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Chapter 1
General Introduction
1.1 Purpose

Living organisms are prevalently stimulated by mechanical stress. ' Many of the
biological processes are dependent on the mechanical stimuli, such as embryogenesis,
development 22 and tissue homeostasis. *° The cytoskeleton responds to such stimulations
by altering the flexibility or adhesivity, thereby changing cell shape. *® As the major
cytoskeletal component, the microtubules participate in cell shape regulation, cell
division, intracellular transportation, etc. 1>2 The structural integrity of the microtubules
plays an important role in these cellular processes. The microtubules also help to transmit
mechanical stress to activate cytoplasmic proteins and thereby rapid signal transduction

3" However, the mechanism of

occurred via the pre-stressed cytoskeleton.
mechanotransduction by the microtubules is still not clear. Since direct measurement of
microtubule stiffness in cells is not accessible so far, the first step towards better
understanding the structural role of microtubules is to assess their response to mechanical
stimuli in vitro. It might involve an understanding of the interaction between microtubules

and its associated motor proteins. Moreover, any evidence showing how the mechanical

stress applied on microtubules may modulate their biochemical functions has not yet been

addressed.

Stress-induced damage '* and impeded cargo transportation ' along the microtubules in
neurons are cited as two of the major reasons for neurodegenerative diseases.
Unfortunately, there is currently no way to slow disease progression and no known cures.
The purpose of the present study is to play a role to understand what causes
neurodegenerative diseases and develop new approaches for treatment and prevention
through exploring the effect of microtubule deformation on the interaction between

microtubule and its associated motor proteins.

In this study I aim to understand the mechano-responsiveness of the microtubules under
applied compressive stress directly to deformation and systematically investigate the
effect on the transport function of the mechanically deformed microtubules in vitro. So

far, the effects on the motor protein driven transportation along the microtubule have been
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addressed by considering lattice defects, loss of parts of protofilaments or polar

mismatches in the disrupted protofilaments. '8 It

should be interesting to reveal why
the change in motor protein motility by mechanical stimuli arises from these reasons. For
this, the high-speed atomic force microscopy (HS-AFM) °2! an observation technique
with a high spatio-temporal resolution, was employed to monitor the single kinesin
transportation along the microtubules in undeformed and in deformed conditions. A
comparison between the kinesin motility behavior along the straight and the bent
microtubules could reveal the effect of such mechanical deformation in the microtubules
on the movement of kinesins along them.

On the other hand, the contribution of microtubule stabilization in the research of

22,23

therapeutics for the treatment of neurodegenerative diseases, cancers as well as in

nanotechnological application 2+2°

claims further investigation on the effect of the
stabilizing agents on the properties of the microtubule. With this aim, a comparatively
less explored drug, cevipabulin’s effect on the mechanical property of microtubules was
investigated. Therefore, altogether the results of this work may offer new insight for

developing new approaches for treatment and prevention of neurodegenerative diseases.
1.2 Cytoskeleton

The eukaryotic cytoskeleton is an intracellular biopolymer scaffold. It is a highly dynamic
system but is well-ordered. Therefore, the cytoskeleton maintains a high degree of
internal organization in cells. 33! It provides the mechanical scaffold and maintains the
integrity of cells. In all eukaryotic cells, cytoskeleton consists of an interconnected
network of three classes of filaments: namely actin filaments, microtubules and
intermediate filaments (Figure 1.1). All these three filaments are made of individual
building blocks, either monomers or dimers. These polymers can grow and shrink by

introduction or withdrawal of the building blocks.
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Figure 1.1 Cytoskeleton. (A) The cytoskeleton of a Huh7 cultured human hepatocyte cell.
(B) Actin filaments, (C) microtubules (D) and intermediate filaments viewed separately.
32 Scale bar: 10 pm.

Actin can be usually found at the cell periphery, where it forms a dynamic meshwork
along the plasma membrane. The microtubules typically originate from a specialized
microtubule-organizing center and show a radial arrangement. Actin filaments mostly
appear in the cross-linked networks, whereas the microtubules are hollow cylindrical
tubes that may appear as individuals or in a bundle. **** Due to the large heterogeneity

within intermediate filaments, it is hard to generalize their arrangements. 3
1.2.1 Functions of the cytoskeleton

The main function of cytoskeletal components as their name suggests is to provide shape
to the cells. Apart from this, they spatially organize the cellular content and connect the
cell to extracellular space. ** The ability of a eukaryotic cell to resist external stimuli,
transport intracellular cargo and change shape depends on them. %% The energy for this
cellular remodeling is adapted from the exothermic processes of hydrolysis of adenosine
triphosphate (ATP) or guanosine triphosphate (GTP). It is established that the
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cytoskeleton is also involved in mechanical signaling. *® The interconnected network of
the cytoskeletal components renders them candidates for mechanotransduction. *"*® The
cytoskeleton both senses and response to external mechanical stresses. For example, the
mechanical tension generated in the actin network by the cells and tractional forces
exerted on their adhesions to the extracellular matrix. ¢ Cytoskeleton by altering matrix
flexibility or adhesivity can change cell shape can balance the forces between cells and
extracellular matrix, and switch cells between growth and differentiation. ° Many of the
biological processes, for example, embryogenesis, development 22 and tissue homeostasis
4% etc. are dependent on the mechanical stimuli acting on the cells. Microtubule, one of
the cytoskeletal components, has been reported to contribute in the

mechanotransduction in striated muscle. 3° 4!

1.2.2 Microtubule

Microtubules are cytoskeletal biopolymers built from two closely related globular
proteins a-tubulin and B-tubulin each of molecular weight 55 kDa with about 50%
identical amino acids. ** These two proteins form the heterodimers, which are then

polymerized into the microtubules.

+end

8[."; ‘5,‘
<o - ;fe!

