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Chapter 1

General Introduction

1.1 Overview

Self-propelled particles are referred to as the autonomous agents, which can convert energy
from the environment into directed or persistent motion. They can move along as well in large
groups giving rise to some fascinating group behavior. The collective motion is an entrancing
display of the coordinated behavior of the self-propelled particles, which is often associated
with formation of fascinating large-scale patterns’®. Examples of this complex self-
organization process is common in nature, exhibited by a wide range of self-propelled objects
ranging from human crowds, animals, birds, cells, bacteria, to subcellular cytoskeletal
filaments*°, The detailed study on collective motion may provide us insights into the emergent
structures, and function, which consequently will allow us obtaining information about how to
assemble a large number of collectively moving self-propelled objects to more ordered
structure with a view to application in technology and molecular robotics.

The composition of a system where particles or agents are collectively moving is generically
simple-composed of a sufficiently dense ensemble of moving objects. However, the dynamical
properties of such autonomous moving objects are quite complex. Numerous approaches have
been put forward by the researchers to explore the underlying principal of collective motion.
These approaches were set up mostly by considering the agent-based simulation!22, However,
these theoretical results are lacking proper experimental verifications. Some macroscopic and
microscopic systems including micro-organisms, bacterial colonies, artificial machines, self-
propelled colloids etc., have offered some experimental systems to study collective motion but
they had their own limitations e.g; expensive, difficult to control, space restirction etc.2-L,
Recently, the biomolecular motor systems have emerged as an ideal candidate for
experimentally demonstrating the collective motion through in vitro gliding assay. This is a
simple system where the cytoskeletal filamentous proteins (actin; microtubules) are propelled
by associated motor-proteins (myosin; dynein/kinesin) on a substrate and is advantageous over
other self-propelled system in terms of simplicity, universality, controlled environment, and

adjustable parameters.



In this study, | will present detailed investigations on the collective motion of self-propelled
particles by in vitro gliding assay of microtubules propelled by kinesins. | have demonstrated
the first-ever collective motion of kinesin driven microtubules via regulating mutual
interactions among the gliding microtubules, by employing depletion force among them. How
different parameters, like depletion force and microtubules concentration influence the kinetics
of collective motion will be discussed here. | will also describe how the mechanical property
of microtubule govern the pattern formation in collective motion. The response of collectively

moving microtubules to external stimuli such as mechanical stress will be discussed here.

1.2 Theoretical and experimental approaches to study the collective
motion of self-propelled particles
The eye-catching displays of collectively moving objects has fascinated most of us and drawn

attention to explore the underlying mechanism of emerging group behavior of self-propelled

objects.

Figure 1.1: A gallery of images related to collective behavior®?: (a) herd of sheep, (b) vortex
by schools of fish, (c) swarming of ants, (d) assembly of bacteria, (e) cell migration, and (f)

collective motion of cytoskeletal filaments in vivo.

The collective motion can be regarded as an emerging field on the borderline of several

scientific disciplines. Thus, it is a multidisciplinary area with many applications, involving
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statistical physics, technology, and branches of life sciences. A quantitative frame for
describing the collective behavior of self-propelled particles enables important, highly
desirable features of treating actual situations. For example, prediction of the global
displacement of huge schools of fish may have direct economic advantages. Understanding the
collective reaction of people to situations including panic may lead to saving lives. Using
computer models to simulate migration of birds or mammals can assist in preserving
biodiversity. In the field of technology, an excellent application of collective motion is in
construction of programmable robots e.g; kilobots33-°,

There are a huge number of examples of self-propelled objects both from the living (for
instance; flock of birds, schools of fish, bacterial colony etc.) [Figure 1.1]% and the non-living
(e.g.; Janus particles, self-propelled colloids) worlds are known to exhibit collective motion.
At first glance, these examples may look very diverse but a closer observation suggested all
these systems share some common features. Such aforementioned non-equilibrium systems are
consisted of many similar units. The interactions between the units can be simple
(attraction/repulsion) or more complex (combinations of simple interactions) and can occur
between neighbors in space or in an underlying network. These all suggest a universal
organizing principle underlying the pattern formation in collective motion. Over the course of
the last twenty-five years, several self-propelled particle models have been introduced to
describe the collective motion. The first theoretical model to describe collective motion was
introduced by Vicsek et al. in 1995%. In this in silico analysis, he suggested the density of
moving agents and noise in movement of those agents are important parameters that govern
the phase transition from disorder to ordered state in their collective motion'®. The simplest
version of Vicsek model was presented by Czirok et. al (1999) that have been used to model
the collective motion in animals!’. In 2002, Couzin et al. introduced the concept of multi-
interactions between agents that was absent in Vicsek model*®. Recently Konagaya group has
developed a real-time 3D simulation method using graphics processor unit programming to
study the dynamics of self-propelled objects!®22, However, all these models characteristically
have a broad, partially empirically chosen parameter space and present generation of different
mode of patterns, unfortunately most of which are not experimentally verified so far®¢-*. In
order to explore the details of collective motion some large-scale data collection is now
technologically possible by studying collective movements of animals in nature but they arise
from observations rather than controlled experiments®. Therefore, it is indeed justified to



elucidate that the theory currently is ahead of the experiments to describe collective motion®*
53

To overcome these limitations, well-controlled and quantifiable experimental systems is an
urgent requirement. Multicellular biological systems such as, bacteria colonies or tissues
allowed more control system but may have many hidden variables and interactions hindering
proper examination of the theoretical models. Alongside, the ensembles of non-living motile
particles such as shaken grains, and active colloids were also employed to study collective
motion but still there are lack of sufficient controllable parameters. Recently, the bimolecular
motor systems have attained considerable attention to study the behavior of self-propelled
systems in vitro. The molecular nature of this system provides truly large system size in a well-

controlled environment with system parameters that can be adjusted to a high precision.
1.3 Biomolecular motor system

Biomolecular motors are referred to as the smallest molecular machines that can convert
chemical energy of adenosine tri-phosphate (ATP) into mechanical work>>°. Bimolecular
motor systems consisted of cytoskeletal filaments and associated biomolecular motors. The
availability and functionality of such autonomous actuators are experienced widely in
cytoskeleton of the living cell.

1.3.1 Cytoskeleton: an ensemble of filamentous proteins

Cytoskeleton is the mechanical scaffold of the cells that maintain mechanical stiffness of the
cells and assist numerous cellular function including cellular transport, cytokinesis, signaling,
migration etc. In all eukaryotic cells, the cytoskeletal network consists of three different protein
filaments namely intermediate filaments, actin, and microtubules associated with different
regulatory proteins and cross-linkers®. Each type of filaments are assembled from different
protein subunits and take parts in cellular activities. The intermediate filaments provide the
cells mechanical strength®"-8. The actin filaments determine the shape of the cells and whole-

cell locomotion®”%°,
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Figure 1.2: Illustration of cytoskeleton and protein filaments.

The microtubules determine the positions of membrane-enclosed organelles, shapes of the cells
and direct intracellular transport® . The eukaryotic cells.2, specifically the cytoskeleton has
the ability to sense and respond to external mechanical stress®> 5. As a major component of
the cytoskeleton, microtubules help transmitting the mechanical stresses and modulating

mechanotransduction®® 68,
1.3.2 Microtubules

Microtubules are filamentous protein polymers with an outer diameter of 25 nm®L. It is
polymerized from heterodimer a, B-tubulin. Each tubulin heterodimer has the molecular mass
of ~110 kDa and is 8 nm long. The o and § tubulin consist of 450 and 445 amino acid residues
respectively with ~40% amino acid sequence identical®*®°. The o and B tubulin heterodimers
are arranged head to tail into linear protofilaments (PFs),®" 7© which in turn associate laterally
and form pseudo helical structure of microtubules. The microtubule most commonly comprises
of thirteen PFs in vivo, but this number can vary from nine to sixteen in vitro. In the course of
microtubule assembly, the end exposed with B-tubulin monomer, called the plus end generally
grows significantly faster than the other end with the exposed a-tubulin monomer, called minus
end. The tubulins in adjacent protofilaments are laterally connected through homologous
monomer contacts a-o, B- expect for a seam where it is a-p’*"2. Structural analysis revealed

that the inter-PF tubulin bonds are weaker than the longitudinal ones along individual PFs™,

5



The PF structure plays an important role in controlling microtubule mechanics. The different
number of PFs in microtubule indicates the ability of larger deformations of the inter-PF bonds

by PF twisting and which ultimately control the structural rigidity of microtubules™.
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Figure 1.3: Polymerization and polymorphism of microtubules™.
1.3.3 Biomolecular motors

Biomolecular motors such as kinesin, dynein and myosin are kinds of cytoskeletal filaments
associated proteins, and they move along respective filaments by using the energy of ATP
(adenosine triphosphate) hydrolysis. For example, kinesin and dynein move along
microtubules and myosin does along F-actin. In this dissertation, | will use kinesin motor
protein. kinesin motors are composed of dimer chains, where each amino acid chain folds into
an ATPase domain, i.e. motor domain which bind with their associated filament and a tail
domain which forms a coiled coil and bind with cargo molecules as shown schematically in
Figure 1.4. Kinesin walks along microtubules uni-directionally (towards plus ends) by
conformational change of motor domain induced by ATP binding and hydrolysis (Figure 1.4)
7113 The bimolecular motor systems play important roles in cell motility, cytokinesis,
intracellular transport, cytoplasmic streaming, ciliary movement, muscle contraction, and so

on’8.
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Figure 1.4: Schematic images of biomolecular motor system. This figure shows microtubule

and kinesin system. (i)-(iv) Walking mechanism of kinesin along microtubule.

1.4 In vitro motility assay: tool to investigate dynamic behavior of self-

propelled particles

In cells, the motor-proteins convert chemical energy, obtained from ATP hydrolysis, into mechanical
work by moving along the associated cytoskeletal filaments. The system can be reversed in vitro
where the motor-proteins adsorbed on a substrate, can use their ATPase sites to cause translation
motion of the associated filaments. For instance, in the microtubule/kinesin system kinesin adsorbing
on a surface of a substrtae i.e. the experimental flow cell, and propel microtubules in a persistent
random walk over the substrate and in total, might be considered as self-propelled system. The self-
propelled property by converting energy rendered them as biomolecular actuator, which can be
designed for developing molecular shuttle by guiding over their direction of motion and transport

properties.
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Figure 1.5: In vitro gliding assay of microtubule on kinesins.

The history of gliding assay is old enough and started from the discovery of Vale and his colleagues.
In 1985 they discovered uni-directional gliding motion of microtubules in the cell extract from squid
axon on a substrate”. They revealed gliding motion of microtubules was driven by biomolecular
motors (kinesin and dynein) absorbed on the substrate and named this method as “in vitro motility
assay” (Figure 1.5). Later, Spudich also developed a similar in vitro motility assay in which F-actin

moved on a glass surface coated with myosin®.

To further explore the collective motion using in vitro motility assay, considerable efforts have
been made to achieve directed motility, control of moving direction, by employing different

methods like chemical patterning of biomolecular motors®?-3

or fabricating topographical
patterns by using photolithography technique®’*°. With a view of application as nano-machine
in nanotechnology and other fields, the effect of external mechanical stimuli on the motility of
the individuals has been also studied and found that direction of the moving filaments can be
controlled by applying various external stimuli like electric field (Figure 1.6A)!%-1% and
magnetic field (Figure 1.6B)!%. Recently, Inoue et al. has investigated the response of
microtubules to external mechanical stress and found that microtubules can change their

moving direction according to mode of stress [Figure 1.6C]%.



microtubule

Figure 1.6: Controlling the direction of microtubule movements by electrical steering (A),
alignment of magnetic nanoparticle functionalized microtubules (B) and response of

microtubule to external mechanical stress (C).

Thus, the in vitro motility assay that has been developed to demonstrate gliding motion of
filamentous proteins actin or microtubule on the surface coated with biomolecular motor such
as myosin or kinesin and dynein respectively might be a suitable method to study the behavior

of self-propelled objects and opened the door to develop artificial micro-devises.



1.5 Collective motion of bio-molecular motor systems

One of the most fundamental feature of collective motion is the evolution of fascinating large-scale
patterns through active self-organization of biomolecular motor systems. Such self-organization of
biomolecular motor systems will foster the development of motor protein based artificial robot
and at the same time will help to understand various in vivo phenomena observed in the living

world.

Microtubule
\

Streptavidin ~ Kinesin

Dophtion weg

force
ve

.
Microtubules

- L

Kinesin Chustors

Figure 1.7: Active self-organization of microtubules cross-linked by kinesin multi cluster (A)
Schematic diagram of microtubules with kinesin multi cluster and formation of aster and vortex
pattern emerging from microtubules!”’. (B) Active nematic network of microtubules assembled

through kinesin clusters'®.

Hence, many research groups tried to establish a well-defined system to study the collective motion
of biomolecular motor system and demonstrate pattern formation using it. Nedelec, Surrey and
Karsenti have reconstructed aster and vortex pattern from microtubules conjugating with kinesin
multi cluster (Figure 1.7A)'%7. This could be implicated in the self-assembly processes observed in
vivo e.g; the formation of the mitotic spindle. Recently, this method also contributes to reproduce

active nematic network of microtubules like cytoplasmic streaming observed in in vivo (Figure 1.7B)
107-109
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Figure 1.8: Spontaneous generation of patterns in collective motion of biomolecular motor
systems. (A) Polar patterns generated in acto-HMM system'!® and (B) large-scale vortex

lattices emerged in microtubule-dynein system?!*?,

Later on, Bausch et al. used the in vitro motility assay of highly concentrated F-actins propelled by

10 They reported F-actins can

immobilized myosin on a glass surface to perform collective motion
exhibit synchronized motion (collective motion) due to excluded volume effect and fascinating wave-
like or a vortex patterns emerge from collective motion of large population of F-actin (Figure 1.8A).
A new dimension in field of collective motion opened when Oiwa group reported the emergence of
streaming like pattern and lattice of vortices pattern from highly concentrated microtubules moving
on a dynein-coated surface (Figure 1.8B)'!!. Thus, these all experimental verifications suggest that
individual cytoskeletal filaments propelled by biomolecular motors move independently and
randomly in low density that they exhibit collective behavior and assemble into hierarchical structures

by self-organization obtained through collective motion at high density. However, failure in

demonstrating the collective motion of microtubules driven by kinesins, the most widely used

11



biomolecular motor in vitro, raised a question about the universality of the biomolecular motor

systems for demonstrating the collective motion.

1.6 Purpose of this dissertation

In this dissertation, the in vitro study on the emergence of collective motion of microtubules
driven by kinesin and effects of physical properties of microtubules on the collective motion

have been summarized in 5 chapters including general introduction and concluding remarks.

In chapter 1, the purpose of this dissertation and background of this research have been

described.

In chapter 2, | have demonstrated the collective motion of microtubules on kinesin-coated
substrate through employing depletion force in the gliding assay. The role of concentration of
microtubules and extent of depletion force in the kinetics of collective motion of microtubules

has been also studied and described here.

In chapter 3, | have explored how the mechanical properties of microtubules can govern the
pattern formation in collective motion. | found that the rigidity of microtubules can regulate
the mode of collective motion of microtubules and reported that structurally flexible
microtubules generate local streams and rigid microtubules form large spiral pattern in

collective motion.

In chapter 4, | have investigated the response of collectively moving microtubule to external
stimuli such as mechanical stress. First, development of an indentation chamber for applying
external stimuli to substrate of motility assay was established. The effect of indentation stress
on the collective behavior of microtubules was studied and discussed here.

