rarely observed and rotation
played a dominant role in this process (Fig. 4.3 A). For longer microtubules,
bending was clearly observed (Fig. 4.3 B).

In microtubule-wall collision or joining processes with the larger approach
angle of 75° microtubules sometimes show a certain degree of buckling. The
collision point of the microtubule seems free to pivot but does not move along the
wall. The force generated by dynein molecules compressed the microtubule and
exceeded the ¢ (not necessary to show this figure, since buckling cannot be seen
anyway). This buckling changes the angle between the microtubule tip and the
wall, and then allows the microtubule to move its tip along the wall and finally the

buckling was released.

108



Fig. 4.3 Video sequences showing the movement of microtubules after bumping
against a constraint wall. Time interval of the successive video images is 3/8 sec.
Microtubules moved on dynein-c coated glass surface at the surface density of
2400 molecules/um? in the presence of 500 pM ATP at 20 °C. The surface density
was estimated by assuming all dynein molecules introduced into a flow cell bound
to the glass surface of the flow cell. The illustrated microtubule-wall joining
processes include: A. a bumping process of a short microtubule with a 45°
bumping angle; B. a bumping process of a longer microtubule with a 45° bumping
angle; C. a bumping process of a microtubule with a 75° bumping angle. Scale bar

is 20 pm.
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4.3 Theoretical Study

4.3.1 Theoretical modeling of the behavior of microtubules

Microtubule joining is a complex process, which is influenced by many
factors, e.g., drag force from solution, flexural rigidity of the microtubule, surface
density of dynein molecules and the approach angle. The mutual influences of
these factors make it difficult to determine the roles that the factors play in the
joining process. Computer modeling allows performing “computational
experiments” under controlled conditions. The effect of each parameter on a
joining process could thus be tested and studied separately. Thus, the computer
modeling provides an effective method complementary to experimental studies
for fundamental understanding of possible mechanisms for the microtubule
joining and provides guidelines for designing nano-bio-devices.

In the study reported in chapter 3, we incorporated a DPD technique with
the general model system proposed in chapter 2, to analyze the function of motor
proteins on the unidirectional movement of a single microtubule. The DPD
technique has its advantage in local force analysis. The thermal force is taken into
account in the model system. However, it takes too much time to compute the
trajectories of solution particles, which limits its application in simulating larger
systems with multiple microtubules and thousands of dynein motors. Therefore, in
the present modeling, a more applicable approach was incorporated with the
general modeling system to simulate the joining process between two

microtubules and that between a microtubule and a rigid wall.
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Different from unidirectional movement of a microtubule, the bending of a
microtubule plays a key role in microtubule joining. Therefore, bending force
should be considered in the model. The solution was treated as a continuous fluid;
the viscosity force was averaged and thermal force was ignored in the model. In
the model, the collision force between two microtubules is considered. A
microtubule is constructed with a set of beads with a certain mass (Fig. 4.4). Each
bead is the center of a segment of the microtubule and is connected with adjacent
beads by elastic springs or bars that may extend, contract and rotate under
external or internal forces. The motion of microtubule is driven by dyneins and
influenced by surrounding solution. As a two-dimensional model, the torsion of
microtubule is ignored. The motion-controlled equation for ith bead is expressed

as:

d?s

m, de' = Fir = Fis + Fig + Fip + Fiv+Fim (4.1)

where Fir is the total force exerted on bead i at time t; Fis is a force associated
with the stretching of the elastic bar connecting adjacent beads; Fis is a bending
force on the segment represented by the ith bead; Fip is a driving force generated
by the motor proteins; Fiy is a viscous force exerted by the fluid on the ith bead;
Fim is a collision force between the microtubule bead and the beads of another

microtubule when the two microtubules bump each other.
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Fig. 4.4 A microtubule is constructed with a set of beads with a certain mass

In Chapter 2, the calculation of the longitudinal spring force between two
microtubule beads connected by an elastic bar, Fis, the bending force of
microtubule, Fig, and the driving force from dynein motors, Fip, has been
described in details. However, the viscous drag force and collision force involved
in the present modeling need to be determined, details of which are provided

below.

A. Viscous drag force

When a microtubule moves in a solution, there is a resistant force from the
solution. The viscous force from the solution depends on the structure of a
microtubule, its velocity and properties of the solution. For each segment of
microtubule, it is treated as a cylinder. Fig. 4.5 illustrates viscous forces on a
microtubule segment. The drag force (or viscous force) on microtubule bead i

may be expressed as:
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FiV = C:iv 'Li 'Viv

(4.2)

where F;. and Fjy are viscous forces parallel and perpendicular to segment i,
respectively; Ci. and Cjy are corresponding parallel and perpendicular drag
coefficients, respectively; L; is the length of segment i; Vj.and Viy are velocity of

segment i in parallel and vertical directions, respectively.

Fiv

Fig. 4.5 The viscous force of a microtubule segment

Since microtubule moves in the vicinity of the glass surface, the drag
coefficient for a cylinder in a solution near a plane surface is much larger than
that in an unbounded solution or in a region that is far away from the surface.
According to Hunt et al [16], the drag coefficients of segment in its parallel and
vertical directions may be expressed as:

_ 27n 27y
" cosh™*(h/r) In(2h/r)

CiV = 2Ci|_ (4.3)
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where h is the vertical distance of the center of cylinder to the glass surface; r is
the radium of cross-section of cylinder; 7 is the viscous coefficient of cylinder in
solution.
By transforming back to original (X, y) coordination, the forces in x and y
directions generated by viscous forces are:
Fux = Fy -cos(8) — F, -sin(6))

F. =F, -cos(8)+F, -sin(6,) (4.4)

B. Collision force

When two microtubules meet each other, a collision force is generated. In
the model, the collision force between two beads respectively on the two
contacting microtubules depends on the distance between the two beads. For bead
i on a microtubule, the collision force from bead J on another microtubule may be

expressed as:

Fooum=08-(ry—ry) if ry<r,

Foou =0 ifr>r, (4.5)
where r,, is the distance between bead i and J, r,is a equilibrium distance, which
is a distance between the bead i and J without force. The collision force is equal to

zero when r,; >r,. S is a collision coefficient, which is related to the physical

properties of microtubule. In the model, we set r,=25nmand g =100 N/m.
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4.3.2 Simulation process

The system for modeling microtubule-microtubule joining consisted of
two microtubules, one moved horizontally while another moved with a specific
angle to join it (Fig. 4.6 a). For microtubule-wall joining, the model system
included a microtubule and a rigid wall (Fig. 4.6 b). The system size

was 40mx 20um . The density of motor protein dynein ¢ was 2500/ zm?®. For

simplicity without losing physical significance, water was used as the solution and
dyneins were randomly distributed on the bottom surface. A segment of

microtubule was set as 400nm.

(a)

e
e

(b)
Fig. 4.6 Sketches of two model systems: (a) for modeling microtubule-

microtubule joining; (b) for modeling microtubule-wall interaction
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4.3.3 Simulation result analysis

Effects of the microtubule length on microtubule-wall and microtubule-
microtubule interactions were studied by computational simulation. Experimental
observations demonstrated that the length of a microtubule greatly affected a
microtubule-wall joining process but had little effect on a microtubule-
microtubule joining process. Fig. 4.7 illustrates simulated microtubule-
microtubule joining and microtubule-wall interaction processes with an approach
angle 45° for microtubules having lengths of 8, 12 and 16 pum, respectively.
Consistent with experimental observations, for all three microtubule lengths,
microtubule bending appeared to dominate the microtubule-microtubule joining
process while rotation became more obvious in the microtubule-wall joining
process. During microtubule-microtubule joining, bending appeared to dominate
the joining process and the microtubule length showed little effect on rotation,
although there was some rotation for the short microtubules. However, for
microtubule-wall joining, rotation was predominant particularly for the short
microtubules. With an increase in the microtubule length, bending started to

participate in the joining process.
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MT-MT joining @) MT-Wall joining

MT-MT joining (b) MT-Wall joining

MT-MT joining (c)  MT-Wall joining

Fig. 4.7 Microtubule-microtubule and microtubule-wall joining processes with a
bumping angle = 45° for different microtubule length: (a) length =8 xm, (b)
length = 12 zm, (c) length = 16 xm
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Fig. 4.8 illustrates two joining processes with approach angles of 15° and
45°, respectively. For microtubule-microtubule joining, the increase in the
approach angle did not affect the bending of microtubule, which dominated the
joining processes. For microtubule-wall joining, both bending and rotation played
roles in controlling the joining process. The simulation results are well consistent
with experimental observations.