Q®
—end
i  wwy
g:’:::lr': Oligomers Protofilament Sheet of Closing Elongating
Protofilament microtubule microtubule

Figure 1.2 Microtubule polymerization. Microtubules are polymerized from
heterodimers made of a and B globular proteins. Tubulin dimers assemble ‘head-to-tail’,
to form oligomers that elongate into protofilaments. The tubulin lattice has a left-handed
helical symmetry. The microtubule closes at the seam (black arrows), causing a
discontinuity point in the helical lattice. +*

The tubulin heterodimers assemble longitudinally into ‘protofilaments’. These
protofilaments form lateral bonds with each other and arrange into a cylindrical tube of

outer diameter about 25 nm and the inner diameter of 17 nm. ** The inter-protofilament
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bonds are anisotropic and three-dimensional. **¢ Two types of lattice: A-lattice and B-
lattice of the microtubules are formed between the unequal a- f subunits or the equal a-a

and B-B subunits (Figure 1.2).

Plus-End °

Minus End

B-lattice A-lattice

Figure 1.3 Microtubule structure.*’

B-lattice configurations are more common in vitro, while in vivo A-lattice configurations

are observed in vivo. *8
1.2.2.1 Microtubule dynamics

Microtubules undergo assembly and disassembly by non-covalent addition and
subtraction of tubulin dimers at the ends. Since in the protofilaments tubulin dimers form
longitudinal contacts between a-  tubulins, the microtubule results in a polar structure.
Microtubule polarity is expressed by plus and minus end which corresponds to faster-

growing end with B tubulin exposed and slower-growing end with a tubulin.

The microtubule structure is stabilized by longitudinal and lateral non-covalent
interactions between the tubulin subunits that have different properties. **>* The lateral
inter-protofilament contacts are mostly electrostatic whereas that between the intra-
protofilament interactions (-op-of-) are hydrophobic. ***! The longitudinal intra-
protofilament tubulin-tubulin bonds (free energy of dissociation ~14.9 kcal/mol) are
roughly two-fold stronger than of lateral inter-PF tubulin-tubulin bonds (free energy of

dissociation ~6.9 kcal/mol). This differences in tubulin interactions render microtubules
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mechanically highly anisotropic. '® In vitro, the rate-limiting step in microtubule
polymerization is nucleation. Oligomerization of tubulin dimers is slow since it is
energetically unfavorable. After a sufficiently large oligomer is formed, growth becomes
favorable and faster. In the absence of co-factors, the critical concentration of tubulin for

spontaneous nucleation is 20 - 40 pM. >
1.2.2.2. Dynamic instability of microtubules

Microtubules undergo a switching between a slow growth phase and a rapid shrinking
phase, termed as the dynamic instability. The transition from a growing to a shrinking end
is called a catastrophe and the transition from a shrinking to a growing microtubule ends
is termed rescue. *> The microtubule dynamic instability is utilized for efficient space

exploration and allows the cytoskeleton to rearrange in response to various stimuli. **

Q@ GTP-tubulin dimer @® GDP-tubulin dimer

Figure 1.4 The dynamic instability of the microtubule. > Microtubules continuously
undergo polymerization and depolymerization as a result of the dynamic instability in

microtubule structure.

The dynamicity of microtubule is largely controlled by the changing environments or
during changes in the cell cycle. >® At higher tubulin concentration catastrophe frequency
decreases whereas rescues are observed more often. °’ Therefore, the length of the

stabilizing end structure increases at higher growth speeds.
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1.2.2.3 Mechanical properties of microtubule

The microtubules are the most rigid cytoskeletal components. A comparison of the three

cytoskeletal components is illustrated in Figure 1.5.

microtubules & 2 actin filaments @ intermediate filaments
@=7-9 nm @=10 nm

@=24 nm

stiff rods (Lp=L) semiflexible (Lp=L) flexible (Lp=L)
Figure 1.5 Cytoskeletal filaments. Fluorescence images of microtubule, actin filaments
and intermediate  filaments. @ The figure cited from  http://home.uni-
leipzig.de/pwm/web/?section=introduction&page=cytoskeleton

To characterize the stiffness of cytoskeletal filaments a useful parameter is the persistence
length (Lp). It is the length over which a polymer bends significantly under thermal
fluctuations: <t(0).t(s)>=e™™® ... ... ... (1.1)

where, s is the distance between two points along with the polymer, #(s) is the tangent

vector to the curve at position s, and <>, denotes the average over time (z) >
The L, is related to the bending stiffness x by

Lp = x/kpT =El/kpT... ... (1.2)
where k3 is the Boltzmann constant, 7 the absolute temperature, £ Young’s modulus and
I the moment of inertia of the polymer. For microtubules, if the length is L, and the

persistence length is L, then L << Lp.

The persistence length of microtubules estimates a range of values: from 0.03 mm to 46.8
mm. %’ This difference may be a reflection of the influence of the measurement technique

as well as the way microtubules are polymerized.
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‘ e——— MT free in solution
MT fixed at one end
o Optical trap
Y Molecular motor
t=0 t=1 t=2 t=3 \ Vesicle
Thermal fluctuations Thermal fluctuations i
(one end free) (two ends free)
Fluid flow force Optical trap buckling Optical trap bending
Buckling by surface- Vesicle deformation & Microtubules fixed on
attached kinesins buckling cover glass

Figure 1.6. Different techniques for measuring Lp of microtubules. MT: microtubule.

It is reported that the L, of microtubules exhibits a length-dependence. *° The reason for

this observation has been linked to the anisotropy of tubulin bonds.

(i)

Figure 1.7 Persistence length. Anisotropic mechanical properties of microtubules show

the dependence of persistence length of microtubule on contour length.

The anisotropic property of microtubule strongly influences the deformation mechanism

of microtubules under compressive stress. °© Compressed microtubules are equivalent to
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a system of rigid elements interconnected through a network of lateral and longitudinal
elastic bonds and under compression, the deformation of microtubule occurs through a

conserved, complex multistep pathway. '¢
1.3 Biomolecular motor proteins

The microtubule-associated motor-proteins are the biological machines that are
responsible for most forms of movement and intracellular transportation. ¢! There are two
molecular motors that are associated with microtubules in eukaryotic cells: kinesin and
dynein. These are two-headed since the microtubules are polar, the translocation of the
kinesin and dynein are polarized to a particular direction depending on the nature of the
molecular motor. The key functions carried out by the motor proteins are to move vesicles
or other cargo along microtubule filaments; they move microtubules relative to each
other; and they affect microtubule dynamics important for intracellular transport, cell

locomotion or cell division respectively.