In chapter 5, all the important outcomes and future prospects of this research work have been

discussed.

12
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Chapter 2

Emergence of collective motion of microtubules driven by
kinesins: role of depletion force and microtubule

concentrations

Abstract

Collective motion is a fascinating exhibition of coordinated behavior of self-propelled objects,
which is often associated with the formation of large-scale patterns. Nowadays, in vitro gliding
assay is being considered a model system to experimentally investigate various aspects of
group behavior and pattern formation by self-propelled objects. In the in vitro gliding assay,
cytoskeletal filaments F-actin or microtubules are driven by surface immobilized associated
biomolecular motors myosin or dynein respectively. Although F-actin/myosin or
microtubule/dynein system was found promising in understanding the collective motion and
pattern formation by self-propelled objects, the most widely used biomolecular motor system
microtubule/kinesin could not be successfully employed so far in this regard. Failure in
exhibiting collective motion by kinesin driven microtubules is attributed to the intrinsic
property of kinesin, which was speculated to affect the behavior of individual gliding
microtubules and mutual interaction among them. In this work, for the first time, | have
demonstrated the collective motion of kinesin driven microtubules by regulating mutual
interaction among the gliding microtubules, by employing depletion force among them. Proper
regulation of the mutual interaction among the gliding microtubules through employment of
the depletion force was found to allow the exhibition of collective motion and stream pattern
formation by microtubules. | also investigated the role of concentration of microtubules and
depletion force in the emergence of collective motion of microtubules. Critical concentrations
are found for both the microtubules and depletant for demonstrating the collective motion of
microtubules. More importantly, kinetics of the collective motion is found significantly
dependent on both of the concentration of microtubules and depletant. Substantial variations in
time course of emergence of the collective motion of microtubules were observed in response

to the changes in concentration of the microtubules and depletant.
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2.1 Introduction

Collective motion is an entrancing display of coordinated behavior of moving or self-propelled
objects'3. A wide range of self-propelled objects such as animals, birds, cells, bacteria, etc.
exhibit collective motion in nature, most often which is associated with formation of
fascinating large scale patterns*2°. In silico works significantly contributed to much of our
understandings of the coordinated behavior and pattern formation by the self-propelled
objects'®, A suitable experimental system has long been awaited for demonstrating the
collective motion in vitro in order to verify the mechanisms of collective motion and pattern
formation. In recent years, biomolecular motor systems F-actin/myosin and
microtubule/dynein have emerged as ideal candidates for experimentally demonstrating the
collective motion through in vitro gliding assay'®?°. These experimental evidences have
emphasized the importance of local interaction between gliding cytoskeletal filaments in the
collective motion and pattern formation. Thus, the in vitro gliding assay offers simple technique
to investigate experimentally roles of parameters that govern collective motion and pattern
formation. However, the investigation using biomolecular motor system was not always
successful due to failure of biomolecular motor systems in exhibiting collective motion. For
instance, it was reported that microtubule/kinesin, the most widely used biomolecular motor
system 2°, failed to exhibit collective motion and consequently formed no pattern which has
been attributed to the intrinsic property of kinesin that is speculated to affect the behavior of
individual microtubules and local interaction among them?®. Although formation of an active
gel of microtubules cross-linked via kinesin clusters has been reported??, it was not sufficient
to understand the coordinated behavior of kinesin driven microtubules, demonstrated for other

biomolecular motors systems using the in vitro gliding assay.

In this work, the first ever collective motion of microtubules on kinesin based motility assay
has demonstrated. It is found that regulation of local interaction among gliding microtubules
allows them exhibiting collective motion even on a kinesin coated surface. The interaction of
gliding microtubules has been regulated by employing depletion force among them. In a
suspension of large and small colloidal particles, the pressure of the latter produces an attractive
force between the former. This is referred to as the depletion force. For instance, the colloidal
particles or macromolecules suspended in polymer solution such as methyl cellulose or
poly(ethylene glycol)???° experience depletion force. Methyl cellulose induced depletion force

is found to increase the probability of attractive collision between gliding microtubules, which
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consequently allowed emergence of collective motion and finally resulted in pattern formation

by microtubules.

Moreover, how different parameters influence the emergence of collective motion of the
kinesin driven microtubules has not been well understood since role of different parameters in
the collective motion of microtubules have not been investigated yet. Next, by examining the
effects of concentration of microtubules and a depletant (methyl cellulose), the time course of
emergence of collective motion i.e., kinetics of transition of microtubule’s orientation from an
isotropic (random) to a nematic phase has been explore in detail. The concentration of both the
microtubules and methyl cellulose has profound influence on the kinetics of emergence of
collective motion of the kinesin driven microtubules. High concentration of microtubules or
methyl cellulose can substantially accelerate the phase transition of microtubules, i.e.
emergence of the collective motion of microtubules. Moreover, | have determined minimal
concentration of both of the microtubules and methyl cellulose is required for demonstrating
the collective motion. The minimal concentration of microtubules is altered when the

concentration of methyl cellulose employed in the gliding assay is varied and vice versa.

These results on depletion force mediated collective motion and subsequent pattern formation
by microtubules on a kinesin coated substrate indicate that emergence of collective motion is
independent of the type of biomolecular motor used in the in vitro gliding assay, if the
interaction among the cytoskeletal filaments is properly regulated. The work in this chapter
offers a universal method for demonstrating the collective motion of biomolecular motor driven
cytoskeletal protein filaments using the in vitro gliding assay. This work also provides a
comprehensive scenario of the role of microtubule concentration and depletion force on the
kinetics of collective motion of microtubules driven by kinesins, which consequently would

help obtain a better understanding of the coordinated behavior of other self-propelled objects*’-
32
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2.2 Results and discussion

2.2.1 Design of an experimental system to investigate the collective motion of

microtubules

To study the collective motion of microtubules in kinesin based in vitro motility assay, first |
constructed a simple experimental system [Figure 2.1] consisting rhodamine-labeled
microtubules attached to kinesin motor proteins adsorbed on a glass substrate (see experimental
section 2.4.2). The microtubules were prepared by polymerizing fluorescence labeled tubulins
(molecular weight ~55 KDa) in presence of guanosine-5'-triphosphate (GTP). Due to the
stochastic assembly process the length of the microtubules varied over a wide range. |
calculated the number average length (<Ln>) and weight-average length (<Lw>) of
microtubules as 15.23 um and 16.69 um respectively (number of microtubules considered:

100), from which the polydispersity index (Lw / Ln) was found to be ~1.1%,

The motility of microtubules was initiated by adding 10 mM adenosine tri-phosphate (ATP).
Depletion force was introduced to the system by employing methyelcellulose as a depletant.
Methyl cellulose was employed in the system by mixing methyl cellulose solution with ATP

buffer and applying in flow cell after fixing microtubules on kinesin motor proteins.

Microtubule (MT)
(& 1~ VY N
| | V- OB
lass -, ‘
' - ) x@
Methylcellulose (MC) Kinesin

Figure 2.1: Schematic diagram of the experimental set up and illustration of the in vitro

motility assay used to investigate collective motion of microtubules driven by kinesins.
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2.2.2 The effect of depletion force on the assembly of microtubules

Colloids and proteins immersed in a suspension of small, non-adsorbing particles, collectively
called the depletant experience effective attractive interactions known as the depletion
interaction®*. The mechanism of such effective attractive interaction was first predicted
theoretically by Asakura and Oosawa (A-O)**. They has suggested that if the inter distance
between colloids or proteins in the suspension is less than the size of suspending depletant
species, the latter are expelled (depleted) from the gap between the colloids or proteins leading
to an anisotropy of the local pressure. Therefore, the accessible volume for the depletant
increases and which consequently upraises the total entropy of the system. As, the mixture of
colloids and depletant is an athermal system, their free energy AG= —TAS decreases, resulting
in an attractive interaction. This is a purely entropic force, which means that its’ properties are
not determined by the underlying microscopic interaction such as the van der Waals interaction
between like objects. The properties of this force is determined by the tendency of the whole
system to increase its entropy as stated by the second law of thermodynamics. This leads to the
force favoring clustering of objects immersed in such a suspension®. This ubiquitous effect
plays a vital role to induce robust in vitro bundling of biological filaments, even in the absence
of any specific crosslinking proteins. For instance, both actin filaments and microtubules are

found to spontaneously assemble into bundles in the presence of non-adsorbing polymers®¢-4°,

So firstly, I want to investigate how depletion force induced by methyl cellulose will affect the
assembly of microtubules in bulk solution. To do so, the fluorescence labeled microtubules
were suspended in methyl cellulose of different concentration and their organization was
monitored using fluorescence microscope. At 0.1 wt% of methyl cellulose solution,
microtubules were found to form asters like aggregation [Figure 2.2]. On further increasing the
methyl cellulose concentration to 0.3 wt%, thick and long bundles of microtubule were formed
owing to increased attractive interaction among microtubules [Figure 2.2]. In contrast,
aggregation and bundle formation of microtubules were not observed in the absence of methyl
cellulose (0.0 wt%) as shown in Figure 2.2. This result indicates that depletion force induced
by methyl cellulose can effectively enhance the attractive interaction among microtubules and

allow their assembly formation, which coincides well with the previous reports36-°.
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0.3 wt% MC

Figure 2.2: Depletion force induced bundle formation of microtubules. Fluorescence
microscopic images of microtubules, which were suspended in solution (left) without methyl

cellulose and (middle, right) with methyl cellulose. Scale bar: 10 pm.

The induction of depletion force by methyl cellulose to the microtubules can be explained using
the A-O model. According to the A-O model, the entropic force between the microtubules
approaching to one another depends on their lateral inter-filament distance, which in turn
depends on the excluded volume or radius of gyration of depletant. Firstly, I considered each
microtubules as a cylinder with radius Ryt =12.5 nm surrounded by depletion layer®®. The
depletion force between two microtubules induced by 0.3 wt% methyl cellulose was calculated
using A-O model. The radius of gyration (Rg) of 140 kDa methyl cellulose is ~30 nm. To apply
the A-O model, flexible polymers like methyl cellulose are typically treated as freely
interpenetrating hard spheres of radius Rao, which are excluded from the colloid surface by a
thin layer of thickness Rao®”" Rao was determined as 2Rg/\N9 = 33.85 nm. Then the extent of
the depletion force was calculated as ~0.11 pN or ~26 KgT/um [detailed in section 2.4.5]. The
amount of entropic forces generating here lies in the range of entropic force (0.02 to 0.2 pN)
required for the bundle formation of microtubules.

2.2.3 Role of depletion force on gliding behaviour of microtubules

To investigate the effect of depletion force on the behaviour of gliding microtubules, I
performed an in vitro gliding assay of microtubules (concentration ~250 nM) in the presence
of methyl cellulose (0.3 wt%). In the in vitro motility assay, microtubule filaments experience
two types of events during collisions of two microtubules. One is the strong interactions due to
volume exclusion occurs overwhelmingly, leading either to parallel or anti-parallel alignment

of one filament respected to another and named as snuggling event [Figure 2.3A]. The rest of
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the event is the crossing over, where the microtubules crossed each other with little effect on
their trajectories [Figure 2.3A 11]. Snuggling is considered the most important behaviour of
gliding microtubules for producing collective motion that often leads to form stream or vortex
patterns of microtubules?®. Experimental results revealed that in presence of methyl cellulose
most of the microtubule filaments (76%) exhibit snuggling event during their movement
[Figure 2.3B]. In contrary, in absence of methyl cellulose only 18% events of the total collisions

are snuggling, remaining 82% events are crossing over [Figure 2.3B].

(A) Snuggling

|| Cros'sing over
Il Snuggling

Parallel

Crossing over

() <

1

(-) methylcellulose (+) methylcellulose

Figure 2.3: Effect of depletion force on the behaviour of gliding microtubules. (A) Different
types of collisions among microtubules with different orientations. Snuggling of two
microtubules moving toward (1) same and (I') opposite directions. (1) Crossing over of moving
microtubules. Scale bars: 10 um. (B) Probability of snuggling and crossing over of
microtubules in the absence and presence of 0.3 wt% methyl cellulose. Here (+) and (-) signs

refer to the presence and absence of methyl cellulose respectively.

Thus, the depletion force generated by methyl cellulose (depletant) can regulate the behavior
of microtubule filaments in the motility assay and enhance the probability of effective collision

(snuggling event) among them, which is a pre-requisite of generation of collective motion.

2.2.4 Depletion force induced collective motion of Kkinesin driven

microtubules

To obtain collective motion, | performed some preliminary experiments and discovered methyl
cellulose can play an important role in regulating interactions between microtubule filaments.

It is considered that methyl cellulose can suppress detachment of microtubules from the
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substrate and fluctuation of leading head of microtubules, which are resulting in increase in
collision of microtubules on planer surface and lead synchronization of moving direction of
individual microtubule. In addition, methyl cellulose also enhance the depletion interaction
between microtubules, which tend to assemble individually dispersed microtubules into

bundles.

(A)

v
¢

0 min 30 _ 60 min 90 min 120 min

(+) Methylcellulose

(B)

(-) Methylcellulose

Figure 2.4: Fluorescence images of microtubules in the (A) presence and (B) absence of
methyl cellulose (0.15 wt%). Here (+) and (-) signs refer to in presence and absence of methyl

cellulose. The red arrows show the stable bundle formation of microtubules. Scale bar: 10 pm.

Therefore, to commence collective motion of microtubules, 0.15 wt% methyl cellulose has
been employed in high density (5 uM) in vitro motility assay of microtubules. Initially, on
addition of ATP (at 0 min), the microtubules moved randomly at a constant velocity (mean
velocity of 180 + 20 um s™ at 25 °C) without showing any specific directional preference.
However, in the presence of methyl cellulose within 90 min after the addition of ATP,
microtubules gradually formed small local streams [Figure 2.4A] (indicated by red arrows)

which was completely absent in absence of methyl cellulose. [Figure 2.4B]

The aforementioned experimental results indicate that depletion force is playing a major role
in the emergence of collective motion of kinesin driven microtubules. In addition, the previous
experimental results and theoretical analysis emphasize that collective motion of self-propelled
objects highly depends on the presence of sufficient number of moving agents in the considered
system. Therefore, the change of concentration of microtubules should have important

influence in the emergence of collective motion. Next, | attempt to understand the mechanism
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and kinetics of emergence of collective motion of microtubules by investigating the influence
of some relevant parameters, such as concentration of microtubules and depletant (methyl

cellulose).

2.2.5 Role of depletion force and concentration of microtubulesO on the

emergence of collective motion of microtubules

In the previous section, | have described about how methyl cellulose can regulate the gliding
behavior of microtubules. However, in general the collective motion also depends on the
density of moving particles in the system!® 2°. Hence, to explore the kinetics of collective
motion of microtubules driven by kinesins, | investigated in detail the role of concentration of

microtubules and a depletant (methyl cellulose), in the collective motion.
Orientation of microtubules in the absence of methyl cellulose:

As the first step, | performed the gliding assay of microtubules on the kinesin coated substrate
in the absence of the depletant, i.e., methyl cellulose, varying the concentration of the
microtubules over a wide range (1-15 uM). The gliding assay of microtubules was performed
on a flow cell made from cover glass (for details see in section 2.2.1 and experimental section).
By adding ATP buffer, motility of the microtubules was initiated on the kinesin carpet at room
temperature (25 °C). The microtubules were monitored under a fluorescence microscopy. On
addition of ATP the microtubules started moving with an average velocity of ~480+21 nm/s
and no directional preference of the gliding microtubules was observed just after the ATP
addition. Such random movement of microtubules observed just after the addition of ATP was
confirmed by measuring the angle of orientation of the microtubules*® (Figure 2.5B i.).