When a dynein motor is attached to a microtubule, (a) it generates a
power-stroke that drives the microtubule to move forward, and (b) it drags the
microtubule after consuming its energy obtained from ATP hydrolysis (before
detached from the MT). The latter restricts bending and rotation of microtubule.
At a certain density of dynein, the number of dynein motors that are attached to
the microtubule will increase with the microtubule length. Such an increase does
not affect the flexibility of a microtubule during bending since the average
distance between two adjacent dynein motors attached to the microtubule is
constant. However, the rotation of microtubule will be largely influenced. More
dynein motors attached to a microtubule would apply greater constraint to the
microtubule, since the rotation occurs not only for a few segments, but for the
entire microtubule. This could be the reason why the bending became dominant

with an increase in the microtubule length during microtubule-wall joining.
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MT-MT joining (@ MT-Wall joining

MT-MT joining (b) MT-Wall joining

Fig. 4.8 Microtubule-microtubule and microtubule-wall joining processes with
microtubule length = 12 zm for (a) bumping angle = 15°, and (b) bumping angle
= 45°

Buckling may also affect microtubule joining. When increasing bumping
angle, buckling may occur since collision force along axial direction of
microtubule increases, which may affect the bumping process of microtubules.

Normally, buckling is largely influenced by external load and microtubule length.

Therefore, in this work, bumping processes with different microtubule lengths of
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16, 24 and 32 xm and bumping angle at 60° were simulated. Fig.4.9 illustrates the
bumping processes. For a microtubule with 16um length, only bending was
observed without buckling. For a 24 ym microtubule length, an obvious buckling
showed up during bumping process. Such buckling disappeared and only bending
was observed when a part of microtubule joined with wall. With further increase
of the microtubule length to 32 um, obvious buckling was still observed. Such
buckling increased with further joining. This phenomenon demonstrated that the

microtubule length did affect microtubule bucking and then the bumping process.

An increase in microtubule length leads to an increase in buckling.

/

<—— No buckling

<«—— Some buckling
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(b)

<«—— Obvious buckling

(©)

Fig.4.9 The bumping processes of microtubule with different length: (a) length =
16 um, (b) length = 24 xm, and (c) length = 32 um

Bumping processes with different bumping angles at 45° 60°, and 75°
were also simulated to study the effect of bumping angle on buckling of joining

process. As Fig.4.10 illustrates, with an increase in the microtubule bumping
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angle, buckling becomes more obvious. With a larger bumping angle, a larger
axial load from collision force will be generated, which leads to an increase in

buckling of microtubule during joining process with a rigid wall.

/

i

(c)

Fig.4.10 The bumping processes of microtubule with different bumping angles:
(a) bumping angle = 45°, (b) bumping angle = 60°, and (c) bumping angle = 75°,

Another parameter that affects microtubule joining is the bumping force,
which is generated when a microtubule hits another microtubule or a rigid wall.
The force can be divided into two force components, one is a resistant force
parallel to the moving direction of microtubule, and the other is perpendicular to

the moving direction, which generates a torque on the microtubule. This force
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component makes the microtubule bend or rotate. If there are no dyneins attached
to the microtubule, it will rotate easily without bending. If the microtubule is
attached by dyneins, the motor proteins will restrict the rotation of microtubule so
that the bumping torque will mainly cause local bending. For microtubule-
microtubule joining, the bumping torque force for the microtubule is smaller since
its counterpart is soft. The direction of bumping force will also be changed. For
microtubule-wall joining, since the wall is rigid, a much larger bumping force or
torque will be generated between the microtubule and wall.

In order to better understand the effects of these parameters on
microtubule-microtubule and microtubule-wall joining processes, which is useful
to the design of track patterns for better control of MT movement, a quantitative

analysis was made and results are presented in the following sections.

4.4 Quantitative analysis of two joining processes

4.4.1 The definition of quantitative parameters

Two quantitative parameters, bending distance and instant torque, were

used to reflect bending and rotation of a microtubule.

A. Definition of bending distance
As Fig.4.11 illustrates, during bending, the distance between front end (B)
and distal end (A) of a microtubule decreases. CD represents the maximum

distance from the points on curve ACB to line AB, which is called as bending
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distance. The larger the degree of bending, the greater is the bending distance.
Therefore, the distance CD can be used to represent the bending extent of a

microtubule.

«— Bending distance
D

A
Fig. 4.11 The sketch of microtubule bending

B. Definition of instant torque

An instant torque is the total torque exerted on the microtubule at a
specific moment, which includes the torque generated by bumping force and the
drag force from dyneins. Normally, a larger instant torque of microtubule results
in greater rotation of the microtubule at next time step. Fig.4.12 illustrates a
model for calculating the instant torque. A microtubule is treated as a polymer

chain composed of N segments.
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(xiz, ¥viz)

Fig. 4.12 Sketch of a bended microtubule chain

The mass of each segment concentrates on its center. These centers are treated as

beads connected by strings. The position for bead i is (x;, yi) and its mass is m;.

The total mass of microtubule is m; The mass center of the microtubule (X, Y¢)

can be calculated as:

Zmi Y

V=2 (4.6)

Since the mass of each bead is equal, that is, m; = m¢n. The center of mass

can be rewritten as:
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Y, =i (4.7)

Assuming that the force on bead i+1 is (Fis1, x, Fi+1,y), We may calculate the

total torque as:

Q:Z Fix(yi_Yc)+Fiy(Xi _Xc) (48)
i=1
A positive Q is a driving force for clockwise rotation of microtubule while a

negative one is for anti-clockwise rotation.

If the total force in x and y direction is not equal to zero, that is,

Fe=> F, #0,0r F,=>F =0 (4.9)
i=1

i=1

then, the whole microtubule will move under the force.

4.4.2 Quantitative instant torque analysis

Bending distances and instant torques were calculated for microtubule-
microtubule and microtubule-wall bumping processes to further study the joining
mechanisms. Fig. 4.13 illustrates the instant torque against time during
microtubule-microtubule and microtubule-wall joining processes with the

microtubule length = 12 um and an approach angle =45°. As shown, the instant
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torque varies with pulse-like fluctuation against time. During a joining process,
the bumping force from wall, the driving force from dynein motors and the
viscous force from solution are not constant, which is responsible for the
fluctuation in the instant torque. For microtubule-microtubule joining, the instant
torque shows an approximately symmetric distribution about the line of torque=0.
Such a near-symmetric instant torque distribution led to little rotation during the
joining process. While for microtubule-wall joining, the instant torque was
frequently positive, which provided a non-zero overall torque to drive the
microtubule to rotate, resulting in obvious rotation during microtubule-wall

joining.
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(a) Microtubule-microtubule joining
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Fig.4.13 instant torque against time for two types of joining with microtubule
length = 12 zm and bumping angle = 45"