Stalk

Tail oy

Figure 1.8 Structures of (A) kinesin and (B) dynein. Kinesin has a lower molecular weight
compared to that of dynein.

1.3.1 Kinesin

The first kinesin protein was isolated from squid giant axons as a plus end-directed motor
involved in axonal transport. ® The conventional kinesin (kinesin-1) is a dimeric motor
protein that proceeds unidirectionally toward the plus end of the microtubule in discrete,
8-long steps hydrolyzing one ATP molecule per steps. ®* The kinesin motor can be divided
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into three domains as shown in Figure 1.8. The catalytic core (motor head) is the hallmark
of the kinesin superfamily. A neck linker is adjacent to the catalytic core. This neck linker
is a sequence of 14-18 residues in most N-terminal kinesins that undergoes structural
rearrangements during stepping. Finally, the two heads in the dimer are connected by the
neck-coil domain that connect to the distal coiled-coil and cargo-binding tail.** Molecular

weight of a conventional kinesin molecule is 120 kDa.

A model for the chemomechanical cycle of kinesin-1 is shown in Figure 1.9. At saturating
ATP, the total cycle duration is evenly split between one-head-bound (1HB) and two-
heads-bound (2HB) states. > The 2HB portion of the cycle begins with the binding of the
tethered head (State 1 in Figure 1.9).

Detach Aq

o
) ADP release @ Pirelease? @) (4) {5) Hydrolysis 6 Tethered head g
Tlght binding Weak- bmdmgT ATP bmdmg Rear head release Full NL docking attachment
BASS A A
Cco ADP CD ATF o o oo o
2HB States: Teycle / 2 THB States: Teycle / 2

Figure 1.9 4 consensus model of the kinesin-1 chemomechanical cycle. *°

Upon tethered head binding, ADP release is rapid, generating a 2HB state (State 2). The
rear head then transitions into an ATP waiting state (State 3), a transition that may involve
Pi release and may involve a different interaction with the microtubule but does not cause
a displacement (State 4). There are two 1HB states, one preceding ATP hydrolysis (State
5) and one following it (State 6). Implicit in this model is that ATP binding to the front
head triggers a power stroke, meaning a conformational change that accelerates
detachment of the trailing head. ATP hydrolysis results in a vulnerable 1HB state (State
6) in which the bound head can detach to terminate the run (<1% for kinesin-1) or the

tethered head can attach to complete the step.
1.3.2 Dynein

Dyneins are molecular motors that move toward the minus ends of microtubules, whereas
most kinesin motors move in the opposite direction. The molecular weight of dynein is
1.5 MDa. Cytoplasmic dynein is the only dynein isoform that functions in the cytoplasm

of eukaryotic cells. It is a large protein complex of at least eight polypeptides and requires
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multiple additional proteins and protein complexes for efficient motility. ¢’ The structure

and mechanochemical cycle of dynein differ dramatically from kinesins and myosins.%®

The mechanochemical cycle of dynein stepping is summarized in Figure 1.10. In the
absence of a nucleotide in the AAALI site (APO state, State 1 in Figure 1.10), dynein
tightly attaches to a microtubule ® and the linker is in a straight (post power stroke)
conformation, which runs at the surface of the ring and exits the ring near AAAS. " In
State 2, ATP binding to AAALI closes the gap between AAA1 and AAA2, which triggers
rigid body motions of the AAA subunits within the ring " ATP binding to AAALI also
forces the linker to move from its straight conformation into a bent conformation, referred
to as the pre-power stroke or priming stroke. ' In State 3, the head hydrolyzes ATP before
rebinding to a microtubule, which triggers the release of the inorganic phosphate. "> In
the ADP-bound state (State 4), dynein tightly attaches to microtubule and the linker
undergoes isomerization from pre to post power stroke conformation, returning to its
original straight conformation (Figure 1.10). This transition is believed to generate the
force required to drive dynein motility (power stroke). ’* The release of ADP from AAA1
is the rate-limiting step of the mechanochemical cycle, ’* and after ADP release, dynein

is primed for ATP binding (State 1) to initiate the next cycle.

State 2

ATP

Prlmlng
stroke

Figure 1.10 Domain organization and the mechanochemical cycle of DHC. The AAA+

ring is composed of six AAA domains and binds to microtubules through a coiled-coil
stalk with a small MTBD. The linker undergoes ATP-dependent conformational changes.
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Synchronization of these conformational changes with the microtubule

binding/unbinding cycle generates force and motility. ™
1.4 Microtubule behavior under compressive stress

In cells, microtubule may generate forces to keep their shape and also may experience
forces. These forces exerted by and on the microtubules may induce their mechanical
responses. > Forces acting on microtubules in vivo often make them adopt highly bent or
buckled shapes, with short wavelengths on the order of a few microns and curvatures less
thanl rad/um. In addition, bent microtubule shapes appear dynamic and change on the

order of seconds. "7’

Figure 1.11 Buckling in microtubules. Fluorescently-labeled microtubules showing
highly bent shapes, with a single microtubule highlighted. The inset defines the
parameters used to extract the amplitude, aq, and the wavelength, A of the Fourier modes

describing the contour of the microtubule.”

Initially, at low compressive stress microtubules behave linearly as an elastic macroscopic
tube; at this regime, microtubule lattice resists deformation although a small variation in
local curvature may occur. !’ On increasing the compressive force further microtubules
enter the nonlinear transition regime in which discrete structural changes occur. The
lateral bonds (both a-a, B-B) dissociate first causing the microtubules split open like a

zipper. Dissociation of lateral bonds is reversible; ruptured lateral contacts between
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adjacent protofilaments can be efficiently annealed on the release of the compressive
stress. The further increased mechanical force then results in dissociation of longitudinal
interdimer bonds that triggers the microtubule transition to a collapsed state. Contrary to
the lateral bonds, the disrupted longitudinal bonds cannot be repaired and inflict
permanent damage on the microtubule lattice. Although compressive stress-induced
alterations in the microtubule lattice are mostly localized to the lateral and longitudinal
interfaces, it can cause small defects at the junction points between a and B-tubulins, on
increasing stress the defects may grow in size; this can also be applicable for the
preexisting defects at the microtubule lattice. This understanding has important
implications in explaining the functional modulation of the deformed microtubule under

compressive stress.