(B) i.
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Figure 2.5: (A) Schematic representation of analysis of microtubule orientation angle ©.
Yellow arrow represents moving direction of microtubules. As shown here, the orientation
angle was measured with respect to the X-axis. Scale bar: 5 um. (B) Circular histogram of

orientation angle of of microtubules in absence of methyl cellulose at (i) 0 min and (ii) 120 min

29



after ATP addition. The dispersion of orientation angle in circular histogram indicates

randomness in moving direction of microtubules. Here the concentration of microtubules was

15.0 uM

However, over time, no collective motion was observed and the microtubules kept moving
randomly which is obvious from the fluorescence microscopy images [Figure 2.6A] and the
analysis of orientation angle [Figure 2.5B]. In the Figure 2.6A, | presented the time lapse
fluorescence images of microtubules at very low (1.0 uM) and high (10 uM) concentrations.
The random orientation of microtubules at both low and high density can be easily observed

from the images.
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Figure 2.6: The orientation of microtubules in absence of methyl cellulose. (A) The time lapse
fluorescence images of microtubules at (i) 10 uM and (ii) 1 uM concentrations. Scale bar: 20
um. (B) Change of the orientation of microtubules with time at microtubule concentration. In
the figures the lines a, b, c, d, and e represent order parameter for 1.0, 3.0, 5.0, 10.0, and 15.0

uM microtubules respectively.

To quantify the orientation of microtubules, | calculated nematic order parameter of the
microtubules, S that is a measure of the orientation of the microtubules** *° [see details in
section 2.4.4]. The value of S ranges between 0 and 1, where S=0 or 1 represents random or
ordered/aligned orientation of the microtubules respectively. The analysis reveals that the
nematic order parameter decreased until ~30 min after ATP addition and then remained almost
constant with time within the investigation period [Figure 2.6 B]. This decrease in the nematic
order parameter confirms that no phase transition of microtubules took place from the isotropic
to the nematic state. This observation is in an agreement to a previous result [section 2.2.4]
where no collective motion of microtubules was observed in the absence of depletion force
induced by methyl cellulose. The change in the nematic order parameter with time was found
independent of the concentration of microtubules employed in the gliding assay [Figure 2.6B].
On increasing the concentration of microtubules in the gliding assay system, the density of
microtubules on the kinesin coated surface of the flow cell increased. However, the increased
density of the microtubules had no effect on their orientation and failed to result in transition
from the isotropic state. As reported in literature, snuggling of gliding microtubules is a
prerequisite for demonstrating collective motion. Therefore, based on my results it can be said
that, in the absence of methyl cellulose, even when the density of microtubules is much
increased, behavior of the gliding microtubules is not changed appreciably, as a result of which
no phase transition was observed. The random motion of microtubules at high concentrations
on the kinesins observed in our work is in contrary to what was observed on dyenins, which
suggests that type of motor protein employed in the gliding assay is an important factor in the

emergence of collective motion of microtubules®.

Effect of concentration of methyl cellulose on orientation of microtubules in collective

motion:

To elucidate the effect of extent of depletion on kinetics of collective motion first I established
the relationship between concentrations of methyl cellulose to induced depletion force.
Previously, I calculated the amount of depletion force for 0.3 wt% methyl cellulose and it found
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calculated as ~0.11 pN, which was almost comparable to that of PEG or methyl cellulose
reported in previous literatures®® 42, As theoretically predicted, the depletion-force induced
scaled linearly with polymer concentrations; similarly, | estimated the depletion force by
changing concentration of methyl cellulose as shown in Figure 2.7. Here, if | consider the force
of each kinesin as ~5 pN*, the total force of kinesins interacting with each microtubule on the
surface should be several tens of pN. The total force of kinesins is much larger than the
depletion force. Despite the increase in snuggling by the depletion force, it was not enough to
form stable bundle of microtubules moving on the kinesin-coated surface, although stable

bundles were formed in bulk solution [Figure 2.2].
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Depletion force (pN)
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Figure 2.7: Relationship between depletion force and concentration of methyl cellulose.

| performed the gliding assay of microtubules of varying concentrations as described be. All

the images were captured at 120 min after ATP addition. Scale bar: 10 um.

In the Figure 2.8, it can be easily detected that when the concentration of methyl cellulose was
0.05 wt%, the microtubules of all the concentrations showed random orientation. Despite the
fact that presence of methyl cellulose increases the probability of snuggling event among the
gliding microtubules and favors the emergence of collective motion, | observed no collective
motion of microtubules in the presence of the 0.05 wt% methyl cellulose for any of the
concentrations of microtubules employed. In addition, the nematic order parameter was found

to decrease over time for all the concentration of microtubules.
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Figure 2.9: Change of the orientation of microtubules with time at different concentrations of
methyl cellulose and microtubule. In each case the concentration of methyl cellulose is
mentioned above the figure (from 0.0 to 0.3 wt%). In the figures the lines a, b, c, d, and e

represent order parameter for 1.0, 3.0, 5.0, 10.0, and 15.0 uM microtubules respectively

In similar manner, on increasing the concentration of methyl cellulose to 0.1 wt%, | observed
collective motion of microtubules for the concentrations of 10 and 15 puM, but | could not
observe the collective motion for the concentrations of 1, 3, and 5 uM. For the 10 and 15 pM
microtubules, the nematic order parameter of microtubules increased gradually with time and
reached a plateau by ~60 min after ATP addition [Figure 2.9C]. At 0.15 wt% of methyl
cellulose, collective motion was observed also for 5 uM microtubules, in addition to that for
10 and 15 uM microtubules. Interestingly | found that the time required to reach the plateau of
nematic order parameter decreased at this condition. As shown in the Figure 2.9D, it took ~20
min to form stable nematic phase of microtubules when the concentration of methyl cellulose
was 0.15 wt%. On further elevation of the methyl cellulose concentration, e.g. at 0.2 and 0.3
wit%, collective motion was observed for all the microtubule concentrations employed in this
work, except for the concentration of 1 uM. At these methyl cellulose concentrations (0.2 and
0.3 wt%), no further decrease in the time required to form stable nematic phase was observed

[Figure 2.9E and 2.9F]. This observation suggests that even for the high concentrations of
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microtubules and methyl cellulose, a minimum time is required to cause the phase transition of

the gliding microtubules from the isotropic to the nematic state.

2.2.6 Effect of depletion force and microtubule concentrations on the phase

transition kinetics in collective motion of microtubules

The experimental results discussed earlier directly show the dependence of phase transition in
collective motion of microtubules to the concentration of methyl cellulose and microtubules.
Based on the investigations, | summarized my findings which are shown in Figure 2.10A and
2.10B. From the summarized results, it is evident that concentrations of both of the
microtubules, and methyl cellulose have profound influence on the kinetics of the collective
motion of microtubules on kinesins. For each of the two parameters a minimum or threshold
value is found at or below which no phase transition of microtubules from an isotropic to a
nematic state could be observed. Moreover, both the parameters are also found to be dependent
on each other. The minimum concentration of methyl cellulose, which is required to induce
collective motion of microtubules, decreased to lower values when the concentration of
microtubules was much higher. On the other hand, a minimum concentration of microtubules
is found at or below which no collective motion could be observed even if the concentration of
methyl cellulose is very high. This minimum concentration of microtubules also depends on
the concentration of methyl cellulose employed in the gliding assay. The effect of concentration
of microtubules and methyl cellulose on the kinetics of phase transition of the microtubules is
clearly evident from the heat maps of microtubule orientation at different observation time
[Figure 2.10B]. Initially, just after ATP addition (0 min), no ordered orientation of
microtubules was observed for any of the concentrations of microtubules or methyl cellulose.
For this observation time, the heat map entirely represents random orientation of the
microtubules. Although a little ordered orientation could be detected, this might has been due
to transient ordering of the colliding microtubules. At 15 min, the nematic phase could be
detected only for relatively higher concentrations of microtubules and methyl cellulose. In
contrast, for the relatively lower concentrations of microtubules and methyl cellulose the
emergence of collective motion was much slower (e.g., 30 or 45 min). From this stage (~45
min) a clear separation of the random isotropic and ordered nematic phase could be easily

observed from the heat maps, with no further change in microtubule orientation with time.
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Figure 2.10 Heat maps showing the nematic order parameter of microtubules at different
observation time as a function of microtubule and methyl cellulose concentration. From the
heat maps organization of microtubules and transition of microtubule organization from an
isotopic (indicated by blue color) to a nematic phase (indicated by red color) could be observed

at different experimental conditions.

Therefore, we can conclude that, the concentration of microtubules and amount of depletion

force play important role in the phase transition kinetics of microtubules in collective motion.

Based on the above discussion, the effect of concentration of microtubules and depletion force
on the kinetics of collective motion of microtubules is clearly evident. To understand the
mechanistic detail, | investigated the behavior of gliding microtubules at different experimental
conditions. | quantified the probability of snuggling and crossing over event of gliding
microtubules for different concentration of methyl cellulose. The results, shown in Figure 2.11,

reveal that methyl cellulose has a significant effect on the behavior of gliding microtubules.
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Figure 2.11: Effect of methyl cellulose concentration on the gliding behavior of microtubules.

High concentration of methyl cellulose increased the probability of snuggling event.

In the absence of methyl cellulose, the probability of crossing over was much higher compared
to that of the snuggling. Therefore, the higher probability of crossing over in the absence of
methyl cellulose might has prevented the microtubules from exhibiting collective motion, even
at very high concentrations of the microtubules. This result also implies that the gliding
behavior of microtubules is not affected by the concentration of microtubules. Addition of the
methyl cellulose in the gliding assay system (0.05 wt%) was found to increase the probability
of snuggling of gliding microtubules over cross over. The probability of snuggling kept
increasing on increasing the concentration of methyl cellulose and reached a plateau at 0.15
wt%, after which no change was observed on increasing the methyl cellulose concentration
further. From these results, it can be concluded that methyl cellulose expedites the kinetics of
collective motion of microtubules by increasing the probability of snuggling of the gliding

microtubules.

Here, it should be mentioned that, | observed no considerable effect of methyl cellulose on the
velocity of microtubules [Figure 2.12 A] in the present experimental conditions and viscosity
of buffer also did not change appreciably on changing the concentration of the methyl cellulose
[2.12 (B)] within the range studied.
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Figure 2.12: Effect of methyl cellulose concentration on the (A) velocity of gliding
microtubules and (B) buffer viscosity.

It is to note that, the force that drives the microtubules comes from kinesins through
consumption of the energy of ATP hydrolysis. The diffusion of kinesin driven microtubules is
much faster compared to that driven by thermal forces. Therefore, in our work the thermal force
induced diffusion has negligible effect on the movement of microtubules and the time scale of
phase transition of microtubules should be governed by the active movement of microtubules,

influence of depletion force and mutual interaction of the dynamic microtubules.
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2.2.7 Role of microtubule associated proteins in the collective motion of

microtubules

In cell, the dynamics of microtubules is regulated by a number of factors including some
associated proteins known as microtubule associate protein (MAP)*.The MAPs, e.g. Tau,
MAP1, MAP2, MAP etc. can induce weak interactions between microtubules and enhance the
stability of the assembly of microtubules likewise, the association constant (Ka) *’ of MAPs is
~107 ML, Therefore, to investigate the role of MAPSs on the collective motion of microtubules
driven by kinesins, | performed experiments by incorporating MAP4 in the gliding assay of
microtubules in presence and absence of methyl cellulose.

Concentration of MAP4 (uM)

Figure 2.13: Effect of MAP4 on collective motion of microtubules driven by kinesins in
absence of depletant (methycellulose). The yellow text refers to the concentration of MAP4

(uM) applied. Scale bar: 10 pm.

To understand the effect of MAP4 fragment on the evolution of collective motion, first |
performed in vitro gliding assay in the presence of a wide range of MAP4 fragment (0. 5 to
2.50 uM) without methyl cellulose, at fixed kinesin and microtubule densities. The
fluorescence images in Figure 2.13 show the behavior of microtubules at different MAP4
concentration. As, MAP4 can induce weak local interactions, microtubule filaments were
bundled and generated stream like pattern at high MAP4 concentration. However, at too high
concentration of MAP4, microtubules bundled to network like structure and such stream and/or

bundle like assembly of microtubules were very unstable.

Next, to discuss the role of MAP4 in collective motion of microtubules | performed experiment
in presence of 0.3 wt% methyl cellulose keeping the concentration of microtubules and kinesin

same as mentioned above. The important thing we noticed here is the increase in stability of
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the streams of the microtubules. To evaluate the influence of MAP4 in the orientation in
maintaining the stability of microtubule streams, | compared nematic order parameter, S and
density variance, Ds of microtubules with and without MAP4 fragment in the presence of 0.3
wt% methyl cellulose. In the presence of 0.25 uM MAP4 fragment, the S increased until 30
min and remained constant indicating a prolonged orientation of microtubules, which was in
contrast to that observed in the absence of MAP4 fragment [Figure 2.14B]. Besides, in the
presence of MAP4 fragment, the Drincreased and similar to the S remained constant showing
the preservation of high density of microtubules in streams [Figure 2.14C].
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Figure 2.14: Stability of the streams of gliding microtubules. (A) Time course of the streams
of microtubules in the absence and in the presence of MAP4 fragment. Color bar (right side) is
fluorescence intensity of microtubules, which represents degree of density of microtubules.
Analysis of stability of the streams by using (B) the nematic order parameter, S and (C) the
density variance score. Scale bar: 20 pm.

To separately characterize the effect of methyl cellulose and MAP4 fragment on evolution of
collective motion of microtubules, | performed in vitro gliding assay in the presence and

absence of 0.25 uM MAP4 fragment, which were carried out both with and without 0.3 wt%
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methyl cellulose at low kinesin and microtubule densities. The previous experimental results
suggests that the probability of snuggling is the key issue which regulates the dynamics of
collective motion of microtubules. So, | calculated the interaction probabilities among
microtubules and found that the snuggling probability was 17.9 % in the absence of both MAP4
fragment and methyl cellulose, which increased to 35.0 % when 0.25 uM MAP4 fragment was
present only. On the other hand, snuggling probability dramatically increased to 62.3 % in the
presence of 0.3 wt% methyl cellulose but without MAP4fragment. However, presence of both
the MAP4 fragment and methyl cellulose further brought a little increase in the snuggling
probability (67.8 %).

** MC= methylcelluose

100 T T T

Snuggling probability (%)

-MAP4 -MAP4 +MAP4 +MAP4
‘MC  +MC  -MC  +MC

Figure 2.15: Effect of MAP4 fragment and MC on the behaviour of gliding microtubules.
Probability of snuggling was evaluated in the presence or absence of MAP4 fragment without
and with 0.3 wt% MC. Kinesin concentration was fixed at 500 nM. (+) and (-) indicate

‘presence’ and ‘absence’, respectively.