Fig. 4.14 shows changes in the bending distance with respect to time
during microtubule-microtubule joining and microtubule-wall joining processes
with a bumping angle = 45° and a microtubule length of 8, 12, 16 um,
respectively. As shown, when the length of microtubule was increased, the
bending distance increased for both types of joining, corresponding to an increase
in bending. The highest point of a curve represents the maximum bending of
microtubule during the joining process. Compared with microtubule-microtubule
joining, the largest bending for microtubule-wall joining was much smaller. This
result indicates that bending played a more important role in microtubule-
microtubule joining than in microtubule-wall joining, which is consistent with
experimental observations. For microtubule-microtubule joining process with a
microtubule length of 8 um, the bending distance reached the maximum at about

t = 0.36s, which represents the largest bending of microtubule at the moment. The
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bending distance decreased to the minimum at t = 0.9s, corresponding to the
completion of joining process. The simulation results showed that, for both types
of joining processes, with an increase in microtubule length, the time for joining

was prolonged.
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(b) Microtubule-wall joining

Fig.4.14 Bending distance against time for two joining processes with bumping

angle = 45° and microtubule length = 8, 12, 16 um, respectively
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The bending of a microtubule could be influenced by the stiffness of
motors that drive the microtubule. As Fig. 4.15 illustrates, since the stiffness of
motor (0.1pN/nm) is much smaller than that of microtubule segment (about
3000pN/nm for d=30nm), the front segment of microtubule is hard to bend.
Therefore, the microtubule drift due to the thermal force is mainly controlled by
motor stiffness. The drift of the front segment of the microtubule affects its
attaching region or probability of being attached by surrounding motors, which
could be an important factor for microtubule joining. The larger the stiffness of
motor proteins, the smaller the microtubule drift and thus the lower the
probability for motor proteins to be attached to the microtubule. This may explain
the difference between dynein and kinesin; no MT-MT joining is observed when

driven by kinesin, which is less flexible than dynein.

Microtubule

VT

Fig. 4.15 A spring model for microtubule-motor system

When many motors are attached to a microtubule, the microtubule moves
under complex loads during joining. Assume that there are n-1 dynein motors

attaching to microtubule with length L=nl. When the microtubule bumps against

130



the wall, the bumping force generates rotation or bending of the microtubule, as
Fig. 4.16 shows. Using the method of superposition, which permits to use the
known displacement for simple loads to obtain the deformations for more

complicated loadings, the deformation v and

y
— [ =i >
- | ——»
Fa »Je T 4
A Trm—— ——— —X
y!oog Fu e B
|-‘ L:n-f, =|

Fig. 4.16 Sketch of bending of rod

deformation angle @ for frond end A can be expressed as (see Appendix D for
calculation details):
k fi 2 2 n—

6EI —X)- Z sgr o1 Z

i=k

x), (k=D <x<k

Fn?l? o2 fj%2 _
vV, = - ! 3nl —il
A 2E 2 6EI ( )

i=1

n-1 212
Fnl B f;Ell (4.10)

According to this equation, with an increase of microtubule length, 6 will

increase, which represents an increase in microtubule bending. The influence of
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the number of dynein (or density of dynein) is complicated and hard to determine.

A further analysis of this equation is needed.

Fig. 4.17 illustrates the bumping force against time for microtubule-

microtubule and microtubule-wall joining with an approach angle of 45° and the

microtubule length of 12 um. The bumping force for microtubule-wall joining

was higher than that for microtubule-microtubule joining. During microtubule

joining, there were two main forces: drag force from dynein motors and bumping

force from wall or

microtubule.
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Fig.4.17 Bumping force against time for microtubule-microtubule and

microtubule-wall joining with a bumping angle = 45° and a microtubule length =

12 ym

Compared to the microtubule, the wall was rigid and generated a larger

bumping force, as demonstrated in Fig. 4.19. In order to rotate the microtubule,
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the bumping force should be large enough to overcome the drag force from
dyneins, which generated an anti-rotation torque. For microtubule-microtubule
joining, its bumping force was not large enough to generate rotation, so that the
local bending could play a predominant role in the microtubule-microtubule
joining process. While for the microtubule-wall joining, the bumping force was
much larger, which could help the microtubule to escape from the control of
dynein motors and rotate during the joining process. The shorter the microtubule,
the lower the number of dyneins to attach to a microtubule and thus smaller the
drag force. Therefore, rotation is more predominant for short microtubules.

As a final remark, this work was carried out to investigate the MT-MT and
MT-wall collision processes and analyze involved instant bumping force, torque
and related issues. The study generates information that is useful to the design of
micro-fabricated tracks for effective control of the microtubule movement and
optimal arrangement of biological motors in potential nano/micro-bio-machine

systems.

4.4 Conclusions

Chapter 4 reports our recent experimental observations of two joining
processes of microtubules driven by dynein c: microtubule-microtubule joining
and microtubule-wall joining. When two microtubules approached each other,
they frequently joined each other, no matter whether they moved in parallel or in

opposite directions. Bending and rotation of microtubules participated in the
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joining processes. The former appeared to dominate MT-MT joining while the
latter was more obvious during MT-wall collision. The microtubule length
influenced the joining processes. It was observed that when one microtubule
joined another, it bent with little rotation, which was independent of approach
angle or the length of microtubules. However, the microtubule-wall joining
showed different behavior. When met or collided with a rigid wall, the
microtubule rotated and then moved along the wall. Short microtubules rotated
during the joining process with little bending. With an increase in microtubule
length, the role that bending during the joining process became more important.

A computational model is proposed to study the MT-MT and MT-wall
joining or collision processes with the aim of investigating the behavior of
microtubules during the processes. The simulation study demonstrated that
bending dominated microtubule-microtubule joining while rotation played a more
important role in microtubule-wall joining process, which was consistent with
experimental observations. Quantitative computational analysis was made to
investigate the instant bumping force, torque and related issues. For both types of
joining, with an increase in the microtubule length, bending became obvious and
the time for joining was prolonged. There existed a symmetric torque distribution
for microtubule-microtubule joining, resulting in little rotation; while a positive
torque distribution was found for microtubule-wall joining, responsible for
obvious rotation during this joining process. The larger bumping force generated
during microtubule-wall collision could help the microtubule escape from the

constraint dynein motors and thus promoted the rotation of the microtubule during
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the joining process. The information obtained from the study would be helpful to
the design of micro-fabricated tracks for effective control of the microtubule
movement and optimal arrangement of biological motors in potential nano/micro-

bio-machine systems.
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Chapter 5

Simulation of self-organization of microtubule

driven by dynein C
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5.1 Introduction

As described in Chapter 4, microtubules can join together driven by
dyneins, indicating that microtubules are mutually influenced. Such joining
property or interaction makes it possible for microtubules to form specific self-
organized patterns. In previous studies, it was observed that in mitosis,
microtubules could be self-organized into polar asters with minus ends gathered
in the center and plus ends extending outward [1], which is attributed to the
capacity of centrosomes to nucleate and stabilize the MT minus ends [2].
Molecular motors could play a role in the organization of MT arrays [3]. Recently,
we observed that microtubules could form stable circular patterns, driven by
dynein c, as Fig.5.1 illustrates. In this system, dyneins were randomly distributed
on a substrate surface (the experimental condition is similar to that reported in
[4]). When microtubules were placed into the system, initially they moved
randomly, driven by the dyneins. After a period of time (~ 10 min), circles formed
as shown in Fig.5.1 (the figure is provided by Dr. K. Oiwa, Japan). Such self-
organized movement of microtubules indicates that microtubules mutually
interact, which need to be taken into account when design potential nano-bio-
machines using dynein as a biological motor and microtubules as a power transfer
medium (e.g., to drive a nano-gear). However, it is unclear how such circular
patterns form and what parameters control the pattern formation. Getting an
insight into the self-organization of microtubules driven by dynein motors is of
importance to the application of dynein motors and microtubules in nano-bio-

machine development. Due to the experimental limitation, it is difficult to
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determine what factors govern the formation of the circular patterns. Computer
modeling allows performing “computational experiments” under controlled
conditions. The effect of each parameter on a specific process could thus be
studied separately. This makes computer modeling an effective method
complementary to experimental techniques for understanding the self-
organization phenomenon and predicting microtubules’ behavior during the
pattern formation process.