1.5 Experimental and theoretical study on mechanical stress induced deformation

of microtubule

Computational works on mechanical stress-induced deformation of microtubules have
been conducted in recent years. Isolated microtubules are expected to exhibit a classic
Euler buckling instability, resulting in the formation of a single long-wavelength arc under
exceedingly small forces (~1 pN) due to their large aspect ratio (>100). This is completely
unlike the highly buckled appearance of microtubules observed in vivo. ” This behavior
of microtubule was predicted by the elastic column model in vitro and the increase in
critical buckling force in vivo is attributed to the surrounding media or cross-linkers,
which are often modeled as a continuous and homogenous elastic foundation. 7% As a
result of the lateral elastic constraint, the multi-wave buckling mode characterized by
uniform short buckling waves with smaller deflection is energetically favorable over the
single-wave buckling mode predicted by the free-standing elastic column model. With
such an elastic foundation model, the critical compressive force and associated
wavelength of the buckling modes can be calculated by the conventional method of elastic
buckling. ¥ However, to explain the localized buckling behavior observed in vivo, a
micromechanics model has been proposed to investigate the axially compressed buckling
of a microtubule surrounded by randomly distributed discrete crosslinkers. 52

Understanding of the buckling behavior of microtubules is important for interpreting the
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involvement of microtubules in sensing and responsiveness of mechanical stress and

thereby mechanoregulation of cellular events.
1.6 Role of responsiveness of the microtubule in cells

A possible mechanotransduction pathway to influence cell metabolism is the mechanical
compression-induced intracellular ion signaling. ®* Since extracellular mechanical forces
are reported to directly affect the dynamics of the cytoskeletal components, microtubule’s

role in cellular mechanotransduction is obvious. %

Microtubules are the most rigid cytoskeletal component. Yet they undergo deformation
like buckling inside cells indicating that they experience large forces within the cytoplasm.
8 Many biological activities, like, microtubule assembly, *° organelle transportation along
microtubules, * feature bending, looping, and buckling of microtubules. Moreover, it has
been suggested that microtubule buckling and breaking is the major cause of microtubule
reorganization in the central spindle and axonal compression, a common feature of
traumatic injuries. 87*® It has also been reported that mechanotransduction of mechanical
stimuli through the microtubule network affects the electrical activity of the heart. *
Mechanical stimuli also affect microtubule formation and proliferation. Microtubule
proliferation has also been shown to increase the intracellular viscosity of myocytes and
impede sarcomere shortening, which is required to maintain contractility of the cardiac

muscle. %

Recent investigations suggest that the dynamics of biomolecular motor driven

transportation in neurons is modulated by mechanical stress (Figure 1.12). %!%2

500 nm

5um

Figure 1.12 Disruption of microtubule by stress. In axon, microtubule disruption and

impairment of transportation (white arrows) were observed by applying mechanical stress.
93
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In neurons, delivery of proteins, vesicles, etc. to specific destinations through the
intracellular transportation is a vital requisite for neuron functionalities such as
maintaining synaptic machinery, and regulating the synaptic plasticity, which is the basis
for memory, learning, recovery of functions etc. Altered dynamics of neuronal
transportation has long been suspected to be linked to several neurodegenerative diseases
including Alzheimer’s disease, Parkinson’s disease, and Amyotrophic Lateral Sclerosis
(ALS). 15 However, how the transportations by the biomolecular system become

modulated in response to the mechanical stress is not understood yet.

1.7 Microtubule-targeting agents

The functions of microtubules are largely determined and controlled by their
polymerization dynamics.* Such possibility renders microtubules as an attractive target
for the treatment of cancers. > Stabilization of the polymerized microtubules can lead to

mitotic arrest.”®

The principle is to suppress the microtubule dynamics and thus disrupt
the metaphase-anaphase transition.*’ This has allowed the microtubule stabilization as an
attractive target in the cancer research.”’” Any compound interfering with the microtubule
dynamics is a potential anti-mitotic agent. ** There are two strategies for the tubulin
modulators to function: by mimicking the intrinsic assembly-disassembly process or by
preventing or facilitating the lateral and/or longitudinal contacts between tubulin dimers

of the microtubules.

Figure 1.13 Action of microtubule stabilizing drugs. Microtubule interaction with (A)

paclitaxel (B) triazolopyrimidines (C) vinblastins.



The most common stabilizing agent used until now is the paclitaxel. It binds to the
polymerized tubulin and prevents the disassembly of the microtubule polymer.”®
Paclitaxel-site ligands mediate lateral tubulin interactions in microtubules. They bind to
a hydrophobic cleft of the B-tubulin subunit and induces structuring of a key loop. > The
other family of activators belongs to the laulimalide/peloruside class of microtubule-
targeting agents. These agents bind to the inter-protofilament interface between two
adjacent tubulin dimers and thus act through a tubulin crosslinking mechanism. '® The
vinblastine- and maytansine-site inhibitors, as well as eribulin, in turn, bind to the b-
tubulin subunit at the interdimer interface, thus perturbing (vinblastine) or blocking
longitudinal tubulin contacts (eribulin) and favoring tubulin-tubulin association but in a

non-microtubule-like assembly. %!
1.8 Instrumentation

Fluorescence microscope and the high-speed atomic force microscopes were used for the
observations in the thesis. The working principle and instrumentation of the observation

systems are mentioned in brief in the following sections.
1.8.1 Fluorescence Microscopy
Principle:

Fluorescence microscopy is a very powerful analytical tool that combines the magnifying

properties of light microscopy with visualization of fluorescence.

Fluorescence describes a phenomenon where a molecular system absorbs, then emits light.
In absorption high energy (short wavelength) light excites the system, promoting
electrons within the molecule to transition from the ground state, to the excited state
(Figure 1.14). Once in this state, and after a lag period of several nano-seconds (the
fluorescence lifetime), the electrons will relax back to the ground state, releasing their
stored energy in an emitted photon. Due to the higher energy relaxation mechanism this
emitted light is of a lower energy (longer wavelength) than the absorbed light. The
difference between the excitation and the emission energy (wavelength) is termed the

Stokes shift.
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Figure 1.14 Concept of fluorescence.