These results clearly reveal that it is the methyl cellulose, which mainly influences the collision
event of the microtubules. Although MAP4 fragments can generate the streams and improve
the stability of the streams, it has less pronounced effect on mutual interaction between
microtubule filaments compared to that of methyl cellulose. Therefore, it can be concluded that
depletion force due to methyl cellulose and weak attractive interaction induced by MAP4
fragment can together ensure high stability of microtubule streams and both interactions can

be useful for demonstrating collective motion of microtubules on kinesin coated surface.
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2.2.8 Investigation of the structure of the microtubule assemblies in collective

motion

Besides the kinetic study, | also investigated the structure of the microtubule assemblies in the
nematic phase (microtubules in the collective motion) using a confocal laser scanning
microscope. The outcome, shown in Figure 2.16, reveals that the nematic phase of microtubules
is a two dimensional structure comprised of overlapping bundles of microtubules. However,
changes in the structural organization of microtubule assemblies in the nematic phase in
response to the changes in concentration of the microtubules and methyl cellulose is unclear at

this moment, understanding of which requires detail investigation in future.

+3 um

+2.15 um

§ +0.85 um

:7 +0 pm

Figure 2.16: Two-dimensional structure of the microtubule assemblies in the nematic phase.
The images were captured using a confocal laser scanning microscope. The values at the right

to the images indicate the height, i.e. focus position along Z-axis.
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2.3 Conclusions

In conclusion, | demonstrated the first-ever collective motion and stream pattern formation by
microtubules on a kinesin coated surface using depletion force induced by a depletent methyl
cellulose. This method offers a simple and universal technique to investigate the coordinated
behaviour of self-propelled objects using biomolecular motor systems. | have also explored the
kinetics of collective motion of microtubules driven by kinesins. 1 unveiled how the
concentration of microtubules and depletion force affect the ensemble behavior of microtubules
driven by kinesins. These results disclosed that both the concentration of microtubules and the
depletant (methyl cellulose) have crucially important roles in the kinetics of collective motion
of the kinesin driven microtubules. A minimum concentration of microtubules or methyl
cellulose is required to allow the emergence of collective motion of microtubules and to cause
a transition from an isotropic to a nematic phase. For low concentrations of methyl cellulose
(e.g., <0.05 wt%) no collective motion of microtubules emerged even for high concentrations
of microtubules. On the other hand, even for the relatively higher concentrations of methyl
cellulose (e.g., 0.3 wt%), we observed no collective motion when the concentration of
microtubules was low (1 uM). A minimum concentration of methyl cellulose (0.1 wt%) can
induce the phase transition of microtubules if the concentration of microtubules is >10 uM.
Conversely, for the microtubules, a minimum concentration (3 uM) is required for the phase
transition for any of the concentration of methyl cellulose investigated. Importantly the time
required to cause such a phase transition is also found affected by the concentration of
microtubules and the methyl cellulose employed in the gliding assay. This work offers a better
understanding of the collective motion of kinesin driven microtubules, which consequently
would be useful in understanding the coordinated behavior of other self-propelled systems in
nature. At the same time, this will be helpful in understanding not only the collective behaviour
of self-propelled objects such as birds, animals or fishes, but also may provide new insight into
emergent structures obtained through a non-equilibrium process®*%5. Moreover, recently
microtubule/kinesin system has attracted attention in the field of molecular robotics as the
smallest self-propelled objects®®>’. Molecular robots, relying on a large number of collectively
moving self-propelled objects such as gliding microtubules, enables parallel processing in
transporting a large number of small cargos and assembling building blocks into an ordered
structure. Therefore, ideas obtained from the present study on collective motion of gliding

microtubules are expected to expand the boundaries in the field of molecular robotics.
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2.4 Experimental

2.4.1 Preparation and labelling of proteins

Tubulin was purified from porcine brain using a high-concentration PIPES buffer (1 M PIPES,
20 mM EGTA, and 10 mM MgCly; pH was adjusted to 6.8 using KOH) #. The high-
concentration PIPES buffer and BRB80 buffer were prepared using PIPES from Sigma, and
the pH was adjusted using KOH. Kinesin-1 consisting of the first 575 amino acid residues of
human kinesin-1 was prepared by partially modifying the expression and purification methods
described in literature®®. Rhodamine-labelled microtubules were obtained by polymerizing a
mixture of rhodamine-labelled tubulin (RT) and non-labelled tubulin (WT) (RT: WT = 4:1;
final tubulin concentration, 55.6 uM) at 37 °C in the presence of 1 mM GTP according to the
standard technique. The solution containing the microtubules was then diluted with motility
buffer (80 mM PIPES, 1 mM EGTA, 2 mM MgCly, 0.5 mg mL™! casein, 1 mM DTT, 10 uM
paclitaxel and ~1% DMSO; pH 6.8).

2.4.2 In vitro gliding assay of microtubules

A flow cell with dimensions of 5.0x5.0x0.15 mm?® (WxLxH) was assembled from two cover
glasses of sizes (5x7) mm? and (40%x50) mm? (MATSUNAMI), and a double-sided tape was
used as the spacer. First the surface of the flow cell was coated with casein buffer (80 mM
PIPES, 1 mM EGTA, 1 mM MgCl, and ~0.5 mg mL"! casein; pH 6.8) and incubated for 3 min.
Then 3 pL of kinesin-1 solution (~80 mM PIPES, 1 mM EGTA, 1 mM MgCly, 0.5 mg mL™!
casein, | mM DTT, 10 uM paclitaxel/DMSO, ~1% DMSO; pH 6.8) was applied to the flow
cell and incubated for 1 min to bind the kinesin to the casein coated surface of the flow cell
through non-specific interaction. The flow cell was washed with 5 pL of motility buffer (80
mM PIPES, 1 mM EGTA, 1 mM MgCl,, 0.5 mg mL™! casein, | mM DTT, 10 mM paclitaxel
and ~1% DMSO; pH 6.8). Next, 3 uL of microtubule solution of a prescribed concentration
was applied to the flow cell and incubated for 2 min, followed by washing with 5.0 pL of
motility buffer. Then, 10 puL of 10 mM adenosine tri-phosphate (ATP) buffer containing methyl
cellulose of a prescribed concentration (~80 mM PIPES, 1 mM EGTA, 1 mM MgCl,, 0.5 mg
mL! casein, 1 mM DTT, 10 uM paclitaxel/DMSO, 0-0.3 wt% methyl cellulose, ~1% DMSO;
pH 6.8) was added to the flow cell. The flow cell was placed inside the inert chamber after the
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addition of ATP and humid nitrogen gas was passed through the chamber to remove oxygen
from the chamber’" 2. The time of ATP addition was set as 0 min, and microtubules were
monitored under a fluorescence microscopy. All these experiments were performed at room
temperature. Next, where the MAP4 fragments were used, the ATP buffer was applied to the
flow cell after application of 0.25 uM MAP4fragment and subsequent wash with motility

buffer. All the aforementioned experiments were performed at room temperature.
2.4.3 Microscopic image capture

The samples were illuminated with a 100 W mercury lamp and visualised with an epi-
fluorescence microscope (Eclipse Ti; Nikon) using an oil-coupled Plan Apo 60x1.40 objective
(Nikon). Filter blocks with UV-cut specifications (TRITC: EX540/25, DM565, BA606/55;
GFP-HQ: EX455-485, DM495, BA500-545; Nikon) were used in the optical path of the
microscope to allow for visualisation of samples while eliminating the UV portion of the
radiation and minimising the harmful effects of UV radiation on the samples. Images and
movies were captured using a cooled CMOS camera (Neo sCMOS; Andor) connected to a PC.
To capture a field of view for more than several minutes, ND filters (ND4, 25% transmittance)
were inserted into the illuminating light path of the fluorescence microscope to avoid

photobleaching.
2.4.4 Analysis of the microscopic image

Quantitative analysis of collective motion of microtubule

The orientation of microtubules was calculated in terms of nematic order parameter (S), which
was calculated according to the following equation by using Image J plugin, orientation J

(http://bigwww.epfl.ch/demo/orientation/).

L 180 2 180 2
S = N (Z Ric0520i> + (Z RisinZQi)
i=0 i=0

where N refers to total number of microtubules in the frame, Ri is frequency of the angle of
individual microtubules ©; (i = 0 to 180). The range of ©; was fixed from 0° to 180° based on
the symmetry of horizontally or vertically aligned microtubules with respect to the X-axis.

Since the microtubules in the nematic phase were oriented along the X-axis, we fixed the
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director for both the isotropic and nematic phase along the X-axis and measured the nematic

order parameter of microtubules in the XY plane.
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Figure 2.17 Analysis method of the angles and degree of orientation of microtubules. (A) (i)
Fluorescent microscopic image of microtubules. (ii) Color map representing the distribution of
microtubule orientation angles. (B) Circular histogram of orientation angles of microtubules
obtained from a fluorescent microscopic image of microtubules in (A). (C) Directional analysis
method. (i) Here each bin in the circular histogram is considered as a vector (length: R;, angle:
). (ii) Average vector (length: R, mean orientation angle <&>) was used for evaluation of
orientation direction and degree of orientation. (iii) Relationship between R and degree of
orientation. If distribution of microtubules angles is dispersed, R becomes smaller (Raispersed)

than that of high oriented microtubules (Roriented)-
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Analysis of the density of the microtubules in the streams

Density variance is calculated by the following equations:
. . 1 n
Density variance = 2o (Pi = Pave)® (eq.2)

for all tiles A; (i =1 to n) covering a frame. P; is an estimated microtubule number in tile A;
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Figure 2.18: Distribution of estimated microtubule numbers at the time 90 min in microtubule
gliding assay with MAP4 fragment (A) and without MAP4 fragment (B).Yellow: higher
density, Blue: lower density. Density fluctuation, Df is calculated by the distribution of

microtubule density or the numbers of microtubules per tiles covering a movie frame.

Pave 1s average microtubule density when assuming the total number of microtubules are

equally distributed over the frame, that is, Paye = Y (observed microtubule numbers /n.) (eq. 3)

The number of microtubule in a tile is estimated by quadratic function f of average signal

intensity x available from pixels in a tile:
f(x) = ax? + bx + ¢, a= —0.045b = 6.2,c = —4.5

We fitted unknown coefficients a, b and c by fitting a curve to the experimental data observed
by high-resolution microscopy. The signal intensity is saturated around the number of
microtubules over 60. In this work, 68 is chose as the maximum number of microtubules

experimentally observed.
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2.4.5 Determination of depletion force induced by methyl cellulose