In this study, a phenomenological modeling study based on the general
model system described in previous chapters with incorporation of a Monte Carlo
approach was conducted to investigate possible roles of microtubule bias, joining,
and density during the self-organization processes of microtubules driven by
dynein motors. In chapter 4, a bending model developed from the general model
was used to analyze joining mechanism of microtubules. The model could also be
applied to determine the MT-MT joining probability distribution and microtubule
bias. However, in the current 2D model, it is assumed that one microtubule would
not pass another microtubule, which is different from experimental observations,
in which microtubule could sometimes cross another microtubule without joining.
In addition, some important factors are not considered in the model, such as the
fluctuation of microtubule in the z direction, the self rotation of microtubule, or
microtubule distortion, and electrostatic interaction between microtubules or
between microtubule and dyneins, which may have an important influence on
microtubule joining and microtubule bias. In order to theoretically determine

microtubule joining and microtubule bias, a systematic work involving all these
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factors needs to be done. Considering its complexity, only experimentally
determined distribution of microtubule joining probability and microtubule bias
were incorporated into the modeling study. Mutual influences of the parameters
and their simultaneous effects on the self-organized pattern formation were

investigated.

Figure 5.1 Circular pattern of microtubules driven by dynein motors.

5.2 Model Description

A computer model, based on the general model described in previous
chapters incorporated with a Monte Carlo approach, was built to simulate the self-
organized microtubule (MT) movement. The MT self-organization is a process
involving a large number of microtubules, in which the interaction between
microtubules must play an important role. In this model, two key parameters that
could govern the MT self-organization are included; they are the microtubule

joining probability and microtubule bias.
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5.2.1 Joining probability distribution and microtubule bias

5.2.1.1 The MT joining probability distribution

The self-organized patterns have many circles, each of which contains a
number of microtubules (MT). Driven by dyneins, the microtubules could move
together (joining), in similar (parallel) or opposite (anti-parallel) directions. Such
MT’s joining should play an important role in the pattern formation. As
mentioned in chapter 4, experiments demonstrated that the MT’s joining was
greatly affected by the bumping angle between two microtubules. By counting
experimental joining events, the joining probability distribution with respect to
the bumping angle could be determined. Fig.5.2 illustrates an experimentally
determined joining probability distribution with respect to the bumping angle. As
shown before, when two microtubules moved in parallel or anti-parallel directions
and bumped at small angles, they showed higher probabilities to join. At higher
bumping angles, no matter whether the merge was parallel or anti-parallel, the
joining probability decreased sharply. Such joining distribution was taken into

account in the present simulation.
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Surface density 2500 molecules/nicrometer”2
Dynein conc. =150nM
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Fig.5.2 Probability distributions of different joining events. a: anti-parallel

joining, c: crossing, j: parallel joining, s: stopping

5.2.1.2 The microtubule bias

Experiments also demonstrated that when a microtubule moved in a
solution, there was a bias which made the microtubule move in a curved path. Fig.
5.3(a) illustrates a bias distribution observed experimentally (data were provided
by K. Oiwa, (Japan)), in which, 52% microtubules moved along curved paths with
their radii >500um (called the bias radius, R), 34% microtubules moved along
ones with radii between 200~500um, and 14% microtubules moved along curved

paths with radius between 50~200um.
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Fig.5.3 A nominal microtubule bias definition (a) Experimentally observed
bias distribution of microtubule in solution; (b) parameters used to describe
the MT bias

Previous research demonstrated that the microtubule bias could influence
the self-organization of microtubules [5, 6]. Understanding the influence of the
bias on the self-organized pattern formation would be helpful to the design of
microtubule-dynein nano-bio-machine systems, although what causes the bias has
not yet been clarified. In order to incorporate the microtubule bias into the present
model, a nominal microtubule bias rate was defined. As illustrated in Fig. 5.3(b),
when the front end of a microtubule moves from position A to position B along
arc AB (assume that the MT velocity, V, is constant) after short time interval time,
At its moving direction will change from AC to DB with an angle change (A@).
A relationship between A@and At can be expressed as:

VoA, VAt (5.1)
27R R

A6
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where R is the bias radius of microtubule. A bias rate is defined as the angle
change per unit time and expressed as:

r, = i—f = VE (5.2)
which only depends on the moving velocity and the bias radius (R).

In the current model, a constant velocity of microtubule was used in
simulation. Therefore, only the bias radius of microtubule affects the bias rate. In
order to simplify the model, two bias rates (positive/clockwise and
negative/anticlockwise) with equal absolute value were assigned randomly to the
microtubules.

The microtubule bias and microtubule joining may be mutually influenced.
It was experimentally observed that after joining, microtubules sometimes
separated from each other, although in most cases they do not. Based on
experimental observations and bias rate directions, when two microtubules join
together, all possible situations were considered as shown in Fig.5.4. ry and r, are
the bias rate of microtubule 1 (MT1) and microtubule 2 (MT2), respectively. Here

the absolute value of r; and r, are equal, that is |ri| = ry]. The joining and

separation of two microtubules were decided by following rules:

A. Parallel joining:

1. For conditions (al) and (a3), the MT2 will follow the direction of MT1, but
without change bias rate since ri=r;

2. For condition (a2), MT1 will follow the direction of MT1, and change bias

rate from r, to ry. (here ry=-ry)
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. For condition (a4), MT1 will separate from MT1 without change bias rate.

. Anti-parallel joining:

. For condition (bl) and (b2), the MT2 will separate from MT1 without
changing bias rate

. For condition (b3), the MT2 will follow the opposite direction of MT1
without changing bias rate since ri=r;

. For condition (b4), the MT2 will follow the opposite direction of MT1 and

change bias rate from r, to ry. (here ry = -rp)

microtubule 2 5
xn % microtubule 2
\. " A
. t,
(a1) microtubule 1 microtubule 1
(b7)
b\
K’\A 4 /
> .
(a2) (b2)
k‘ ‘/;-
‘ > L
(@3) (b3)
\<. ’/\
- T
(a4) (b4)
(a) Parallel joining (b) Anti-parallel joining

Figure 5.4 Different MT joining processes influenced by the microtubule bias

under different joining condition (a) parallel joining; (b) anti-parallel joining
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Which case would occur is judged by considering a few factors: the
position of the front end of microtubule 2 relative to microtubule 1, the bias rates
of both the two microtubules, and their moving directions. The relationship
between the bias rate variation and microtubule joining has been analyzed
(presented in 5.2.3) through the simulation study to understand the bias effect on

the self-organized pattern formation of microtubules.

522 Multiple joining

During joining process, it is possible that several microtubules join
together at the same time to form some bundles. Fig. 5.5 (a) illustrates a joining
chain when microtubule 1 joins microtubule 2 as well as microtubule 2 joins
microtubule 3. In this case, microtubule 1 and 2 will follow the moving direction
of microtubule 3 and form a bundle, as Fig. 5.5(b) illustrates. Such situation
should be considered in the simulation system.

microtubule 3 )
microtubule 1

microtubule 2 microtubule 2

microtubule 1 _
microtubule 3

(a) Before joining (b) After joining

Fig.5.5 A multiple joining process
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523 The simulation process
In this model, 10,000 microtubules with al0zm length were randomly

placed in the system. Periodical boundary conditions were applied in two

dimensions. The dimensions of the system were 1004m x100xm. The velocity of
microtubules was set as 10um/s and time step was set as 0.05s. A Monte Carlo

approach was applied for simulation process.

Initially, microtubules were randomly but uniformly distributed in the
system. A joining probability as a function of the bumping angle, P(&), used
based on the experimental observations shown in Figure 5.2. For microtubule i, at
time t, its velocity v(i,t), moving direction or angle relative to the system and bias
rate are represented as v (i,t), 4(i,t)and r(i,t), respectively.