Fluorescence microscopy combines the magnifying properties of the light microscope
with fluorescence technology that allows the excitation and detection of emissions from
fluorophores. By tagging a molecule of interest with a fluorophore that molecule can be

visualized with remarkable contrast, tracked and analyzed within sample.
Components:

The major components of the fluorescence microscope include fluorophores, a xenon or

mercury light source, light filters, the dichroic mirror, and the emission filter (Figure 1.15).
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Figure 1.15 Components of a fluorescence microscope. The blue line shows the path of
the excitation light that reaches the sample through the filter cube and the objective lens,

and the emitted radiation (shown in green) simultaneously reaches the detector through



the objective lens and the filter cube. In an epi-fluorescent microscope, both excitation

and emission light are transmitted through the same objective.
Application

Fluorescence microscopy is widely used in biology and medicine as well as in other fields.
It reveals the position of very tiny amounts of fluorescent substances, which can be
introduced into living tissues or cells. Information about the environment of fluorescent
probes in the tissues can be obtained by measuring changes in fluorescence spectrum or
other characteristics. Fluorescence is also widely used to demonstrate the ramifications

of nerve cells, by injection or take-up of fluorochromes into or by living cells.
Limitations

e Fluorophores lose their ability to fluoresce as they are illuminated in a process
called photobleaching. Photobleaching occurs as the fluorescent molecules

accumulate chemical damage from the electrons excited during fluorescence.

e C(Cells are susceptible to phototoxicity, particularly with short wavelength light.
Furthermore, fluorescent molecules have a tendency to generate reactive chemical

species when under illumination which enhances the phototoxic effect.

e Unlike transmitted and reflected light microscopy techniques fluorescence
microscopy only allows observation of the specific structures which have been

labeled for fluorescence.
1.8.2 High-speed Atomic Force Microscopy
Principle

The HS-AFM is a nano-dynamics visualization technique. This device is realized by
developing i.e. speeding up the AFM, suppressing vibration of the scanner, and obtaining

high accuracy feedback control.



An AFM uses a cantilever with a very sharp tip to scan over a sample surface. As the tip
approaches the surface, the close-range, attractive force between the surface and the tip

cause the cantilever to deflect towards the surface. However, as the cantilever is brought
even closer to the surface, such that the tip gets in contact with it, increasingly repulsive

force takes over and causes the cantilever to deflect away from the surface.

w Tip atoms
Force

0000
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Figure 1.16 Principle of atomic force microscopy.

Using this principle AFM can produce accurate topographical image of a surface. HS-
AFM is an AFM that can perform real-time imaging without disturbing physiological

functions of proteins etc. and weak intermolecular interactions. %2,
Components

The components of HS-AFM are the same as in the AFM. The components include
cantilever, scanner, sensor, amplitude measuring instrument, etc. Figure 1.17 illustrates

a schematic image of the HS-AFM instruments.



Real machiné of HS-AFM
Figure 1.18 Schematic diagram of HS- AFM.

Application

HS-AFM being able to perform scanning of regions with about 100 nm size at a frame
rate in the order of 100 ms and nanometer lateral resolution, gives the opportunity to
observe the diffusion, association/dissociation behavior and conformational changes of
label-free membrane proteins in biological membranes. Furthermore, the high-resolution
capability and high signal-to-noise ratio of HS-AFM further allows the study of dynamic

membrane protein conformational changes, in case that they are slow.
Limitation

e To visualize protein molecules on extremely soft membranes, we need non-

contact AFM which has not been established using the AFM principles.

e HS-AFM imaging of the cell interior may not be realized anytime soon. Since
floating molecules in cells will be expelled easily by the inserted tip and

therefore will not disturb AFM imaging and will also not be imaged.

e The temporal resolution of the HS-AFM could still not reach to the resolution

obtained by the fluorescence microscopy.
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1.9 Outline of the dissertation

In this dissertation, in vitro studies on mechanical deformation of microtubules and the
effect of such deformation on the microtubule-motor protein interactions have been
studied in detail. Change in the mechanical properties of the microtubules due to change
in the stabilizing agent has also been addressed in this dissertation. The results are

summarized in 5 chapters including general introduction and concluding remarks.

In chapter 1, the purpose of this dissertation and the background of this study have been
described.

In chapter 2, | studied the dynamics of one of the principal motor proteins, dynein, along
microtubules deformed by external mechanical stress, compression. | observed that the
deformation of microtubule due to applied compressive stress affected the dynein-driven
cargo transportation in an anomalous manner. These results can corroborate that the
deformation of the microtubule is regulatory of the response of the dynein movement

along the track.

In chapter 3, the observation of transportation of single kinesins, another major
microtubule-associated motor protein, along microtubule using the HS -AFM is described.
A new approach to cause deformation of microtubule on mica supported lipid bilayer have
been established. A comparison has been made between the transportation behavior of
kinesin along undeformed and deformed microtubules. The kinetic parameters of kinesin

binding to the microtubules were determined.

In chapter 4, I evaluate the stabilization of microtubules by cevipabulin belonging to one
of the least explored class of microtubule-stabilizing agents, [1,2,4]triazolo[1,5-
a]pyrimidines. I have investigated the change in mechanical properties of the cevipabulin-
stabilized microtubules. Similarities and differences between the microtubules stabilized

by cevipabulin and by paclitaxel were explored.