——————

~~~~~~

Depletion layer: RAO

Length of MT: [

i D—»> i Overlapped volume between two MTs: VOV

Let us considered two microtubules were immersed in 0.3 wt% methyl cellulose solution. Each
microtubules was assumed as cylinder with radius Rmt =12.5 nm surrounded by depletion layer
of radius Rao.. The depletion force between two microtubules induced by 0.3 wt% methyl
cellulose was calculated using A-O model. The radius of gyration (Rg) of 140 kDa methyl

cellulose is ~30 nm. Perhaps, Rao was determined as 2Rg/V9 = 33.85 nm.
Now the excluded volume of the associated microtubules V., is calculated by, Ver=Vioti-Vov

Where, Vov between two microtubules is Vov = (R+R40)’ X (8-sin@)x [ ..................... eqn

I The total volume of microtubules with excluded layer, Vi =2 % 2 X(R+Ru0)° % I....... eqn

2 So, the excluded volume, Vex = Vtotal — Vov = (R+Ru0)’ (4m - (8-sind)) Xl.........

B 2. -1__ D -1__ 2 .
Vor = (R + RAO) (cos 2(R+RA0)  SMCOS o RAO) ) l
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To differentiate Vex with respect to D, (cos'#)’ and (sin(cos'¢))" are calculated.

(cos‘1 2 __ )I = ! L eqn?

2(R+RAO) T 2(R+RAO) /1_(( D P
2(R+RAO

!

. _1 D _ _1

Sin Ccos —_ = CoSs | cos
2(R+RAO)

1 1

D 1 1

~ 2(R+RA0) (2(R+RAO) ' \/ﬁ) ~~~~~~~~~~ eqn 8
2(R+R

From equation 7 and 8,

AV, =

N |-

(R+RA0) - —— (1= ———)

f D 2(R+RAO)
1_(2(R+RAO))2

If D~ 2R+ R40 =57.85 nm, then AV =2.18 x 10713 nm™

Here, molecular weight of methyl cellulose =140000 Da,
Polymerization degree, N = 740,

Radius of gyration, R;= 30 nm,

Depletion layer thickness, R4o= 2Rg/r"?,

Concentration of methyl cellulose = 0.000214 M (=0.3 wt%)
P =0.000214x4.04x1021x.02x10%

=0.52 N m™

So, depletion force Faep = -PAVex

=0.11 pN or 28.10 kT um!

D
2(R+RAO) )(2(R+RAO). /1_( ( DAO))Z)
2(R+R
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Chapter 3

Rigidity of active cytoskeletal filaments governs the mode

of their collective motion

Abstract

| have regulated the mode of collective motion of gliding microtubules by changing their
rigidity. Relatively rigid microtubules generate a large-scale spiral pattern and enhance local
polarization in their movement, whereas local streams are formed due to the collective motion
of flexible microtubules. Rigidity of microtubules is found directly correlated to the extent of
noise in their movement, which in turn affects the mode of their collective motion. This work
has experimentally supported the theoretical models of collective motion by showing how the
self-organization of self-propelled particles is governed by the mechanical property of
individuals.
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3.1 Introduction

Collective maotion is a fascinating example of coordinated behavior of self-propelled objects in
nature such as animals, flocks of birds, cells and bacteria, which is associated with formation
of large scale patterns'°, The detailed study on collective motion may provide us insight into
the emergent structures, and functions, which consequently will allow us obtaining information
about how to assemble a large number of collectively moving self-propelled objects to more
ordered structures with a view to application in nanotechnology. The in silico works have
provided mechanistic details on generation of different mode of collective motion'!*’. For
instance, Vicsek model has suggested that the density of moving agents and noise in their
movement are important parameters that can regulate the mode of collective motion®!. Later
on, Nagai group has reported that the mode of collective motion!? also depends on the
persistence in the movement of the self-propelled particles. However, these theoretical models
are still lacking proper experimental verification. In recent years biomolecular motor systems
F-actin/myosin and microtubule/dynein or microtubules/kinesin have emerged as ideal
candidates for experimentally demonstrating the collective motion and different type of pattern
formation through in vitro gliding assay'®-%2.

In the chapter 2, | have demonstrated collective motion of microtubules driven by kinesin and
investigated the roles of some physiochemical properties (i.e. concentrations of microtubule
and depletion force) on the kinetics of collective motion. In this chapter I will describe, how
the mechanical property i.e. rigidity of microtubules influences their collective motion. |
investigated the collective motion of microtubules by varying their rigidity and found that, the
flexible microtubules generate local streams and rigid microtubules generate large spiral
pattern through collective motion. My analysis of single microtubule motility suggested that
the change in rigidity of microtubules has a profound influence on their persistence length and
noise of movement. These experimental findings support the theoretical predictions and offer
a simple approach to control the mode of collective motion of self-propelled particles only by

changing their physical property.
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3.2 Results and discussion

In the previous chapter, | have demonstrated the collective motion of the microtubules, where
the microtubules were prepared from tubulin using guanosine-5'-triphosphate (GTP) [Figure
3.1]. The collective motion was demonstrated using an in vitro gliding assay and stream like

pattern was observed in the collective motion of microtubules.

*p~25x104 filaments per mm?

R Ot g e e PR S 7
‘t*‘ﬂ |n}§ o 12
" e % S - 4

Isotropic phase Nematic phase

Figure 3.1: Time-lapse fluorescence images showing emergence of stream pattern by the

collective motion of GTP-microtubules. Scale bar: 50 pum.

GTP-microtubules are structurally flexible?® 2* and the flexural rigidity of taxol stabilized GTP-
microtubules is 32+2x102* Nm?2. To study the influence of the mechanical property of
microtubules on their collective motion, next | performed collective motion of microtubules by
varying their rigidity. For this, | polymerized tubulins using GMPCPP (guanosine-5’-[(a.,B)-
methyleno] triphosphate). It is reported, GMPCPP-microtubules are structurally rigid than

GTP-microtubules and its flexural rigidity is 62+2x102* Nm?2% 24,
3.2.1 Collective motion of rigid microtubules

Collective motion of GMPCPP-microtubules was demonstrated using the same experimental
setup as used previously in the study of collective motion of GTP-microtubules. The density
of GMPCPP- microtubules in the motility assay was ~22x10* filaments per mm?2. By adding
ATP buffer, motility of the microtubules was initiated on the kinesin carpet at room
temperature (25 °C). The microtubules were monitored under a fluorescence microscopy.
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GMPCPP-MTs,
~22.0x10%filament

p=

Figure 3.2: Collective motion of rigid microtubules. Time-lapse fluorescence images showing
emergence of spiral pattern (a) in the collective motion of rigid microtubules, the full view of
spiral pattern captured after 120 min of addition of ATP (b), and density-wave of microtubules

in the spiral pattern (c). Scale bar for a, ¢ is 50 um and for b is 500 wm respectively.

Just after initiation of motility, most of the microtubules showed polarity in their motility by
approaching towards the center of the flbohuow cell and constructed a spiral pattern [Figure
3.2a]. Over time, this spiral pattern spanned over the entire flow cell and generated a large
spiral pattern [Figure 3.2b] with diameter of ~3 mm. The microtubules in the spiral pattern also

exhibited density wave like motion [Figure 3.2c].

3.2.2 Tuning the mode of collective motion by changing microtubules rigidity

| have demonstrated the collective motion of microtubules by changing their mechanical
property (rigidity) and formation of different modes of patterns are obtained. The flexible
microtubules (GTP-microtubules) generate nematic local streams in collective motion, while

the rigid microtubules (GMPCPP-microtubules) assemble to a polar spiral pattern.

The diversity in orientation of microtubules in random, streams and spiral patterns was
differentiated by calculating the circularity of microtubules in each phase. The circularity is

defined as the spatial correlation of the moving microtubules in a circular pathway.
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Figure 3.3: Estimation of circularity of microtubules in collective motion. The (a) vector
profile and (b) color map of velocity of GMPCPP-microtubules in collective motion estimated
from PIV analysis. The circularity profile (c) and average circularity (d) of microtubules after
30 min of ATP addition. Scale bar: 5 um.

The circularity of the microtubules in different patterns (random, stream, spiral) was estimated
using PIV (particle image velocimetry) method?®. In this technique, the velocity vector profile
of microtubules was determined first (as shown in Figure 3.3a). The detailed of the
determination of circularity analysis is given in experimental section. The circularity of
microtubules in spiral and stream pattern were determined and found that the microtubules in
spiral pattern attained the highest circularity. As expected due to circular orientation of
microtubules in the spiral pattern, a large average value of circularity for spiral pattern was
observed [Figure 3.3d]. In contrary, in the stream pattern the direction of alignment of
microtubules was linear with less spatial circular coherency than that in spiral pattern. Such
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alignment of microtubules might be attributed to the smaller circularity value for microtubules
in streams [Figure 3.3d]. Thus, the circularity analysis provides us an idea in differentiating the

orientation of microtubules in different phases.

Here, by changing the mechanical property (rigidity) of individual microtubules, I obtained
completely two different modes of collective motion leading to formation of different patterns.
Next, | have investigated the role of length of microtubules and concentration on their

collective motion.

3.2.3 Effect of length and concentrations of flexible microtubules on their

collective motion

| investigated in details the collective motion of flexible microtubules by changing the length
and concentration of microtubules. | prepared GTP-microtubules by varying their lengths from
very short to the long length. The average length (mean * standard deviation) of microtubules
of short, middle and long length GTP-microtubules were ~2.04+0.80, ~15.63+9.69, and
~39.32£15.53 um respectively.
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Figure 3.4: Fluorescence images (a, ¢) and corresponding Gaussian distribution (d-f) of length

of short, middle, and long length GTP-microtubules. Scale bar: 5 pm.

Then experiments were performed by varying the density of microtubules over a wide range
(0.90 - 25 x10* filaments per mm?). It was found that, at high density (at or above ~15x10*
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filaments per mm?) irrespective of lengths, GTP-microtubules generate stream like pattern.
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Figure 3.5: Effect of microtubule length on the collective motion. (a) Fluorescence images of
short, middle, and long length GTP-microtubules in collective motion. Images were captured
after 60 min of ATP addition. Scale bar: 25 um. (b) Change of the orientation of (i.) short, (ii.)
middle, and (iii.) long length GTP-microtubules with time. Here (a), (b), (c), and (d)
corresponds to ~2.0, ~10.0, ~15.0 and ~25.0 x10* microtubules per mm? (c) Heat maps
showing the nematic order parameter of microtubules at different observation time as a function

of microtubule concentration.

The orientation of microtubules at different time was further quantified by calculating nematic
order parameter of the microtubules, S through analyzing their fluorescence microscopy images
using ‘Image J plugin Orientation J’> 2% 27, The value of S ranges between 0 and 1, where S=0
or 1 represents random or ordered/aligned orientation of the microtubules respectively. For
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lower density, the order parameter was close to zero and remained steady all over the
observation period. When the density was increased the order parameter for orientation of
microtubules increased. Therefore, the upsurge of order parameter towards ~1 reveals that at
high density with time the collective motion of microtubules took place which caused a phase
transition from isotropic to nematic state [Figure: 3.5b]. The phase transition kinetics can be
more clearly understood from the heat maps showing the distribution of orientation of
microtubules at different time with respect to surface density [Figure 3.5c]. Initially, just after
ATP addition (0 min), no ordered orientation of microtubules was observed for any of the
concentrations of microtubules of all lengths. For this observation time, the heat map entirely
represents random orientation of the microtubules [blue region]. At high concentration (~
25x10* filaments per mm?) at about 25 min after addition of ATP, nematic phase can be
detected [red region] for short length microtubules [Figure 3.5c i.]. In contrast, for middle
length microtubules the phase transition kinetics in collective motion was little sluggish (e.g.,
30 min) [Figure 3.5 (c) ii.]. A clear separation of the random isotropic and ordered nematic
phase could be easily observed from the heat maps, for long length GTP-microtubules. After
~15 min of ATP addition, orientation order of microtubules reached to plateau. Thus, the phase
transition is faster in collective motion of long length GTP-microtubules. Based on the above
discussion, the role of microtubules length in their collective motion can be clearly visualized.
The length of GTP-microtubules may not affect the spatial pattern formation but significantly

change their phase transition kinetics.
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3.2.4 Effect of length and concentration of rigid microtubules on their

collective motion

A detailed study on the collective motion of rigid microtubules was carried out by changing
the length and concentration of the microtubules. First, the effect of concentration of GMPCPP-
microtubules on the emergence of collective emotion was investigated. The concentration of
microtubules was varied from 1.0 to 5.0 uM keeping the concentration of kinesin same. The
fluorescence images of microtubules captured after 60 min of addition of ATP is presented in
Figure 3.6. From the fluorescence images, the influence of concentration of microtubule on the
emergence of spiral pattern can be understood well. At lower concentration, the orientation of
microtubules was random. These experimental results were further justified by the circularity

analysis of microtubules using PIV.

Isotropic phase , Spiral phase

Average circularity ( ¢gm )

1 1M 3uM 5uM
Microtubule concertation

Figure 3.6: (a) Effect of concentration of microtubules on the collective motion of
microtubules. Scale bar: 200 um. (b) The average circularity of microtubules at every
condition.

Next, using rigid microtubules of two different lengths: short (average + standard deviation)
(4.19+2.05 um) and long (average * standard deviation) (12.75+£7.35 um), the effect of length
of microtubule on their collective motion was studied.
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Figure 3.7: Collective motion of short and long length rigid microtubules. (a) Fluorescence
images showing orientation of short and long length GMPCPP-microtubules in collective
motion (b) Average circularity of spiral pattern shown in figure a. The images were captured
after 60 min of ATP addition. Scale bar: 20 um.

In the fluorescence images of microtubules shown in Figure 3.7, the generation of spiral
patterns in collective motion of both short and long length microtubules can be observed. In
the PIV analysis, no considerable difference in average circularity of long and short length
microtubules was found. This implies that length of microtubules may not affect the mode of
collective motion. The effect of motor protein concentration on spiral pattern formation was
also investigated and it was found that the motor protein concentration has no influence on

collective motion of rigid microtubules.
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Figure 3.8: Effect of concentration of kinesin on collective motion of GMPCPP- microtubules.
Emerged spiral pattern of microtubules at different kinesin concentrations (a). Scale bar: 500

um. The estimated average circularity of microtubules in the spiral patterns (b).

3.25 Mechanism behind tuning of the mode of collective motion:
experimental verification of theoretical approaches

The aforementioned experimental results suggest that, the mechanical property of microtubules
influences the mode of collective motion and pattern formation by the microtubules. For
instance, rigid microtubules generated spiral pattern and flexible microtubules oriented to local
streams. In order to explore the mechanism behind governing the mode of collective motion
upon changing the mechanical property, | investigated the behavior of single microtubule
filaments. In the motility assay of microtubules, two different types of interactions such as
snuggling and crossing over occur. The snuggling is the most important event in generation of
collective motion and | have found that there is no major difference in snuggling probability
for long and short GTP and GMPCPP-microtubules. The distribution of snuggling angle also

demonstrates similar phenomenon.
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Figure 3.9: The formation of (a) spiral, (b) stream pattern by microtubules of different rigidity.
Scale bar: 100 um. The average circularity of microtubules for each pattern (c). Analysis of
single microtubule filaments (d) interaction probability, (e) distribution of snuggling angle, (f)
persistence angle and (g) snuggling length of microtubules respectively.

A substantial difference was observed for the persistence length and snuggling length of
microtubules upon change in rigidity. The snuggling length was measured from the trajectory
of single filaments undergoing snuggling during their motility. The amount of noise in
movement of microtubules in different modes of their collective motion was also determined
and presented in Figure 3.10. The noise was estimated by counting the events of derailment of
microtubules from the average route in their collective motion. The experimental analysis
reveals that as the rigidity of microtubules increases, the amount of noise decreases and vice

Versa.
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Figure 3.10 The extent of noise (derailment) of microtubule movement is regulated by
microtubules mechanical property. A schematic diagram (a) and fluorescence images showing
derailment of microtubule in collective motion. Scale bar: 10 um. (c) The extent of derailment,

and the length of (c) derailment of microtubules in their collective motion.

The previous theoretical model suggested some postulates on the mode of collective motion of
moving agents considering the properties of individuals. the famous model of ‘self-propelled
particles’ by Vicsek cited that the density of moving agents and noise are important parameters
that control the phase transition of moving objects from disorder to ordered state'!. Nagai group