In simulation, the key step is to determine whether two microtubules will
join or not when they meet. Figure 5.6 illustrates a merging event of two
microtubule, MTs i and j. d, is the minimum distance between the frond end of
microtubule i and microtubule j [point (Xo, Yo)]. (Xi1, Yi1) is the position of front
end of microtubule i. (X1, Yj1) and (Xj2, yj2) are the front and tail ends of
microtubule j, respectively. The bumping angle between the two microtubules at
time tis 4(, j,t).

To join together, the microtubules should satisfy two prerequisites: 1) d;
must be smaller than a critical distance d., which is set as 20nm in the model; and

2) the point (Xo, Yo) is between (Xj1, Yj1) and (X2, Yj2).
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Figure 5.6 Joining condition of two microtubules
The joining probability of microtubules i and j at time t may be expressed

as:

P(, J,t) = P(0 = 0(i, ],1)) - 14, q,} *Lituo,yoye(microtubute2)} (5.3)
where P(€ = 6(i, j,t)) is the joining probability when the bumping angle is equal
to (i, j,t) . The value of P(0) is determined based on the experimentally
observed joining probability distribution as shown in Fig.5.2.

Lig,<q,1 AN Ly yo)cqmicrotbuie 2y &€ indicator functions to indicate whether the

condition satisfy the two joining prerequisites that we mentioned above.

L[ it g<, 654
@<d} 70, Otherwise '

1, if (X,,Y,) belongs to microtubule 2

1{(x0,y0)e(microtubule2)} = {O Otherwise (5.5)

In order to determine whether the two microtubules join together or not, a

uniformly distributed random number between 0 and 1 is generated by computer
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at time t asR(i, j,t). A joining process function of microtubules i and j, o(i, j,t),
may be expressed as:

1, if R(i, j,t) < P(i, j,1)

50’“):{0, if R(i, j,t) > P(i, j,t) (56)

If &6(i, j,t) = 1, microtubule i would join microtubule j and move along
with microtubule j. If 5(i, j,t) = 0, they would continue to move along their own
directions.

Thus, the change in the moving direction of microtubule i, Ag(i,t), can be
expressed as:

0, if 5(i, j,t) = 0 (withoutjoining)
AQ(i,t) =< 6(]j,t) - 6(i,1), if 5(i,j,t) =1land &(i, j, t) < 90° (5.7)
o(j,t)-6(i,t)+180°, if 5(i,j,t)=1and4(i, j,t) > 90°

The bias rate of microtubule needs to be recalculated for all possible
situations as illustrated in Figure 5.4, which is related to joining condition of two
microtubules and the bias rates of two microtubules. The change in the bias rate,
Ar(i,t)

under cases al, a3, a4, b1, b2, b3 in Fig.5.4

0,
Ar(i,t)y =< . _ . (5.8)
r(j,t)—r(t), under cases a2 and b4 in Fig.5.4

here r(i,t) and r(j,t) are bias rates of microtubule i and j, respectively.
Therefore, the new moving angle of microtubule i at time t + At becomes
O(i,t + At) =0(i,t) + Ad(i,t) + Ar(i,t) (5.9)
The position of the front end of microtubule i at time t+At can be
determined as:

X. (t +At) = X, (t) + v, (t) - cos(d, (t))
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Yi (t+At) =y, (1) + v (1) -sin(d, (1)) (5.10)
Following these steps, we can determine trajectories of all microtubules.

Consequently, the self-organized movement of a large number of microtubules

could be simulated.

5.2.4 The cell list algorithm for computing efficiency

A problem in the above model is how to calculate the distance between the
front end of one microtubule and any other microtubule. It will take too much
time if we calculate all pairs of microtubules. For example, if there are n
microtubules in the system, for each simulation cycle described above, we need to

calculate n(n-1) times such distance. If n=10000, then n(n—1) ~10°. That is

unacceptable for a computational model. In order to improve calculating
efficiency, a cell list algorithm was used in the simulation. As Fig.5.7 illustrates,

the system was divided into cells. The side size (L) of each square cell was 5 um.

Each cell was marked by two integer numbers, i and j, which represent the
position of cell in x and y direction. For example, a cell (i, j) was a (i+1)th cell in
x direction and (j+1)th cell in y direction. For the beginning the each cycle, the
central point (X, Y.) of a microtubule was calculated and then its cell position
was determined by the position of its central point by using following equations:

i =[Xc /L]

j=[Yc/L]

where [X. / L] represents the maximum integer of X,/ L.
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(i-1j+1) | (i,j+1) | (i+1j+1)

(i-1.)) (i.J) (i+1,))

(-15-1) | (-1 | (i+1j-1)

(0,0)

Figure 5.7 A cell list system

For each cycle, the central points of all microtubules were initially
calculated and the cells to which the calculated positions belong were determined
using the above described method. For each microtubule, the cell position of its
front end was calculated, for instance, in cell (i,j). Then, this microtubule could
only have opportunity to join with the microtubules whose central points are in 9

adjacent cells: (i-1,j+1), (i,j+1), (i+1,j+1), (i-1,j), (i.j), (i+1,j), (i-1,j-1), (i,j-1), (i+1,j-1).

5.3 Simulation results and analysis

5.3.1 The influence of microtubule bias on the MTs  self-

organization

Fig. 5.8 shows simulated microtubule systems respectively with and

without bias. For a system without bias, lined bundles were formed (Fig. 5.8b).
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With an increase in the bias rate, the MT bundles interweaved and formed some
polygon patterns with sharp angles (Fig. 5.8c). When the bias rate was increased
to 0.024, a circular pattern was observed (Fig. 5.8d). The circular pattern was
similar to those that were experimentally observed. However, a further increase in
the bias rate, the circular pattern disappeared and the polygon pattern showed
again (Fig. 5.8e). When the bias rate was increased to 0.096, even the polygon
pattern disappeared and only lined bundles were observed (Fig. 5.8f). Thus, the
bias helped to increase the roundness of the polygon pattern but destroyed the
roundness if the bias was continuously increased. Clearly, the bias played an

important role in the formation of circular patterns.
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Fig.5.8 Simulated pattern formation from an initial state (a) initial state, (b) bias
rate = 0, (c) bias rate = 0.006, (d) bias rate = 0.024, (e) bias rate = 0.048, (f) bias
rate = 0.096

The process of self-organization was successive, beginning with randomly
distributed microtubules moving in random directions as shown in Figure 5.9.
After 2000 steps, the microtubules joined together and formed bundles. With
further movement, the MT bundles interlaced, forming relatively round patterns.
The size of the round patterns increased with time and eventually became stable.
Indeed, experimentally observed MT self-organization is successive, which

usually takes minutes to result in relatively stable circular patterns.
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Fig. 5.9 Self-organization process of microtubules with density =

10000/10000 zm? and bias rate = 0.024. (a) Initial state; (b) after 2000 steps; (c)
after 4000 steps; and (d) after 8000 steps

53.2 The influence of microtubule density on MT self-

organization

The microtubule density may affect the formation of self-organized MT

circular patterns. In section 5.3.2, the system under study had a microtubule

density = 10000/10000 zm?. In this section, processes with two different MT
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densities, 2500/10000 £m? and 225000/10000 zm?, were simulated and compared

to investigate how the MT density affected the formation of self-organized MT
circular patterns. The bias rate was set as 0.024. As Fig.5.10 illustrates, for the
lower microtubule density, microtubule joining events decreased, which reduced
the chance for microtubules to form long bundles and a MT network that led to
the formation of circular pattern (as that shown in Fig. 5.9). When the MT density
was low, only short bundles were observed, with which it was difficult to form
polygon patterns. In contrast, with the higher microtubule density, MT joining
opportunities increased, resulting in an increase in the amount of bundles.
However, if the MT is too high, the strong interference between MTs also makes
it difficult for microtubules to form circular pattern. In addition, for the high-
density process, microtubules took much longer time than the low-density process

to form bundles.
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(B)

Fig. 5.10 Self-organization processes with different microtubule densities. (A)

Density = 2500/10000 zm?; (B) Density = 225000/10000 zm?