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

have been summarized.
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Chapter 2
Effect of Microtubule Buckling by Applied Compressive Stress on the

Interaction between Microtubule and Dynein In vitro

Abstract

Mechanical stress is a frequent stimulation influencing several biological processes, like
cell shape regulation, the formation of tissue pattern, development, etc. In recent years,
microtubule, an important cytoskeletal component, has been drawing attention for their
mechanosensing properties, although any direct evidence is lacking yet. In this chapter, |
studied the dynamics of one of the principal motor proteins, dynein, along the
microtubules deformed by external mechanical stress, compression. | observed that the
deformation of the microtubules due to applied compressive stress affected the dynein-
driven cargo transportation in an anomalous manner. These results can corroborate that
the deformation of the microtubules is regulatory of the response of the dynein movement
along the track. Moreover, this finding will provide further opportunity to explore the role

of microtubules in mechanoregulation of cellular processes.
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2.1 Introduction

Mechanical stress is a prevalent stimulus in living organisms. Many of the biological
processes like embryogenesis, development 2 and tissue homeostasis **, etc. are
dependent on the mechanical stimuli. For sensing the mechanical stimuli,
mechanosensitive channels of small and large conductance (MscS, MscL), transient
receptor potential cation channel (TRPV4), >® p130Cas, talin, "® are known to be
responsible. A recent report suggests that cytoskeletal filamentous proteins, e.g. actin and
microtubule, also contribute to the pathway of mechanosensing to activate cellular
signaling. ® For example, actin filament shows variable affinity to an actin severing
protein, cofilin, under tensile mechanical stress, which in turn affects severing of the actin
filament. 1% Increased interaction between the actin filament and its associated motor
protein, myosin Il, under mechanical stimulation also supports the mechano-sensitivity
of actin. ' Compared to actin, mechanosensing behavior of the microtubules has
remained elusive. It has been reported that the dynamic instability of the microtubules is
altered in response to mechanical stimulation. > Mechanical stress tunes the rigidity of
microtubules, 2 and influences their growth, rescue, and self-healing. ¥* Furthermore,
mechanical stress helps microtubules modulate the intercellular transport processes of

vesicles in neurons. *°

In this chapter, I address how mechanical deformation, i.e. the change in the shape of the
microtubules due to external compressive stress affects the transportation of quantum dots
(Qdots) as cargo by dynein, in vitro. To deform the microtubule mechanically in a
controlled manner | used external mechanical stimuli (compressive stress) on a two-
dimensional elastic medium. 1®7 It was found that buckling of the microtubules altered
the dynamics of dynein-driven transportation along the microtubules. This work confirms
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the connection between microtubule deformation and modulation of the motor protein-
based transportation which might help understand the mechanical stress-induced
modulation of intracellular transportation. 8 The responsiveness of the microtubules to

compressive stress suggests that the microtubule in cells can serve as a mechanosensor.
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2.2 Results and Discussion

2.2.1. Experimental set up to deform microtubules on a two-dimensional elastic

medium by applied compressive stress

| used a custom-made experimental setup ‘micro-stretcher’ in order to cause deformation
of the microtubules (Figure 2.1). 1817 A soft elastomeric substrate, polydimethylsiloxane
(PDMS) was first fixed on the micro-stretcher and stretched 100%. On the pre-stretched
fixed PDMS, the kinesins were adsorbed. No adenosine triphosphate (ATP) was present
at that instant. The fluorescent dye-labeled microtubules were introduced into the flow
cell by shear flow. The adsorbed kinesins were aligned on the same plane and fixed
perpendicularly to the microtubules deposited at the PDMS. 7 Thus, the kinesins on the

PDMS worked as anchors to the microtubules on the substrate (Figure 2.1).

Overhead
controller

Y Kinesin

@ Casein

Cover glass
Stress <;|
axis

Figure 2.1. Experimental setup. Schematic illustration showing experimental setup for

applying external stress (e.g. compressive stress) to the microtubules attached on a kinesin
coated PDMS substrate using the micro-stretcher. 1’ Computer-controlled motors were

used for applying a uniaxial extension to the fixed PDMS. The experiment was performed
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inside the chamber with an inert atmosphere using humid nitrogen gas. [MT: microtubule,
PDMS: polydimethylsiloxane, DC: direct current, PC: personal computer.]

Compressing the pre-stretched PDMS had caused applied compressive strain on the
microtubules immobilized on the substrate. Continuous increase in the compressive
stresses applied on the PDMS using computer-controlled program consequently had

resulted in buckling of the microtubules.

2.2.2 Buckling of microtubules caused by applied compressive stress

The microtubules attached on the PDMS through interaction with kinesins were subject
to compressive stress when the tension acting on the pre-stretched PDMS was released.
To calculate the % applied strain on the microtubule, the length of the PDMS before (L)
and after (Ly) applying the compressive stress were measured and the % applied strain

was calculated from the formula,

%applied strain = L‘)L;Lf R 2 )
Straight Buckled
Compression
TS | > M
| L, | } L 1

%applied strain = LOL;Lf x 100%

o

Figure 2.2. Microtubule buckling scheme. Schematic images showing the calculation
of % applied strain from the initial length Ly and final length Lrof PDMS substrate before

and after applying compression, respectively.
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2.2.2.1 Demonstration of the buckling of microtubules by applied compressive strain

on PDMS

Compression of the PDMS substrate developed compressive stress at the microtubules
deposited to the substrate, which resulted in mechanical deformation of the microtubules
manifested by buckling, as shown by the following fluorescence microscopy images in

Figure 2.3.
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Figure 2.3. Microtubule buckling. Fluorescence microscopy images showing the
buckling of microtubule caused by increasing compressive strain on the microtubules
fixed on the PDMS using 100 nM kinesin. Strain rate: 0.42 %/s. Scale bar: 10 pm.

2.2.2.2. Characterization of the buckled microtubules at a fixed Kkinesin
concentration

From the fluorescence microscopy images of the microtubules under different
compressive strains, multi-wave mode of buckling of microtubule could be observed.
Such observation is reminiscent of the demonstration of laterally constrained
microtubules with both ends clamped as described previously. !° The length scale of the
buckling of the microtubules in this study corresponds well with that observed inside cells.
2022 By controlling the compression of the stretched PDMS the applied compressive
strain on the microtubules could be tuned. This became evident from the change in
buckling wavelength and amplitude of the microtubules buckled at different applied

compressive strain (Figure 2.4).

4.0 T - T 1.0
=4, gf
— / g
% 3.0+ 8 %/CF 0.8 %
= /*%ﬁgf oo los3
5 o2
@ | 40.3 a2
g 1.0 E
0.0E 40.0
(I) ll() 2I0 3l() 4I0

Applied strain (%)

Figure 2.4. Change in buckling wavelength and amplitude. Change in buckling
wavelength (black open circles) and amplitude (blue open circles) of the microtubules as

a response to increasing of applied compressive strain. The concentration of kinesin for

2-7



attaching microtubule to PDMS was 100 nM. Error bar: standard deviation. The number

of data considered for each point was 20.