has reported that, the persistence length of moving objects plays an important role in generation
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of large structures like, vortex pattern*2. However, these postulates are lacking proper

experimental verification.

My experimental results directly support these postulates. | have found differences in
persistence length and snuggling length in two different modes of collective motion i.e; in spiral
and stream. In addition, the amount of noise is also different in the two patterns. In more
ordered polar spiral pattern, the extent of noise is less than in the stream patterns. In a generic
sense, the mechanical property of microtubules can govern the mode of collective motion,
which supports the theoretical approaches taken to describe the role of moving objects in the
mode of their collective motion. This work approaches to the concept of programing the self-
organization of cytoskeletal filaments by simply changing their mechanical property. This may
not only provide us with a method to program the active-self organization of self-propelled

particles but also will be helpful to understand the dynamics of active matters in nature.
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3.3 Conclusions

In conclusion, | have demonstrated collective motion of microtubules, which leads to the
emergence of streams and large spiral patterns in collective motion of microtubules driven by
kinesin. The microtubules in stream pattern are in nematic orientation, whereas polarized
orientation of microtubules is found in spiral pattern. Microtubules with different structural
rigidity show differences in their motile behavior, more specifically, in their persistence length,
snuggling length, and amount of noise in collective motion. According to the theoretical
predications, these parameters are very important to control the mode of collective motion of
moving objects. This work thus provides an experimental verification of the existing theoretical
models and offer a new approach to control the mode of collective motion of self-propelled
systems by changing the rigidity of individuals.
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3.4 Experimental

3.4.1 Preparation and labelling of proteins

Tubulin was purified from porcine brain using a high-concentration PIPES buffer (1 M PIPES,
20 mM EGTA, and 10 mM MgCly; pH was adjusted to 6.8 using KOH) 2. The high-
concentration PIPES buffer and BRB80 buffer were prepared using PIPES from Sigma, and
the pH was adjusted using KOH. Kinesin-1 consisting of the first 575 amino acid residues of
human kinesin-1 was prepared by partially modifying the expression and purification methods
described in literature’®. Rhodamine-labelled microtubules were obtained by polymerizing a
mixture of rhodamine-labelled tubulin (RT) and non-labelled tubulin (WT) (RT: WT = 4:1;
final tubulin concentration, 55.6 uM) at 37 °C in the presence of 1 mM GTP according to the
standard technique. The solution containing the microtubules was then diluted with motility
buffer (80 mM PIPES, 1 mM EGTA, 2 mM MgCly, 0.5 mg mL™! casein, 1 mM DTT, 10 uM
paclitaxel and ~1% DMSO; pH 6.8).

3.4.2 In vitro gliding assay of microtubules

A flowcell with dimensions of 5.0x5.0x0.15 mm?® (WxLxH) was assembled from two cover
glasses of sizes (5%7) mm? and (40x50) mm? (MATSUNAMI), and a double-sided tape was
used as the spacer. First the surface of the flowcell was coated with casein buffer (80 mM
PIPES, 1 mM EGTA, 1 mM MgCl; and ~0.5 mg mL™! casein; pH 6.8) and incubated for 3 min.
Then 3 pL of kinesin-1 solution (~80 mM PIPES, 1 mM EGTA, 1 mM MgCly, 0.5 mg mL™!
casein, | mM DTT, 10 uM paclitaxel/DMSO, ~1% DMSO; pH 6.8) was applied to the flowcell
and incubated for 1 min to bind the kinesin to the casein coated surface of the flowcell through
non-specific interaction. The flowcell was washed with 5 pL of motility buffer (80 mM PIPES,
1 mM EGTA, 1 mM MgCl,, 0.5 mg mL™! casein, 1 mM DTT, 10 mM paclitaxel and ~1%
DMSO; pH 6.8). Next, 3 pL of microtubule solution of a prescribed concentration was applied
to the flowcell and incubated for 2 min, followed by washing with 5.0 puL of motility buffer.
Then, 10 pL of 10 mM adenosine tri-phosphate (ATP) buffer containing methylcellulose of a
prescribed concentration (~80 mM PIPES, 1 mM EGTA, 1 mM MgCl,, 0.5 mg mL ™! casein, 1
mM DTT, 10 uM paclitaxel/DMSO, 0-0.3 wt% methylcellulose, ~1% DMSO; pH 6.8) was
added to the flowcell. The flowcell was placed inside the inert chamber after the addition of
ATP and humid nitrogen gas was passed through the chamber to remove oxygen from the

chamber’® 3!. The time of ATP addition was set as 0 min, and microtubules were monitored
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under a fluorescence microscopy. All these experiments were performed at room temperature..
3.4.3 Microscopic image capture

The samples were illuminated with a 100-W mercury lamp and visualised with an
epifluorescence microscope (Eclipse Ti; Nikon) using oil-coupled Plan Apo 60x 1.40 and dry
Plan Flour 10x0.30 objectives (Nikon). Filter blocks with UV-cut specifications (TRITC:
EX540/25, DM565, BA606/55; GFP-HQ: EX455-485, DM495, BA500-545; Nikon) were
used in the optical path of the microscope to allow for visualisation of samples while
eliminating the UV portion of the radiation and minimising the harmful effects of UV radiation
on the samples. Images and movies were captured using a cooled CMOS camera (Neo sCMOS;
Andor) connected to a PC. To capture a field of view for more than several minutes, ND filters
(ND4, 25% transmittance) were inserted into the illuminating light path of the fluorescence

microscope to avoid photobleaching.
3.4.4 Analysis of the microscopic image

Quantitative analysis of collective motion of microtubule

The orientation of microtubules was calculated in terms of nematic order parameter (S), which
was calculated according to the following equation by using Image J plugin, orientation J
(http://bigwww.epfl.ch/demo/orientation/)

L 180 2 180 2
S = N (Z Ric0520i> + (Z RisinZQi)
i=0 i=0

where N refers to total number of microtubules in the frame, R; is frequency of the angle of

individual microtubules ©; (i = 0 to 180). The range of ©; was fixed from 0° to 180° based on
the symmetry of horizontally or vertically aligned microtubules with respect to the X-axis.
Since the microtubules in the nematic phase were oriented along the X-axis, we fixed the
director for both the isotropic and nematic phase along the X-axis and measured the nematic

order parameter of microtubules in the XY plane.
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Figure 3.10: Analysis method of the angles and degree of orientation of microtubules. (A) (i)
Fluorescent microscopic image of microtubules. (ii) Color map representing the distribution of
microtubule orientation angles. (B) Circular histogram of orientation angles of microtubules
obtained from a fluorescent microscopic image of microtubules in (A). (C) Directional analysis
method. (i) Here each bin in the circular histogram is considered as a vector (length: R;, angle:
©). (i) Average vector (length: R, mean orientation angle <&>) was used for evaluation of
orientation direction and degree of orientation. (iii) Relationship between R and degree of
orientation. If distribution of microtubules angles is dispersed, R becomes smaller (Rgispersed)

than that of high oriented microtubules (Roriented).
Circularity Analysis:

The circularity was analyzed using the following equation

N
Circulation [um?] = Z ( [VMTJI'] [d{[i/eld,i,n]COS 0; )
: av]

Where Vumr, i is the velocity vector of MTs at point i. dsieiq, i, n represents field vector at point |
in n™ field circle and 6 is the angle between Vmr, i and dfieid, i, n. Vav is the average velocity of

MTs. N is the number of the velocity vectors aligning with N field circle.

70



3. 5 References

1.

10.

11.

12.

13.

14.

15.

T. Vicsek, Nature, 2001, 411, 421.

T. Vicsek, and A. Zafeiris, Phys. Rep., 2012, 517, 71-140.

J. K. Parrish, S. V. Viscido, and D. Grinbaum, Biol. Bull., 2002, 202, 296-305.

K. Kruse, J. F. Joanny, F. Julicher, J. Prost, and K. Sekimoto, Phys. Rev. Lett., 2004,
92, 078101 (1-4).

M. Loose, E. Fischer-Friedrich, J. Ries, K. Kruse, and P. Schwille, Science, 2008,
320, 789-792.

I. D. Couzin, J. Krause, N. R. Franks, and S. A. Levin, Nature, 2005, 433, 513-516.
I. H. Riedel, K. Kruse, and J. A. Howard, Science, 2005, 309, 300-303.

C. Dombrowski, L. Cisneros, S. Chatkaew, R. E. Goldstein, and J. O. Kessler, Phys.
Rev. Lett., 2004, 93, 098103 (1-4).

A. Czirok, E. Ben-Jacob, 1. Cohen, and T. Vicsek, Phys. Rev. E, 1996, 54, 1791-
1801.

F. J. Nedelec, T. Surrey, A. C. Maggs, and S. Leibler, Nature, 1997, 389, 305-308.
T. Vicsek, A. Czirok, E. Ben-Jacob, I. Cohen, and O. Shochet, Phys. Rev. Lett.,
1995, 75, 1226.

K. H. Nagai, Y. Sumino, R. Montage, I. S. Aranson, and H. Chate, Phys. Rev. Lett.,
2015, 114, 16801 (1-6).

F. Gineli, F. Perusni, M. Bar, and H. Chate, Phys. Rev. Lett., 2010, 184502 (1-4).
A. Czirdk, and T. Vicsek, Statistical Mechanics of Biocomplexity, 1999, Springer
Berlin / Heidelberg, 152—-164.

I. D. Couzin, J. Krause, R. James, G. D. Ruxton, and N. R. Franks, J. Theor. Biol.,

2002, 218, 1.

71



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

F. Cucker, and E. Mordecki, J. Math. Pure. Appl., 2008, 89, 278-296.

F. Cucker, and S. Smale, IEEE. T. Automat. Contr., 2007, 52, 852—862.

V. Schaller, C. Weber, C. Semmrich, E. Frey, and A. R. Bausch, Nature, 2010, 467,
73-77.

Y. Sumino, K. H. Nagai, Y. Shitaka, Y. Tanaka, K. Yoshikawa, H. Chate, and K.
Oiwa, Nature, 2012, 483, 448-452.

T. Sanchez, D. T. N. Chen, S. J. DeCamp, M. Heymann, and Z. Dogic, Nature, 2012,
491, 431-435.

D. Inoue, B. Mahmot, A. M. R. Kabir, T. I. Farhana, K. Tokuraku, K. Sada, A.
Konagaya, and A. Kakugo, Nanoscale, 2015, 7, 18054-18061.

A. Saito, T. I. Farhana, A. M. R. Kabir, D. Inoue, A. Konagaya, K. Sada, and A.
Kakugo, RSC Adv., 2017, 7, 13191-13197

J. Mickey, J. Howard, J. Cell Biol. 1995, 130, 9009.

S. Wada, A. M. R. Kabir, M. Ito, D. Inoue, K. Sada, and A. Kakugo, Soft Matter,
2015, 11, 1157-1163.

W. Thielicke, and E.J. Stamhuis, 2014, PIV lab — Towards User-friendly, Affordable
and Accurate Digital Particle Image Velocimetry in MATLAB. Journal of Open
Research Software 2(1):e30, DOI: http://dx.doi.org/10.5334/jors.bl

K. V. Mardia and P. E. Jupp, Directional Statistics, John Wiley and Sons Ltd.,
England, 2000, 57-82.

R. Rezakhaniha, A. Agianniotis, J. T. C. Schrauwen, A. Griffa, D. Sage, C. V. C.
Bouten, F. N. van de Vosse, M. Unser and N. Stergiopulos, Biomech. Model.
Mechanobiol., 2012, 11, 461-473.

M. Castoldi, and A. V. Popov, Protein Expres. Purif, 2003, 32, 83-88.

72



29.

30.

31.

R. B. Case, D. W. Pierce, H. B. Nora, L. H. Cynthia, and R. D. Vale, Cell, 1997, 90,

959-966.

A. M. R. Kabir, D. Inoue, A. Kakugo, A. Kamei, and J. P. Gong, Langmuir, 2011,

27, 13659-13668.

A. M. R. Kabir, D. Inoue, A. Kakugo, K. Sada, and J. P. Gong, Polym. J., 2012, 44,

607-611.

73



Chapter 4

Effect of external mechanical stimuli on collective motion

of microtubules

Abstract

The collective motion of self-propelled objects, e.g.; animals, microorganisms, cytoskeleton is
a ubiquitous and fascinating self-organization phenomenon. Nowadays, in vitro motility assay
is being considered as model system to experimentally investigate various aspects of group
behavior and pattern formation by self-propelled objects. In an in vitro motility assay,
cytoskeletal filaments (F-actin and microtubule) are propelled by biomolecular motors (myosin
and kinesin or dynein). When a high density of cytoskeletal filaments is maintained, they are
capable to align spontaneously and self-organize into large scale patterns through collective
motion. In this chapter, I have investigated the effect of external mechanical stimuli, applied
as indentation stress, on collective motion of microtubules. | have found that, in response to
indentation stress collectively moving microtubules generate an ultra large (diameter ~5 mm)
vortex pattern. Spatial orientation of microtubules in the vortex pattern depends on the extent
of indentation stress, which is also correlated to indentation length, indenter size, and shape.
This work provides an approach to ensemble group of nanoscale self-propelled particles to a
microscale pattern, which offers a new approach to control the group behavior of self-propelled

particles and expand their applications in the field of nanotechnology.
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4.1 Introduction

The coordinated behavior of the self-propelled particles, emerged from the interactions among
individuals is referred as collective motion. The large scale patterns of collectively moving
objects such as, human crowds, animals, birds, cells, bacteria, to subcellular cytoskeletal
filaments in the nature have fascinated us and drawn attention to explore the emergent functions
in collective motion. One of spectacular behaviors of collectively moving objects is their
responsiveness towards any external perturbation or stimulation. For instance, schools of fish
are able to move in a rather orderly fashion or change direction abruptly. Due to the presence
of a nearby predator, the same fish can swirl like a vehemently stirred fluid. However, such
natural phenomena still lacks proper in vitro study. In recent years biomolecular motor systems;
microtubule/dynein or microtubule/kinesin have emerged as ideal candidates for demonstrating
the collective motion of self-propelled particles through in vitro gliding assay'*. Recently, the
microtubule filaments are reported as mechanosensor, which reorient their configuration to an
energetically preferred orientation in response to external mechanical stimuli. In vivo results
reveal that in plant cell two dimensionally aligned microtubules reorient parallel to the direction
of tensile stress *°. In animal cell, with cyclic stimulus, the microtubule network rearranges and
develops characteristic angle to the stretch direction, which ultimately regulates the
morphology of the cell'®. Recently, regulation of the directionality of kinesin driven
microtubules has been demonstrated in vitro by applying mechanical stress'’. The response of
microtubules moving in collective motion, to single step and cyclic stretching stimuli has been
investigated and orientation of microtubules has been observed®®. In this chapter, | will
investigate in-detail the response of collectively moving microtubules to external mechanical
stimuli applied as indentation stress. For this, an in vitro motility assay of microtubules was
demonstrated on an elastomeric substrate; polydimethyl siloxane (PDMS) and indentation
stress was applied to it. A mechanical chamber named ‘indentation chamber’ was constructed
for this purpose. An ultra-large vortex of ~5 mm in diameter was formed by collectively
moving microtubules due to application of indentation stress®. A detailed study on the vortex
formation and influence of different parameters related to indentation have been investigated.
This work provides a new method for controlling the collective motion of self-propelled
systems, which might enable us to obtain desired large scale patterns and cooperative work

from huge a number of self-propelled particles.
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4.2 Results and discussion

4.2.1 Experimental setup used to apply indentation stress on microtubules

The response of group of self-propelled microtubules to external mechanical stimuli, applied
as indentation stress, was investigated by employing a newly developed experimental set up

named as ‘indentation chamber’. The detailed specification of the chamber is as follows:
Design of indentation chamber

The indentation chamber was constructed with a view to apply indentation stress and to

investigate the responsiveness of microtubules moving in groups.

Indenter
Frame

Inner view

Movable frame

Screw gauge

Indenter

Glass substrate

Figure 4.1: Images (A) and schematic diagram (B) of the indentation chamber. The illustration

of the motility assay of microtubules/kinesin on PDMS substrate is shown in inset of (B).

The motility assay was prepared on PDMS mounted on four movable frames fixed upon a

movable stage [Figure 4.1]. The upward-downward movements of the movable stages was
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controlled by using a stepping motor connected to a computer. The indenter that indents the

motility assay substrate was placed below PDMS at center of the chamber.
Specification of the indentation chamber

The indentation stress was applied to the PDMS using the indenter. | have used indenters of
two different shapes: speheroconical and flat triangular tip filament. 1 have also used
sperohocincal indenters of different diameters, i.e., 0.5, 2.0, and 4.0 mm. The indentation length
and indentation speeds were controlled using the stepping motor. The stepping motor allowed

maximum 13 mm depth indentation.

Speherconical indenter Flat triangular tip
filament indenter

Figure 4.2: Images of the indenters used to apply indentation stress.
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Figure 4.3: Illustration of preparation of motility assay on PDMS substrate.

Before applying indentation stress, a motility assay of high-density microtubules was prepared
on the PDMS. The dimension of the PDMS was 5 x 15 x 0.05 mm? (length x width x height)
and the assay was prepared according to scheme 4.3. [Detail is annexed in experimental

section]

Before application of During appl{cation of After relaxation of indentation
indentation stress on PDMS indentation stress on PDMS stress from PDMS substrate.
substrate. substrate.

+~—— Elastomeric

(B) substrate / A

Indenter ‘ I
-

Before application of During application of After relaxation of
indentation stress indentation stress indentation stress

Figure 4.4: Image (A) and schematic diagram (B) of application of indentation stress on the
PDMS substrate.
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The indentation stress was applied by indenting the PDMS substrate from the bottom. The stage
holding the movable frames was pushed down towards the indenter tip to a desired distance to
apply indentation stress. The indenting length, and duration of application of indentation were
controlled using the computer controlled stepping motor. The indentation stress was retained

for 5 seconds.
4.2.2 Response of microtubules in collective motion to indentation stress

First, | prepared a high-density motility assay to observe the collective motion of microtubules
driven by kinesin. Microtubules were prepared by polymerizing tubulins in presence of GTP
(guanosine tri-phosphate). Initially, on addition of ATP (adenosine tri-phosphate) buffer the
microtubules started moving randomly at a constant velocity of 180 nm s without showing

any directional preference.

Figure 4.5: Time-lapse fluorescence image of microtubules showing emergence of collective

motion on PDMS substrate. Scale bar: 100 um.

Within 30 min after the addition of ATP, microtubules gradually formed local streams [Figure
4.5]. Next, | applied indentation to the motility assay substrate as shown in Figure 4.4. The
diameter of the indenter tip was 4.0 mm and the indentation length was 5 mm. The indentation