533 The influence of microtubule joining probability

distribution on The MT self-organization

Driven by dyneins with a fixed density, the joining probability distribution
of microtubules could be affected by several other factors, e.g., microtubule
length and density, MT bias, and the bumping angle, etc. The joining probability
may largely influence the formation of circular patterns since the self-organization
begins with the formation of MT bundles. In order to study the effect of joining
probability on MT self-organization, three joining probability distributions, low,
middle, and high, with respect to the bumping angle were used (see Table 5.1).
The bias rate was set to be 0.024. Fig.5.11 shows simulated self-organization of
microtubules with the three joining probability distributions. As shown, the low
joining probability distribution resulted in polygon patterns with irregular shapes
and sharp angles. With an increase in the joining probability, the polygons
became round and relatively circular patterns formed. However, further increase

in the joining probability led to irregular polygon patterns again. Such changes

157



could be explained. The MT joining is necessary to MT self-organization

formation, since the network of microtubules should result from the interaction

between microtubules. Otherwise, microtubules would move randomly. However,

if the interaction is too strong, the flexibility of MT bundles could be reduced,

thus increasing the difficulty in the development of self-organized circular

patterns.

Table 5.1 Three types of joining probability distribution against bumping angle

Joining angle (°)

— 0-30 30-60 60-90 | 90-120 | 120-150 | 150-180
Joining
Probability
Low 0.8 0.6 0.4 0.4 0.6 0.8
Middle 0.9 0.7 0.5 0.5 0.7 0.9
High 1.0 0.8 0.6 0.6 0.8 1.0

Fig.5.11 Self-organized patterns of microtubules with different joining

probability distributions: (a) low, (b) middle, and (c) high.
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5.4 Quantitative analysis

5.4.1 Variations in the MT joining frequency with time

In order to get an insight into the MT self-organization, a quantitative
analysis was conducted to study the joining frequency of microtubules in different
bumping angle ranges with respect to time. The joining frequency was an average
number of joining events happened in a specific angle range for each 10 steps.
Fig.5.12 shows the joining frequency as a function of time with a microtubule

density = 10000/10000 xm?and a bias rate = 0.024. In this study, the middle

joining probability distribution in table 1 was used. As shown, for both low
bumping angles (0°~30°) and high bumping angles (150°~180°), the joining
frequency increased continuously with time, resulting in the formation of MT
bundles. While the joining frequency for bumping angles between 30°~150°
slightly decreased from about 500 to 400. When bundles with large angle
interlaced with each other, joining frequency of the small angles (i.e. parallel and
anti-parallel) continuously increased, which facilitated the formation of circular
patterns. It was observed that as time increased, the size of circular patterns
increased. This should also result from the increases in joining probability of
microtubules bumping at low angles (near parallel) and high angles (near anti-

parallel), which favor the formation of larger circular MT bundles.
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Fig.5.12 Joining frequency against time. Microtubule density = 10000/10000 zm

and bias rate = 0.024

5.4.2 Influence of MT bias on the joining frequency

As mentioned earlier, the joining probability is influenced by the bias of
microtubules. Fig.5.13 shows results of a quantitative analysis for self-
organization processes with zero, low and high microtubule bias rates. As shown,
the joining frequency for the low and high bumping angle ranges (0°~30° and
150°~180°) rapidly increased initially, and then became relatively stable. For
middle bumping angles, the joining frequency decreased from about 500 to 100. It
appears that the joining probability ~ time curves for different bias are similar.

This may imply that although the MT joining is essential for MT self-organization
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(the formation of MT bundles), the formation of circular patterns could be largely

controlled by the MT bias.
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Fig.5.13 The jining frequency against time with different microtubule bias:
(a) bias rate = 0; (b) bias rate = 0.006; (c) bias rate = 0.048. (Microtubule density
= 2500/um?)

5.4.3 The joining frequency and MT density

Fig.5.14 shows a quantitative analysis of self-organization processes with
low and high microtubule densities. The bias rate was set to be 0.024. The joining
frequency ~ time curves with both densities show similar trends but the values are
very different. The lower microtubule density corresponds to lower joining
frequency, which makes the self-organization less easy since the pattern
formation needs the movement of a sufficiently large number of mutually

influenced microtubules. In addition, with a low density, short microtubules may
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not be able to form long bundles, which makes possibly generated polygon
patterns unstable.

However, as indicated earlier, too many MT bundles would generate chaos
in the system and result in small and irregular patterns. Therefore, controlling

microtubule density is important for the self-organization of microtubules.
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Fig.5.14 Joining frequency against time with different microtubule density: (a)

density = 2500/10000 xm?; (b) density = 22500/10000 zm?
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5.5 Conclusions

In this chapter, a phenomenological modelling study based on the general
model incorporated with a Monte Carlo approach was conducted to investigate
the self-organization of microtubules driven by randomly distributed dynein
motors. The MT joining probability distribution, MT bias rate, and MT density
were incorporated into the modelling to determine the roles that they play during
the MT self-organization process. A cell list algorithm was also proposed to
improve computing efficiency. The following main conclusions have been drawn

from the modeling study:

1) Without the microtubule bias, microtubules formed linear bundles. The
MT bias helped to form polygon patterns. Increasing the MT bias, the
polygon became rounder or circular. However, further increases in the MT
bias resulted in a disruption of the circular pattern; polygon pattern formed
again and finally only linear MT bundles were observed in the system.
The study suggests that the microtubule’s bias is a key factor that leads to

the formation of self-organized circular patterns.

2) The microtubule joining is necessary to the MT self-organization
formation. Low joining probabilities resulted in polygon patterns with
irregular shapes and sharp angles. With an increase in the joining

probability, the polygons became round and relatively circular patterns
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formed. However, further increase in the joining probability led to

irregular polygon patterns again.

3) The microtubule density influenced the self-organization of microtubules.
A lower MT density decreases the joining frequency and thus increases
the difficulty in forming long and sufficient bundles for the formation of
circular patterns. However, if the MT density is too high, the degree of

disordering in the system increases, resulting in irregular patterns.

The self-organization process was analyzed in detail for more quantitative

information. The obtained information would be useful to the design of potential

nano-bio-machines.
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Chapter 6

Conclusions and Subjects for Future Studies
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6.1 General summary of the research

In this research, a general modelling system was developed to simulate the
kinetic behavior of microtubules driven by dynein motors. As described in chapter
2, a microtubule was treated as a polymer chain connected by microtubule beads.
A dynein driving model was proposed to analyze the driving mechanism of
dynein motors attached on a microtubule. Forces from microtubule’s stretching
and bending, driving and drag forces from dynein motors, and the environmental
force were taken into account to determine the movement of microtubule. This
model system can be incorporated with different approaches to deal with specific
processes involving microtubules and motor proteins.

Chapter 3 reports the application of the general model in simulation of
unidirectional motion of a single microtubule driven by dynein c, with
incorporating a dynamic dissipative particles method. In this modelling, effects of
motor’s density, the length of microtubule, and the mixture of slow and fast
motors on the motion of a single microtubule were studied, with the aim of
investigating how the coordination among protein motors affects the microtubule
movement. The computational results are in agreement with experimental
observations reported in literature. It was demonstrated that the MT movement is
greatly influenced by the coordination among protein motors. The force analysis
indicated that, the average force on a microtubule was approximately zero,
leading to a macroscopically constant speed of the microtubule. However, instant

acceleration existed when a motor was attached to the microtubule. In addition, it
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was demonstrated that there was a positive average force from the protein motors

that drove the microtubule to move.