The trend in change in wavelength and amplitude of the microtubules in response to the
applied compressive stress was typical for a bending beam, except around 15.0 %
compressive strain a drop was observed. This may be attributed to the mode of mechanical

deformation of the microtubules which will be discussed in detail later.

2.2.3 Effect of the microtubule deformation by applied compressive strain on the

dynein-driven Qdot transportation

2.2.3.1 Experimental assay for observation of dynein-driven cargo transportation

along microtubules

In order to investigate the effect of compressive stress on microtubule-associated cargo
transportation, | studied the Qdot transportation by multiple dynein motors along the
microtubules deformed by applied compressive strain. For this, the dynein motors were
conjugated to the benzylguanine modified Qdots 2% (mixed at a molar concentration ratio
10 nM dynein to 1 nM Qdot) and were allowed to transport along the buckled
microtubules in presence of 1 mM ATP at different compressive strains (Figure 2.5). The
number of dynein molecules bound to a Qdot was estimated as < 3. ?* Since the presence
of ATP causes gliding of the microtubules over anchor kinesins, % it was important to
immobilize the microtubules on PDMS. To accomplish this, after the microtubule
buckling had taken place by applying different compressive strain on the PDMS, the
buckled microtubules were crosslinked with the anchor kinesins using 0.1 % (v/v)
glutaraldehyde. The glutaraldehyde fixation reaction was quenched by 0.1 M glycine.

After that, pre-incubated solution of Qdot-dynein in presence of 1 mM ATP was
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introduced to the observation system for investigating the Qdot transportation by dyneins

along these immobilized- deformed microtubules.

(A) (B) &

?
Pfg; Compressive 41 ?
@"‘@:;g stress { oR

Sy KOS,

Figure 2.5. Schematic illustration of dynein-driven Qdot transportation assay. Schematic
illustration of dynein-driven Qdot transportation assay along (A) undeformed
microtubule and (B) buckled microtubule. To observe Qdot transportation along buckled
microtubules, the microtubules were buckled prior to addition of dynein-Qdot conjugates.

2.2.3.2 Effect of microtubule-kinesin crosslinking on the Qdot transportation

The immobilization of the microtubules using glutaraldehyde treatment was validated to
impose no harmful effect on cargo transportation along the microtubule. For this, Qdot
transportation by the kinesin molecules was studied as control along the microtubules that
were immobilized on PDMS in the absence and in presence of varying glutaraldehyde
concentrations. Velocities of the Qdots transported by kinesins were checked and it was
found that the velocity did not differ significantly in the presence of 0.1 % glutaraldehyde
compared to that in the absence of glutaraldehyde. 26-2® Therefore, the glutaraldehyde
treatment of microtubule using 0.1 % glutaraldehyde (v/v) is expected to not influence

the Qdot transportation by motor proteins.

Figure 2.6. shows the observation of the effect of glutaraldehyde-fixation of microtubules

on the velocity of kinesin-driven Qdot transportation.
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Figure 2.6. Kinesin driven transportation along immobilized microtubules. The velocity
of kinesin-driven Qdots along microtubules fixed on the substrate using protein A - anti-
tubulin antibody in the presence of varying concentrations of glutaraldehyde. No
statistically significant difference was observed in the velocity of kinesin using a varying
concentration of glutaraldehyde (One-way ANOVA followed by Tukey’s multiple
comparison test, P>0.001). ns = non-significant. Error bars: standard error of the mean.

2.2.4 Dynein-driven Qdot transportation along microtubules deformed by external

compressive strains

A single cargo conjugated to several dynein motors is known to move unidirectionally
generating a robust motion towards the minus end of the microtubule in an in vitro
condition. 3% The time-lapse fluorescence microscopy images showing the
transportation of Qdot by dyneins along an undeformed microtubule in presence of ATP

are shown in Figure 2.7.
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Figure 2.7. Time lapse fluorescence microscopy images of straight microtubules. Time
lapse fluorescence microscopy images of dynein-driven Qdot transportation along
undeformed microtubule immobilized on PDMS in presence of 1 mM ATP. The plus and
minus ends of the microtubule are denoted in the first image of the series. The positions
of the Qdot that is being transported by dynein along the microtubule in each image are
indicated by the vertical white arrows. An immobile Qdot lying on the flow cell is
indicated by the white arrowheads as reference. Scale bar: 10 pm.

To observe the effect of microtubule buckling on the dynein-driven Qdot transportation,
microtubules were buckled at varying compressive stresses up to 40.0 %. A series of time-
lapse images from the observation of Qdot transportation by dyneins along buckled

microtubule compressed under 20.0 % compressive stress is shown in Figure 2.8.

0.00 min 1.00 min 2.15 min

t

Figure 2.8. Time lapse fluorescence microscopy images of buckled microtubules. Time-
lapse fluorescence microscopy images of dynein-driven Qdot transportation along
buckled microtubule immobilized on PDMS under 20.0 % compressive stress in presence
on 1 mM ATP. The plus and minus ends of the microtubule are denoted in the first image
of the series. The positions of the Qdot that is being transported by dynein along the
microtubule in each image are indicated by the vertical white arrows. End of another
immobile microtubule is indicated by the white arrow heads for reference. Scale bar: 10

pm.

2.2.4.1 Effect of applied compressive strain on the microtubules on the time-

displacement relation of dynein-driven Qdot transportation

The movement of the Qdots by dyneins was recorded with a frame interval of 3 seconds.
It was observed that the Qdots conjugated to multiple dyneins moved unidirectionally

towards to minus end of microtubules, which supports the cooperative nature of dyneins
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reported previously. 3! Therefore, the effect of microtubule buckling on dynein-based
Qdot transportation could be perceived from the time-displacement profile of the dynein-
driven cargo transportation along undeformed microtubules and microtubules buckled

under various compressive strains (Figure 2.9).
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Figure 2.9. Time-displacement profile. Time-displacement profiles of dyneins
conjugated to Qdot while transporting along the microtubules buckled by different
compressive stresses (0.0 % to 40.0 %). Representative events for each case are shown in
the plot. Presence of pauses while transporting along the buckled microtubules are
indicated using the vertical black arrows.