was maintained for 5 sec.
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Before application of
indentation stress After application of indentation stress

Figure 4.6: Time-lapse fluorescence images of orientation of microtubules after indentation.

Scale bar: 500 pm.

The time lapse images [Figure 4.6] show that, the microtubules in the stream pattern started to
change their spatial orientation due to the indentation stress and within ~2 hours aligned
themselves to an ultra large vortex pattern of almost ~5 mm diameter. It is interesting that, at
the central part of the vortex, the microtubules were oriented in stream pattern. Next, to

characterize the vortex pattern, | analyzed the nematic order parameter of the microtubules.
4.2.3 Characterization of the vortex pattern

The vortex pattern of microtubules was characterized considering the spatial orientation of
microtubules at different time and location of the flow cell after application of indentation
stress. The orientation of microtubule was quantitatively analyzed using nematic order

parameter, S [detail in experimental] which can be calculated using the following equation®®.

L 180 2 180 2
S = N (Z Ric052@i> + (Z Risin20i>
i=0 i=0

Where, N refers to total number of microtubules in the frame, Rjis frequency of the angle of

individual microtubules,
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® (i = 0 to 180). The range of & was fixed from 0° to 180° based on the symmetry of

horizontally or vertically aligned microtubules with respect to the x axis.

The order parameter was calculated from the fluorescence images of collectively moving
microtubules captured at different time after application of indentation stress. Several regions
of interest (ROI), from center to periphery were selected to calculate the order parameter of

orientation of microtubules at different space as shown in Figure 4.7.

Figure 4.7: Fluorescence image of an ultra-large vortex pattern after 2 hours of application of
indentation stress. The squares represent the selected ROI, from center to periphery of vortex

pattern in this study. The ROIs were used for quantitative analysis. Scale bar: 500 um.

In Figure 4.7, fluorescence image of an ultra-large vortex pattern of microtubules captured after
2 hours of applying 5 mm indentation stress is presented. The vortex pattern was divided into
4 equal parts and in each portion six ROIls of same area were chosen and denoted as 1,2,3,4, 5,
and 6 from center to periphery. The size of each ROI was 100x120 pixel. Nematic order
parameter of microtubules in each region was calculated from every part and finally the average
was calculated. The time-lapse fluorescence images of formation of vortex [Figure 4.6] were
used to measure the change of order parameter with time. The profile of change of order
parameters of microtubules as a function of time is presented in Figure 4.8, from which the
change of orientation of microtubule with time upon application of indentation stress can be
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understood. The analysis revealed that, at the center part, [region 1 and 2] the value of order
parameter was less compared to the regions towards periphery. On contrary, from center to
periphery the degree of orientation of microtubules increased with time. Near the periphery,
the order parameter was higher and at 120 minute reached the steady sate. The comparative
value of order parameter at region 5 and 6 attributed to the similar order of orientation of
microtubules at periphery. From the Figure 4.7, it can be observed that the ROI 1, 2 and 3 were
selected from the center part, where motile microtubules generate stream pattern. The higher
values of order parameter at periphery (ROI 5, 6) indicate that the orientation of microtubules

at the vortex array was more nematic than in the stream pattern (ROI 1, 2, 3).
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Figure 4.8: Change of nematic order parameter of microtubules with time. Here 1, 2, 3, 4, 5,
6, 7 indicates the corresponding ROI shown in Figure 4.7.

The above experimental results reveal that the application of indentation stress on microtubules
generate two different modes of collective motion. At the center, the collectively moving
microtubules generate stream pattern, while for the rest of the part, collectively moving
microtubules oriented to vortex pattern in response to the stress. A model was speculated to
explain such orientation of microtubules due to application of indentation by considering the
stretching of PDMS substrate. The model is illustrated in Figure 4.9A and the fluorescence

image of orientation of microtubules are presented in Figure 4.9B.
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Figure 4.9: Schematic diagram showing the stretching of PDMS upon indentation (A) and
orientation of microtubules before and after indentation (B). Fluorescence images of

orientation of microtubules before and after indentation. Scale bar: 500 um.

The indenter used in above experiment was speheroconical in shape and geometry of indenter
was wide (4 mm) and smooth. We can assume that the area of PDMS experiencing indentation
remains un-stretched. However, the surrounding area becomes stretched. Due to such
imbalance in stretching stress, two regions having different stress field can be emerged which
probably contributed to different orientation of microtubules. This concept is in agreement with
experimental result where local stream pattern was observed in center part or un-stretched

region and vortex pattern was generated on the surroundings or the stretched region.
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The boundary between these two regions was dynamic. The size of the inner boundary (dotted
circle in Figure 4.10) with time was estimated which shown in Figure 4.10B. It was observed
that the inner boundary diameter decreased with time, which attributed to the modulation of
the directionality of motile microtubules in the streams and rearrangement of their orientation

to vortex array induced by collectively moving microtubules in the vortex pattern.

(A) Before application of
indentation stress After application of indentation stress
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Figure 4.10: (A) Fluorescence images of collectively moving microtubules showing decrease
of inner boundary of the vortex pattern (dotted line), and (B) change of diameter of inner

boundary with time. Scale bar: 500 um.

So far, emergence of an ultra large vortex pattern of collectively moving microtubules in
response to mechanical (indentation) stress was discussed. In addition, | also performed
experiments where indentation stress was applied on microtubules exhibiting random motion.

However, instead of vortex pattern formation only detachment of microtubules was observed
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in this case. Such observation suggests that, the formation of vortex pattern depends on both
cooperative behavior of microtubules and application of indentation stress. According to
contact mechanics for nanoindentation, the applied force and induced stress field during
indentation depend on a number of parameters that include; indentation depth, the contact
diameter and shape of the indenter?. So, the influences of these parameters on vortex formation

deserve systematic investigation.

4.2.4 Effect of depth of indentation on orientation of collectively moving

microtubules

Before
indentation

After indentation

Indentation length (mm)

Time (min)

Figure 4.11: Fluorescence images of collectively moving microtubules before and after
application of indentation stress with different indentation length of 2, 5, 7, and 10 mm. Scale
bar: 500 um.

In order to evaluate the dependency of formation of vortex pattern on the indention length,
experiments were carried out by applying indentation of different lengths; e.g. 2, 5, 7, 9, and
10 mm. In each experiment, the collective motion of microtubules was investigated prior to
applying indentation.
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After 1 hour of addition of ATP-buffer, indentation stress was applied to the collectively
moving microtubules as described in section 4.1. The fluorescence images of orientation of
microtubules in the vortex pattern formed in case of different indentation lengths are shown in
Figure 4.11. For 2.0 mm indentation, vortex pattern was not observed to form while for 5 and
7 mm (moderate) indentation, an ultra-large vortex pattern was observed. At very high
indentation (10 mm), the vortex pattern emerged within 1 hour of application of indentation.

However, detachment of microtubules at the center part was observed here.

The extent of stress field induced by indentation may be different from one region to another
for different indentation length, which probably affected the dynamics of vortex pattern
formation. However, the degree of alignment of microtubules in the vortex pattern can be more
clearly understood by comparing the change of nematic order parameter, with time at different
indentation depth. In order to calculate order parameter of microtubules after indentation, first
a boundary was fixed between two regions with different orientation of microtubules (vortex
and stream). Two ROls of same area were selected from both regions and order parameter of

microtubules with time in these regions was calculated [Figure 4.13]

Figure 4.12: Selection of ROI to calculate nematic order parameter with time two region

separated through an imaginary boundary. Scale bar: 500 pum.

The time-lapse fluorescence images of collectively moving microtubules for different
indentation length [Figure 4.11] were used to calculate the order parameters presented in Figure
4.13.
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Figure 4.13: Change of nematic order parameter of microtubules with time at different

indentation length (2 to 10 mm), where (A) is for vortex part (ROI: 2) and (B) is for center part

(ROI: 1).

The change of degree of orientation of microtubules can be understood from Figure 4.13 where

(A) and (B) represents change of Sat vortex and center part respectively. Both in vortex and

center region the highest value of order parameter was obtained for 5 mm indentation.

Therefore, this is the best condition to obtain an ultra large vortex pattern. At 10 mm

indentation, order parameter value decreased at center. The possible reason for this could be

the detachment of microtubules at center in this case. The relation between orientations of

microtubules to applied indentation can be better understood from Figure 4.14 where change

of order parameter with indentation length is presented.
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Figure 4.14: Change of order parameter of microtubules at (A) vortex and (B) center region

with time.
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From Figure 4.13A, we can observe that within 120 min, the order parameters attained a
saturated value. In Figure 4.14, the order parameter obtained at 120 min, was plotted for
different indentation length. Both in vortex (Figure 4.14A) and in center (Figure 4.14B) the
highest value of order parameter was obtained at 5 mm indentation. Almost same value of Swas
observed at the vortex region for 7 and 10 mm indentation. The lower value for center region
at 10 mm indentation agrees with the phenomena of detachment of microtubules. Therefore,
the orientation of microtubules after application of indentation stress depends on the depth of

indentation.

425 Effect of effective indenter diameter on collective motion of

microtubules

The previous experimental results revealed that, deformation of PDMS substrate due to
indentation plays a key role in the orientation of microtubule. To investigate further,
experiments were performed by changing diameter of the indenter to 0.5 mm and 2.0 mm.
Before applying indentation, first the collective motion of microtubules was investigated. Here
the indentation length was 5 mm for each experiment. Emergence of an ultra-large vortex
pattern was observed for both indenters. To compare the orientation of microtubules in the
vortex pattern, fluorescence images of microtubules were captured after 1 hour of application

of indentation stress (Figure 4.15).

Increasing tip diameter

Figure 4.15: Fluorescence images of collectively moving microtubules at 1 hour after
application of stress. The indenter diameter increases from 0.5 mm to (A) to (C) 4.0 mm. Scale
bar: 500 pm.

From Figure 4.15, differences in the orientation of microtubules in the vortex pattern can be
observed clearly. The detachment of microtubules from center part is noticeable when the
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indenter diameter was 0.5 mm (Figure 4.15A). A change in dynamics of vortex formation was

also observed with the change of indenter size [Figure 4.15 and 4.17].

Figure 4.16: (A) Selection of ROI from center to the periphery of the vortex patterns obtained
through using (a) 0.5, (b) 2.0, and (c) 4.0 mm diameter indenter. Time-lapse fluorescence
images of collectively moving microtubules before and after indentation using indenter with
diameter of (B) 0.5 mm, and (C) 2.0 mm. Scale bar: 500 pum.

In case of indenter with 4.0 mm diameter, the microtubules in the vortex pattern were more
oriented than other events. All these findings can be justified by analyzing order parameter. To
analyze the degree of orientation of microtubules in vortex pattern at different indenter
diameter, three ROIs were chosen for every image from center to periphery [shown in Figure
4.16A]. Considering only the center part where the indentation stress was applied, it is obvious
that in case of 0.5 mm tip (small) diameter almost all microtubules detached while, for 4.0 mm
(large) diameter microtubules show collective motion in local streams. The increase in nematic
order parameter is the evidence of the increasing order alignment of microtubules with

increasing indenter diameter.
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Figure 4.17: A profile of change of order parameter at (A) center, (B) middle, and (C)

periphery of the vortex pattern with change in indenter diameter.

At the equidistant positions from center (Figure 4.17B), nematic order parameter for orientation
of microtubules were almost same for all indenters. The orientation of microtubules was almost
similar at the middle part of the vortex pattern. Although, at the periphery, well-ordered
arrangement of microtubules in vortex array can be noticed for large tip (Figure 4.17C). Change
of alignment of microtubules with time for different tip diameters can be more clearly
understood from the correlation of nematic order parameters with time for different indenter as
shown in Figure 4.18. The order parameter was determined from the fluorescence images of

microtubules after indentation. With time the magnitude of order parameter increased, which
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indicates the ordered arrangement of microtubules in vortex. The time-lapse fluorescence

images shown in Figures 4.7 and 4.16 also support this finding.

[EEY

—€-0.5mm
—-2.0 mm
——4.0 mmT|

o
o]
T

©
~
T
!

Nematic order parameter, S
o
(o]

o
R
T
|

0
0 50 100 150 200 250 300 350 400
Time (min)

Figure 4.18: Change of nematic order parameter of microtubules with time for different
indentation diameter. The values (0.5, 2.0 and 4.0 mm) written in right corner indicate the tip

diameter of indenter.

The collectively moving microtubules can sense applied stress field and according to that can
change their moving direction. It can be assumed that change in geometry of indenter tip might
have tuned the degree of induced stress field, which ultimately controlled the directionality of
collectively moving microtubule. As a result, vortex pattern having different alignment of

microtubules correlating to time was observed.

Next, | performed experiments by using an indenter of a different shape (filament indenter
having a triangular flat tip) to elucidate the role of indenter shape on the organization of
microtubules upon application of indentation stress.
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4.2.6 Effect of shape of indenter on the collective motion of microtubules

Before applying indentation stress, collective motion of the microtubules was studied. On
addition of ATP, microtubules started moving randomly, without showing any specific
directional preference. The collisions between microtubules increased with time and collective
motion emerged. These collectively moving microtubules ultimately formed stream like
pattern.

Before application

of stress After appliction f indentation stres

Figure 4.19: Fluorescence images of collectively moving microtubules before and after

application of indentation stress. Scale bar: 500 um.

The indentation was then applied on the collectively moving microtubules on the PDMS
substrate. As a result, a vortex pattern was obtained (Figure 4.19). Initially, microtubules in the
vortex were disordered. With time, disordered parts were gradually organized into the vortex
pattern and microtubules in vortex exhibited collective motion. However, despite the change
of shape of indenter tip an ultra-large vortex pattern was observed upon indentation. This result
indicates that, emergence of an ultra large vortex pattern by microtubules in a kinesin based
motility assay is a generic phenomenon and depends on depth of indentation, but not on the

size and shape of the indenter.
4.2.7 Response of collectively moving microtubules to cyclic indentation

Next, with a view to study the effect of mode of indentation stress to vortex formation, | applied
cyclic indentation stress on collectively moving microtubules. The stress was applied by
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repeated indentation keeping the time difference between each indentation very low (5 sec).
First, experiments were performed where indentation stress was applied consecutively in three
cycles. In each cycle, first, the stress was applied, retained for 5 sec then released and waited
for 5 sec. After waiting for 5 sec, again indentation was applied. In this manner, three cycles
of indentation was applied before starting observation. The experiments were carried out for
two different indentation length: 2 mm and 5 mm. the 2 mm indentation length was not
sufficient for the emergence of an ultra large vortex. For the 5 mm indentation, well ordered

ultra-large vortex pattern was observed. Here, the indenter diameter was 4 mm.

AE
ol
1
o
e
bz
1
1
1
+
i
\

1

1

1

T

1

1

1

I A
35

Zh

@ Before application of indentation stress

(C) . After application of indentation stress
U) 1 T T T T T T
o
]
—
co0s8f -
s
© L
206} i
o
2 L
O o4} ® m
(@]
T
GE) 02} ]
pd o
ROl : 01 ROI : 02

Figure 4.20: Fluorescence images of orientation of microtubules (A) before and (B) after 3
hours of application of indentation stress. (C) The corresponding order parameters in ROI: 1

and ROI: 2 before and after indention. Scale bar: 500 pum.

In both case of, low [2 mm] and moderate [5 mm] indentation, formation of ultra large vortex
pattern was observed which resembles with previous result obtained in case of single step
indentation. For 2 mm indentation, within 15 min of indentation, the microtubules started