In chapter 4, experimental observations of two joining processes of
microtubules driven by dynein ¢, microtubule-microtubule joining and
microtubule-wall joining, are reported. It was demonstrated that bending
dominated MT-MT joining while rotation was more obvious during MT-wall
collision. The general model, which took account of the bending energy of
microtubule and averaging solution effect, was extended to simulate two-
dimensional motion — microtubule joining and collision. Simulation results are
consistent with experimental observations. Quantitative computational analysis
was made to investigate the instant bumping force, torque and related issues.
Microtubule-microtubule joining showed a symmetric torque distribution,
resulting in little rotation, while a positive torque distribution was found for
microtubule-wall joining, responsible for obvious rotation. During microtubule-
wall collision, a larger bumping force was generated, which could promote the
rotation of the microtubule during the joining process. Such information would be
helpful to the design of potential nano/micro-bio-machine systems by using
micro-fabricated tracks for effective control of the microtubule movement and
optimal arrangement of biological motors.

Chapter 5 reports a study on the self-organization phenomenon, motivated
by recent experimental observations. Such self-organization of microtubules
should be considered when developing potential nano-bio devices. A

phenomenological model based on the general model with incorporation of a
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Monte Carlo approach was proposed to investigate the self-organization of
microtubules driven by randomly distributed dynein motors. In this work, the MT
joining probability distribution, MT bias rate, and MT density were incorporated
into the modeling to determine the roles that they play during the MT self-
organization process. The simulation revealed a random-linear bundle-polygon-
circular pattern formation process and demonstrated the important role that the
microtubule’s bias played in that the formation of self-organized circular patterns.
The simulation also demonstrated that the microtubule joining probability
distribution and the microtubule density greatly affected the self-organization of
microtubules.

This modeling work helps to understand key parameters that influence the
movement of microtubules driven by dynein motors and generate the information

that is useful to the development of nano-bio-machine system.

6.2 The significance of the research

Protein motors have attracted increasing interest due to their demonstrated
potential of being a biological motor for the development of future nano-bio-
mechanical systems or devices, or as motors for potential transport vehicles for
sensors and lab-on-a-chip applications, as well as the value of relevant research
for better understating of various biological processes involving motor proteins.
The success in controlling the movement of microtubules using modern
nanotechnologies such as the electron beam lithography has considerably

facilitated the control of bio-filaments driven by motor proteins, which has greatly
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shortened the distance between the concept and reality for nano-bio-machine
development.

This study has demonstrated and clarified a number of phenomena
involved in the interaction between miocrotubules and dynein C, and identified
various key parameters that govern the MT-dynein interaction and MT movement.
This study generates valuable information for control of MT and motor proteins
towards applications of the motor protein for nano-bio-applications and

clarification of roles that motor proteins may play in various biological processes.

6.3 Suggested subjects for future work

1) Efficiency of protein motors

In Chapter 3, we analyzed the coordination function of dynein motors and
the influence of mixed motors on microtubule movement. However, the efficiency
of protein motors, which represents the ratio of kinetic energy consumed in
driving microtubule to the total mechanical energy transferred from stored
chemical energy, is still unclear. Such efficiency is important for nano-bio
machine design. If knowing what factors affect the efficiency, we could develop
optimal nano-bio machines design by increasing its efficiency through modifying
these factors. However, it is very complicated to calculate such efficiency since
many factors are involved, including bending energy, thermal energy, strain
energy, chemical energy, and kinetic energy. Systematical investigations are

needed.
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2) The joining probability distribution of microtubule joining process

For controlled MT movement by micro-fabrication wall or self-
organization of microtubules without wall restriction, microtubule joining plays a
key role in these processes. In chapter 5, it has been demonstrated that joining
probability distribution largely affects the self-organization of MTs. However,
such probability distribution was obtained only from experimental observation, as
described in chapter 4. Understanding how to control such probability distribution
is important for nano device design using the microtubule-motor system. The
joining probability distribution is affected by many factors, such as protein motor
density and distribution, rigidity of microtubule and restricted wall, elastic
modulus, velocity and length of microtubule, or properties of solution (such as
viscosity or ATP concentration). Understanding the MT joining is challenging but

worth being investigated with considerable efforts.

3) 3-D model

In present model, modeling was carried out in a 1-D and 2-D space. It
assumed that one microtubule would not pass another microtubule, which was
different from experimental observation. In some cases, microtubule could cross
another microtubule without joining. Such situation could not be simulated by a
two-dimensional model. In addition, as 2-D model, some important factors are not
considered into model, such as vibration of microtubule on z direction, the self

rotation of microtubule, or microtubule distortion, which decrease the accuracy of
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modeling. A 3-D model would provide more details regarding MT-protein motors,

MT-MT and MT-wall interactions.

4) Electrostatic effect among microtubules and between microtubule and
protein motors

It seems that microtubules could be polarized, resulting in possible
electrostatic interaction. Such effect may affect microtubule joining process. Two
microtubules may attract each other if the positive pole of a MT gets close to the
negative pole of the other while a resistant force may exist when two poles get
close with the same type of charge. Such electrostatic effect may also affect the
interaction between microtubule and dynein motors. In current model, the
electrostatic interaction is not considered into model, since there is no sufficient
information on the electrostatic interaction. In future work, it may be necessary to
incorporate it into model, provided that sufficient experimental evidence and

information have been obtained.

5) Microtubule bias

As demonstrated, the microtubule bias plays a crucial role in the self-
organization of microtubules. However, it is unknown how the bias is generated
and whether or not it could be influenced by interaction between microtubules and
that between microtubules and motor proteins. In-depth investigation on this

subject would help to clarify relevant issues involved in the MT dynamics and
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movement as well as to more precisely predict and modify the self-organization of

microtubules.

6) Extension of the current model for studies of medical problems

In present work, the general model has been demonstrated effective for
studying microtubule motion and functions of dyneins in MT movement. Since
bio-filaments and protein motors play important roles in cells of human body and
many diseases are generated from malfunction of protein motors, such as Usher’s
syndrome and Kartagener syndrome, it is possible to modify the current model

and apply it to analyze these biomedical processes.
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Appendix A Flow chart of the simulation of the unidirectional

movement of microtubule driven by dynein motors

Input: mechanical properties of protein motor
and microtubule, MT length, bumping angle,
density of dynein motors, system size,
temperature, time interval, total running steps

|

Set initial positions of microtubules and
protein motors. Set initial velocity of
solution particles

Construct particle neighboring
list and determine whether
dynein motors are attached to
the microtubule

Calculate system temperature,
scale the system temperature to a
controlled system temperature

Calculate the total force on
each microtubule bead,
including force from motor,
solution particles, and other

Visualization and data
analysis
A

Calculation ends

If n>total
running steps

Calculate mass center of
microtubule, stored new position
and new velocity

microtubule beads

A 4

t=t+At

Caiculate new velocity and
new position of each particle
and microtubule bead

A

Fig.A.1 A flow chart of the simulation of the unidirectional movement of
microtubule driven by dynein motors
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Appendix B Flow charts of the simulation of microtubule

joining driven by dynein motors

Input: mechanical properties of protein .
motor and two microtubules, microtubules’ Visualization and data
length and bumping angle, density of analysis
dynein motors, system size, time interval,
total running steps
l Calculation end

Set initial positions of two
microtubules and protein motors. Set
initial velocities of microtubules

Yes

| .