orienting in vortex pattern and by 3 hours a stable vortex pattern was emerged (Figure 4.20).
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However, 5 mm indentation most of the microtubules detached from center part and
microtubules around the vacant region immediately arrange themselves in vortex array within
15 min (Figure 4.21). Therefore, simultaneous application of indentation stress do not alter the

mode of pattern formation.
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Figure 4.21: Fluorescence images of orientation of microtubules (A) before and (B) after 1
hour of application of indentation stress. (C) The corresponding order parameters in ROI: 1
and ROI: 2; before and after indention. Scale bar: 500 um.
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4.2.8 Response of microtubules in vortex pattern to stretching stress

So far, | have demonstrated formation of a vortex pattern by applying indentation stress to
microtubules in collective motion. Next, | investigated whether other mode of external stress,
e.g; uniaxial stretching can affect the collective motion of microtubules in the vortex. In this
section, | will focus on the responsiveness of motile microtubules in vortex to external
stretching stress. To study the effect of uniaxial stretching stress on collectively moving
microtubules in vortex pattern first indentation stress was applied according to the section 4.1.
Next after generation of a stable vortex pattern, uniaxial stress was applied to the PDMS surface

by stretching as shown in Figure 4.22.

Before  application During application of After relaxation of Uniaxial stre:[ching
of indentation stress. indentation stress. indentation stress.

Figure 4.22: Application of uniaxial stretching followed by indentation stress of PDMS

substrate.
(1) Effect of indentation stress on collective motion of microtubules

First, | investigated the collective motion of microtubules and after the phase transition from

random to stream like pattern, | applied 5 mm indentation to the motility assay substrate.

After application of indentation stress

L Zofx, v

Before application
of indentation stress

— N

Figure 4.23: Fluorescence images of collectively moving microtubules before and after

application of indentation (indentation length 5 mm). Scale bar: 500 um.
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The orientation of microtubules with time after application of the indentation stress can be
observed from Figure 4.23. After 2 hours of application of indentation, the collectively moving
microtubules reoriented to vortex pattern. From previous study, it is known that four to five
hours is enough for the formation of a stable ultra large vortex pattern. In the previous section,
the effect of consecutive indentation stress on the microtubules oriented in vortex pattern was
presented. The results indicated that once the microtubules formed stable vortex pattern, it
might be not easy to perturb their orientation. So, | investigated the effect of uniaxial stretching
stress on the stability of vortex pattern. | stretched the PDMS substrate after four hours of

application of indentation stress.
(11) Effect of stretching stress on microtubules in a vortex pattern

The uniaxial stretching (52%, strain) was applied to the y

PDMS surface by stretching the substrate after the e [ ;

PDMS 3 Elongalicilg

vortex formation. The orientation of microtubules in

the vortex pattern before, during, and after application AL
] ] ) ] Strain, e (%)= x 100
of stretching stress is presented in Figure 4.25. Ly

Although due to the application of stress the vortex Figure 424: Definition of

pattern still exist but some distortion was observed stretch strain. Stretching strain,

along the stretching axis [Figure 4.25B]. The &, where Lo is initial length of

observation was continued for 90 min, but no .
substrate (15 mm) and AL is the

characteristic change in pattern was observed. Then

change of length (7.8 mm) after
tensile stress was removed by compressing back

applying strain.
PDMS, to original position. The fluorescence images of
microtubule orientation after relaxation of tensile stress is presented in Figure 4.25C. After
relaxation, the collectively moving microtubules regained the well-ordered vortex pattern,

resembling to original one.
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Figure 4.25: Orientation of microtubules in vortex pattern at different conditions (a) due to

indentation stress, (b) after application and (c) relaxation of stretching stress. Scale bar: 500

pm.

The application of 52% tensile strain may not be enough to perturb the orientation of
microtubules in the ultra large vortex pattern. It suggests that the ultra large vortex pattern
emerged due to application of indentation stress is stable enough and microtubules are able to

retain their moving directionality despite further application of mechanical stress.

The aforementioned experimental results describe that; the external mechanical stress can
control the group behavior of microtubules and assemble a large number of motile units to a
large structure. The application of indentation stress can employ two different force field to the
microtubules. The stress induced at the region around the point of indentation depends on the
geometry of the indenter and which ultimately regulate the spatial orientation of microtubules
in the vortex pattern. In addition, the formation of vortex pattern directly depends on the depth
of the indentation. The size and shape of indenters are important to control the dynamics of
vortex formation [Figure 4.16]. Therefore, application of indentation stress to collectively
moving microtubules not only allows generating a vortex pattern, but also provides us with a
way to control the Kinetics of vortex formation by changing the geometric parameters i.e,
indenter shape and indentation extent. Combining with hard materials such as microscale
structure of moving objects like the vortex of microtubules can construct ‘smart materials’
which can be used to construct molecular device. For instance, the swimming bacteria can turn
tiny gears, and build hybrid biological machines at the microscopic scale?®. So, the ultra-large
vortex pattern of microtubules can be a good option to prepare such hybrid biological machines.
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4.3 Conclusions

In conclusion, I demonstrated the formation of an ultra large vortex pattern of microtubules by
applying external mechanical stress as indentation stress. The emerged vortex pattern of
microtubules was quite stable and retained their structural directionality even in presence of
further mechanical perturbation i.e., cyclic indentation or uniaxial stretching. This study would
allow us to understand the group behavior of self-propelled particles and their responses to
external mechanical perturbation. | also investigated the influence of other parameters like,
indenter shape, size, and length of indentation on the vortex formation. The experimental
results suggested that the emergence of the vortex pattern was not dependent on the size and
shape of the indenter, rather highly depended on the extent of indentation. In addition, it is also
possible to control the orientation of microtubules and kinetics of vortex formation by tuning
these parameters. This work provides a new approach to control the group behavior of self-
propelled particles, which will widen the applications of self-propelled systems in

nanotechnology.
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4.4 Experimental

4.4.1 Preparation and labelling of proteins

Tubulin was purified from porcine brain using a high-concentration PIPES buffer (1 M PIPES,
20 mM EGTA, and 10 mM MgCly; pH was adjusted to 6.8 using KOH) 2!. The high-
concentration PIPES buffer and BRB80 buffer were prepared using PIPES from Sigma, and
the pH was adjusted using KOH. Kinesin-1 consisting of the first 575 amino acid residues of
human kinesin-1 was?2. Rhodamine-labelled microtubules were obtained by polymerizing a
mixture of rhodamine-labelled tubulin (RT) and non-labelled tubulin (WT) (RT: WT = 4:1;
final tubulin concentration, 55.6 uM) at 37 °C in the presence of 1 mM GTP according to the
standard technique. The solution containing the microtubules was then diluted with motility
buffer (80 mM PIPES, 1 mM EGTA, 2 mM MgCl,, 0.5 mg mL™! casein, 1 mM DTT, 10 pM
paclitaxel and ~1% DMSO; pH 6.8).

4.4.2 In vitro motility assay on PDMS surface

A poly (dimethylsiloxane) (PDMS) substrate (12 x 12 x 0.05 mm?3, L x W x T; Fuso Rubber
Industry Co., Ltd) was fixed to the movable frame of the stretch chamber. The PDMS surface
was exposed to plasma for 1 min by a plasma etcher (SEDE-GE; Meiwafosis Co., Ltd.) to
obtain a hydrophilic surface. Anti-GFP antibody (Invitrogen) at 0.01 mg mL™* (10 pL) was
applied to the PDMS surface. After incubation for 3 min, the PDMS surface was washed with
5 uL of casein solution (80 mmol L PIPES, 1 mmol L' EGTA, 1 mmol L* MgCl,, ~2 mg
mL ! casein; pH adjusted to 6.8 using HCI) and incubated for 2 min. Then, 10 uL of 200 nmol
L1 K560-GFP solution (~80 mmol L™ PIPES, 1 mmol L't EGTA, 1 mmol Lt MgClz, 0.5 mg
mL! casein, 1 mmol L DTT, 10 umol L? paclitaxel/DMSO, ~1% DMSO; pH 6.8) was
introduced and incubated for 3 min to bind the kinesin to the antibody. The PDMS surface was
washed with 10 pL of motility buffer. Next, 10 uL of 5 umol L™ microtubule solution was
introduced and incubated for 3 min, followed by washing with 20 uL of motility buffer; 5 uL
of 0.25 umol L' MAP4 was then introduced and incubated for 3 min, followed by washing
with 20 uL of motility buffer. Then, 100 pL of 10 mmol L' ATP (~80 mmol L PIPES, 1
mmol L EGTA, 1 mmol L*MgCl,, 0.5 mg mL! casein, 1 mmol L DTT, 10 pmol L*
paclitaxel/DMSO, 0.3 wt% methyl cellulose, ~1% DMSO; pH 6.8) was dropped on the cover
glass (40 x 50 mm?; MATSUNAMI) on the bottom of the stretch chamber. After closing the

stretch chamber, humid nitrogen gas was passed through the chamber to remove any oxygen
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from the chamber?® 24, After passing the nitrogen gas for 30 min, the stretcher part equipped
with the PDMS substrate was lowered until it contacted the ATP buffer on the bottom cover
glass. The time of ATP addition was set as 0 min, and microscopic observation was initiated.

The aforementioned experiments were performed at room temperature.
4.4.3 Application of indentation stress.

PDMS substrate was fixed to the stage (15 mm x 15 mm x 0.05 mm). Indentation stress was
applied to microtubules moving on PDMS substrate by using an indenter tip driven by

computer controlled stepping motor as described in section 4.1.
4.4.4 Microscopic image capture

The samples were illuminated with a 100-W mercury lamp and visualized with an
epifluorescence microscope (Eclipse Ti; Nikon) using a dry SFluor 4 x 0.20 objective (Nikon).
Filter blocks with UV-cut specifications (TRITC: EX540/25, DM565, BA606/55; GFP-HQ:
EX455-485, DM495, BA500-545; Nikon) were used in the optical path of the microscope to
allow for visualization of samples while eliminating the UV portion of the radiation and
minimizing the harmful effects of UV radiation on the samples. Images and movies were
captured using a cooled CMOS camera (Neo sCMOS; Andor) connected to a PC. To capture a
field of view for more than several minutes, ND filters (ND4, 25% transmittance) were inserted

into the illuminating light path of the fluorescence microscope to avoid photo bleaching.
4.4.5 Analysis of the microscopic image

Quantitative analysis of collective motion of microtubule

The orientation of microtubules was calculated in terms of nematic order parameter (S), which
was calculated according to the following equation by using Image J plugin, orientation J

(http://bigwww.epfl.ch/demo/orientation/)

S = %\/(228 RiCOSZQi)Z + (D80 RisinZQi)2

where N refers to total number of microtubules in the frame, Ri is frequency of the angle of
individual microtubules ©; (i = 0 to 180). The range of ©; was fixed from 0° to 180° based on

the symmetry of horizontally or vertically aligned microtubules with respect to the X-axis.
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Since the microtubules in the nematic phase were oriented along the X-axis, the director was
fixed for both the isotropic and nematic phase along the X-axis and measured the nematic order

parameter of microtubules in the XY plane.
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Figure 4.26: Analysis method of the angles and degree of orientation of microtubules. (A) (i)
Fluorescent microscopic image of microtubules. (ii) Color map representing the distribution of
microtubule orientation angles. (B) Circular histogram of orientation angles of microtubules
obtained from a fluorescent microscopic image of microtubules in (A). (C) Directional analysis
method. (i) Here each bin in the circular histogram is considered as a vector (length: R;, angle:
). (ii) Average vector (length: R, mean orientation angle <&>) was used for evaluation of
orientation direction and degree of orientation. (iii) Relationship between R and degree of
orientation. If distribution of microtubules angles is dispersed, R becomes smaller (Raispersed)

than that of high oriented microtubules (Roriented)-
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Chapter 5

Concluding remarks

In this dissertation, | have summarized the studies on collective motion of microtubules driven
by kinesin motor-proteins using in vitro. The collective motion of microtubules has been
demonstrated via regulating mutual interactions among the gliding microtubules, by employing
depletion force among them. The roles of concentration of microtubules and depletion force on
the Kinetics of collective motion of microtubules have been explored. An approach to control
the mode of collective motion of gliding microtubules only by changing the mechanical rigidity
of the microtubules has been presented. The response of collectively moving microtubules to

external stress; e.g. mechanical stress has been descried.

In chapter 2, | have demonstrated the first-ever collective motion of microtubules on a kinesin
coated surface using depletion force induced by a macromolecule (methyl cellulose) in vitro.
It was reported previously that microtubule/kinesin, the most widely used biomolecular motor
system was failed to exhibit collective motion and consequently formed no pattern which has
been attributed to the intrinsic property of kinesin that is speculated to affect the behavior of
individual microtubules and local interaction among them. In this work, employing methyl
cellulose as depletant to induced depletion force, the snuggling probability by attractive
collision between gliding microtubules has been raised, which consequently allowed
emergence of collective motion and finally resulted in pattern formation by microtubules. |
have also explored the kinetics of collective motion of microtubule and how the concentration
of microtubules and depletion force affect the ensemble behavior of microtubules driven by
kinesins was unveiled. The experimental results suggested that both the concentration of
microtubules and the depletant (methyl cellulose) have important impacts on the kinetics of
collective motion of the kinesin driven microtubule. A minimum concentration of the
microtubules or methyl cellulose is required to allow the emergence of collective motion of
microtubules and to cause a transition from an isotropic to a nematic phase. For low
concentrations of methyl cellulose, no collective motion of microtubules emerged even for high
concentrations of microtubules. On the other hand, even for the relatively higher concentrations
of methyl cellulose, no collective motion was observed when the concentration of microtubules
was low. A minimum concentration of methyl cellulose and microtubule is required for the

phase transition in collective motion of microtubule. Importantly the concentration of
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microtubules and the methyl cellulose employed in the gliding assay also affect the time
required to cause such a phase transition. These findings offer a simple and universal technique
to investigate the coordinated behaviour of self-propelled objects using biomolecular motor

systems.

In chapter 3, based on the results of chapter 2, | have studied collective motion of microtubules
having different mechanical property and found the emergence of streams and large spiral
pattern by flexible GTP-microtubules and rigid GMPCPP-microtubule. The experimental
analysis revealed that the mechanical property of microtubules has regulated the persistence
length and extent of noise of movement of microtubule in the collective motion. Theoretical
studies predict that these are the regulatory factors that can control the mode of collective
motion. By experimentally verifying the theoretical models, | established a new approach to
regulate the mode of collective motion of self-propelled biomolecular system by changing the
mechanical property of individuals. This work offers a novel way to program the self-
organization of self-propelled objects, which ultimately will help us to design programmable

molecular robots.

In chapter 4, |1 demonstrated the formation of an ultra large vortex pattern by collectively
moving microtubules in response to external mechanical stress subjected by indentation. The
obtained programmed vortex pattern of microtubules is advantageous over the other
unprogrammed patterns of microtubules in means of size, directionality, and stability. The
experimental results also suggested that, the kinetics of the formation of vortex pattern and
orientation of the microtubules in the vortex depends on the induced stress field, which is
directly related to some geometric parameter, like indenter size, shape, and indentation depth.
This study would allow us to understand the group behavior of self-propelled particles

experiences external perturbation.

| have presented a system to study in-depth the collective motion of kinesin driven
microtubules, which offers a better understanding of the coordinated behavior of other self-
propelled systems in nature. At the same time, this will clarify the collective behaviour of self-
propelled objects such as birds, animals or fishes, but also may provide new insight into
emergent structures obtained through a non-equilibrium process. Furthermore, recently
microtubule/kinesin system has attracted attention in the field of molecular robotics as the
smallest self-propelled objects. Molecular robots, relying on a large number of collectively

moving self-propelled objects such as gliding microtubules, enables parallel processing in
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transporting a large number of small cargos and assembling building blocks into an ordered
structure. This work approaches to a concept of programing the self-organization of
cytoskeletal filaments through changing their mechanical property which not only provides us
with a means to program the active-self organization of self-propelled particles also will be
helpful to understand the dynamics of active matters in nature. Therefore, the ideas obtained
from the presented research work of gliding microtubules are expected to expand the

boundaries in the field of molecular robotics.
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