If n>total

Determine dynein motors that running steps

are attached to the microtubule.
Build a list for attached motor

l

Calculate the total force on
each microtubule bead,
including forces from motors,
solution, microtubule bending
and extension, and MT-MT
collision

Calculate new velocity and
new position of each
microtubule bead

A

\ 4

\4

t=t+At

Fig.B.1 A flow chart of the simulation of microtubule-microtubule joining
drivenby dynein motors
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Input: mechanical properties of protein

motor and microtubules, microtubules’

length and bumping angle against wall,
density of dynein motors, system size, time

interval, total running steps

Set initial positions of the

microtubules, protein motors, and
restrict wall. Set initial velocities of

microtubules

Determine dynein motors that
are attached to the microtubule.
Build a list for attached motor

l

Calculate the distance between
the wall and microtubule

Calculate the total force on
each microtubule bead,
including forces from motors,

No

Visualization and
data analysis

Calculation end

Yes

If n>total
running steps

~

A

Calculate new velocity
and new position of
each microtubule bead

solution, microtubule bending
and extension, and MT-Wall
collision

\4

t=t+At

A

Fig.B.2 A flow chart of the simulation of MT-Wall joining driven by
dynein motors
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Appendix C A flow chart of Monte Carlo simulation of self-

organization of microtubules driven by dynein motors

Initialization of the position, velocity, moving direction
and bias rate of microtubules. Construct the Cell List

h 4

Calculating the distance of font end of each
ired microtubule (d;),

=== microtubule to its pa
their bumping angle,

L &
\ No
fdl<dc and vertical poin

on pared microtubule

Generated a random
number p2 ~ (0,1) by

)
Calculating the joining probability
(p1) of two paired microtubules computer
Yes No :
Joining |4 If pi<pz » No Joining
\/
Calculating the new positions, moving
direction, and bias rate of microtubules
Ends
—_

l

No
If n>total running steps

Calculation ends.
Visualization and data
analysis

Yes

Fig.C.1 A flow chart of Monte Carlo simulation of self-organization of
microtubules driven by dynein motors
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Appendix D Deflection of microtubule during joining

A. Differential equation of deformed rod

For any point C on the axis of the rod, measured from the fixed origin B,
is x in the direction of X-axis. As the rod deforms, its axis becomes curved and C
is displaced.
The vertical deflection of C, denoted by v, is considered to be positive if directed
in the positive direction of the Y-axis—that is, upward in Fig.D.1. From the
geometry of the figure, we obtain

v':d—V:sinezeztanH:X:l (D.1)
dx L

Fig.D.1 Sketch of beam deflection under a single load

Considering the relationship between the curvature of deformed rod,

p and the deformed angle, &, we have

1_do

p dx
(D.2)

which can then be expressed as
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=y (D.3)

From flexure formula, we have the moment-curvature relationship

1w o
where M is the bending moment acting on the rod, E is the modulus of elasticity
of the rod material, and I represents the moment of inertia of the cross-sectional
area of the microtubule rod.

Substituion of Eq.(D.3) into Eqg.(D.4) Therefore, a relationship between

deflection and moment of beam can be derived as

vV o=—=— (D.5)

which is called the differential equation of the elastic curve.
Two boundary conditions at the build-in end B also exist:

1.v|,_,= 0(suppose prevents rotation at B)

2. V'|,_,= 0 (suppose prevents deflection at B)
B. Deflection of beam under a single load

M:{f(a_x)’ 0<x<a (D6)

0, as<x<lL

Substitute Eq. (D.6) into Eq. (D.5)
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f(a—x), <x<
EIv“:{( ) Os=x=<a (D.7)
0 a<s<x<

So

fax—%fszrC1 0<x<a

Elv'= (D.8)
C as<x<L
2
1 1
— fax* == x*+C,x+C <X <
Elv=1{2 g Thxth.  Os<x<a (D.9)
C,x+C, as<x<L
For v|,_,=0 and Vv'[,_,=0, we have
C,=0and C, =0 (D.10)
For v|,_..=V|,, and Vv'|,_,.=V',_, We can obtain
1., 1.,
C, =5 fa® and C, -y fa (D.11)
Hence the deflection of beam under a load (f) can be determined as
2
1:L(?,a_ _ X) 0<x<a
V= iEZ' (D.12)
i(3x —-a) as<x<L
6El

Therefore, for any drag force from dynien with value -fy and distance from B as

kl', we have
2
—fix (3kl — x) 0<x<kl
V= 6fE|12|2 (D.13)
_6kEI (3x —3kI) kl<x<L

If a bumping force F in y direction exerts on distal end A (distance from B is L

and a=L), then
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Fx?
6El

V=

(BL-x) (D.14)

C. Deflection of microtubule under complex loads during joining
Assume that there are n-1 dynein motors attached to a microtubule with
length L=nl. When the microtubule bumps against a wall, the bumping force will

generate rotation or bending of the microtubule, as Fig.1 shows

Y
I =i .
- | ——»
F s J; " A
T — —X
y! g Yoo B
r L=n-i =|

Fig. D.2 Sketch of bending of rod

In order to simplify the model, it was assumed that, during drift, each attached
dynein generated the same displacement, which is called parallel drift. Hence, the

drag force on each attaching point would be the same. From torque equilibrium

n-1 n-1 _
f.~Ii=Zf~i~I=n(n2 D fl = FL = Fnl (D.15)
1

i
i= i=1

Then, the drag force f and parallel drift displacement y can be derived as

f=‘" (D.16)
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2F

D (D.17)

Ay =

Here Kk is the spring constant of the dynein motor.
Using the method of superposition, which permits us to use the known
displacement caused by simple loads to obtain deformations caused by a more

complicated load, the deformation v can be expressed as

ko fj?]? =
- ! 3x—il X k-DI <x<kl
> = zk ), (k-1
FnI nl fj?|? .
! 3nl =il
,Z 6El ( )
n-1 § ;212
FnI f.il (D.18)
= 2El
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Appendix E

DERIVATION OF THE BENDING FORCE OF

MICROTUBULE

In Chapter 2, we have derived the bending force on bead i, which comes
from the contribution of three bending energies between groups of three

connected beads, i-1, i, and i+1:
i+1 .
Fe=->. V(U;(J)

j=i-1

i+1

== s L) (( ;))) V(cos(6,) (ED)

where U,(i) is the bending potential of a short segment i, &, is the angle

between vectors 1., and T, as Fig.E.1 illustrates.

Fig.E.1 A bending microtubule chain

From Eq.(2.9), where have

7Er*[1-cos(4)]

8Al E2)

UB(i):

Substitution of Eq.(E.2) into Eq.(E.1)

185



et &

5= gl j;l(v (cos( 4,)) (E-3)
We define
C.o=C.=1-1
and D,,=D,,=C,,C,,—CZ, (E.4)

Then the consines may be expressed in term of these parameters:

r-r
0056, = 1 =Cin(CCryi) (E5)
i i-1

With respect to the position of knot i, there are a set of rules:

V.C,.=2d,
Vraca,aﬂ = da+1 - da
Vracz:1+l,a+1 = _Zda+1

V.C,p =4, (b#a,a+1)

V.C,up=-d, (bzaa+l)

V.Ch.=0 (bc=aa+l) (E.6)
Then, from Eq.(E.6), we derive

V. D

a

2C d,-2C,.d,,-2C,d,, +2C,,.d

a,a+l — a+l,a+l™a a,a - a+l a,a - a+l a,a+l™ a

V,.D,,=2C,,d, -2C,d, (b=a,a+1)
V. Doy =—2C,,d, . +2C,,d,  (b#a,2+1)
V.D,. =0 (b,c2a,a+1) (E.7)

Combining the Eq.(E.5), (E.6) and (E.7), the equations required in Eq.(E.4) can be

derived
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V. cos(#;) = _(Ci,ici—l,i—1)71/2((Ci,i—l/Ci,i )di —di ;)

V., c0s(6,,;) =(Ci.1;1Ci; )Y ((Ci11/Cigia)diys —(Ci iy /Gy )d; +dy, —d))

i+l

Vri COS(0i+2) = _(Ci+2,i+2ci+1,i+1)_1/2 ((Ci+2,i+1 /Ci+1,i+1)d i+1 d i+2)

(E.8)

*NOTE: ALL equations in this part came from book: M.P Allen, Computer

Simulation of Liquid, Appendix C, 1987
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