The time-displacement profiles of the representative events of dynein-driven Qdot
transportation along microtubules under different compressive strains are shown in Figure
2.9. This figure shows that the transportation behavior of the dynein-driven Qdots along
the deformed microtubules is accompanied by several pausing phases. However, from the

profiles in Figure 2.9. any correlation between the pausing events with the increase in the

compressive strain could not be established.
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2.2.4.2 Effect of applied compressive strain on the microtubules on the velocity of
dynein-driven Qdot transportation

The velocities of the Qdots driven by the dyneins along microtubules exposed to different
compressive stresses were determined. The distributions of the dynein-driven Qdot
velocities along microtubules are given in Figure 2.10. The velocities of the dynein
conjugated Qdots are calculated from analysis of the displacement by the dynein-driven
Qdot per unit time. It was found that the histogram of velocities of Qdots conjugated to
multiple dynein motors along undeformed straight microtubules followed the Gaussian
distribution with a mean velocity of about 50 nms™ (n= 92) (Figure 2.10). The cooperative
behavior of multiple dyneins has been reported earlier which is consistent with the shape
of the distribution.?® The mean velocity obtained here is consistent with the velocity of
multiple dynein motors reported previously. *2 On the other hand, for Qdot transportation
along the microtubules buckled at each applied compressive strain, one additional peak
at higher velocity was located in the distribution of velocities. It was found that the
distribution of the population of dynein-driven Qdot velocities along buckled
microtubules was the best fit with a sum of two Gaussian peaks. Such results indicated
the presence of at least two groups of population functioning along the buckled
microtubules (Figure 2.10). The fact that no such additional peak in the histogram of
moving Qdot velocities along straight microtubule was present indicates that the
introduction of buckling may have accelerated a fraction of population of dynein which

ultimately had exhibited higher velocity while transporting Qdots.
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Figure 2.10. Distribution of velocity of dynein-driven Qdots along microtubule under
different compressive strains. For the cases of deformed microtubule, the distributions

showed two peaks. Therefore, the distributions were fitted to 2 peak Gaussian distribution

2-14



(x—x¢)?
. . 4_ "2 .
using equation, y = w2 where A, w and x. are area, width and centers of the
g q \/; ’ )
w

peaks, respectively. The solid red line is the convoluted peak from the first and second
peaks represented using the blue and green solid lines respectively. Bin size = 0.03 pms
!, Number of events analyzed, mean velocities and goodness of fit are mentioned in
respective plots. “meanl” and “mean2” correspond to the 2-peaks that were obtained from
the multiple peak curve fitting whereas, “mean” in each plot represents the mean velocity
obtained from single peak Gaussian fittings of the distributions (red dashed lines).

Two velocity populations were resulted from the histograms in Figure 2.10 (at
compressive strains 5.0% to 40.0%). By considering the area of the peaks, fractions of

the total population that showed low and high velocities were determined (Figure 2.11).
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Figure 2.11. The fraction of the total population of Qdot transported by dyneins found in
each velocity category, calculated from the area under each Gaussian fit from Figure 2.10.
To calculate % population the sum of area in each fit was considered as 100%, and the
fraction was expressed as percent of total population. For the Qdot transportation along
undeformed microtubules, the mean velocity of transported Qdots from single peak fitting
was in the lower velocity criteria and was considered to be exhibited by 100% of

population.
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The population of Qdots driven by dyneins with high velocity along only the deformed
microtubules may indicate that the buckling of the microtubules by compressive strain
have accelerated dynein motility. The velocities obtained by fitting the distributions of
the velocity of the dynein-driven Qdot transportation along microtubules in Figure 2.11
were plotted against the compressive stress applied (Figure 2.12). The tendency of

velocities exhibited by both population appeared to follow the same nature.
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Figure 2.12. Mean velocities of the dynein driven Qdots. Mean velocities of the dynein
droven Qdots obtained from the fiiting of velocity distributions to single peak Gaussian
equation (Mean, red), and 2-peak Gaussian from Figure 2.10 (Mean1, blue and Mean2,
green).

Dynein while walking processively along the microtubules exhibit pauses. % In the
present observation, while transporting Qdot by multiple dynein motors, pausing events

were found. Therefore, velocities with and without considering pauses were determined

and plotted against the applied compressive strain.
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Figure 2.13 Effect on dynein-driven Qdot velocities. Change in velocities of dynein-
driven Qdot transportation with the change of applied compressive stress on microtubule.
The trend in change in velocity remains identical when determined excluding the pausing
events. The velocities are found to be significantly different at ***P < 0.001 and ****P
< 0.0001 when compared with each other using Kruskal-Wallis test followed by Dunn’s
multiple comparison test. Error bar: standard error. Numbers of events analyzed are 92,
174, 269, 73, 64, 142, 102, 126, 287, 113, 109 and 40 for % applied compressive strains
0.0, 5.0, 10.0, 12.5, 14.0, 15.0, 16.0, 17.5, 20.0, 25.0, 30.0 and 40.0, respectively.

The velocities of dynein-driven Qdots were favored up to 20.0 % strain with a drop around
15.0 % strain. At and above 25.0 % compressive strain, the dynein-driven transportation
slowed down. The gradual increase in the velocity of dynein-driven transportation up to
10.0 % compressive strain (P < 0.0001, Kruskal-Wallis test followed by Dunn’s multiple
comparison test) might be accounted for by its stochastic 334 and diffusing stepping

tendency to a larger searching region *>% along the deformed microtubule. However, the

reason for the drop of the mean velocity observed at ~15.0 % strain remains inexplicable.

The buckling of the microtubules resulted from the compressive strains acting on them

can be characterized in terms of the segment curvature of the buckled microtubules.
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Curvature of an arc is a measure of how much the curve deviates from a straight line.
Therefore, it can be a suitable approach to quantify the extent of buckling in microtubules
due to applied compressive strain. In this analysis, I considered the buckled
microtubules (compressed at applied strain 5.0 % to 40.0 %) as a series of several curved
segments. Curvature of each segment was determined using a custom MATLAB program.
The maximum and minimum values of the curvatures obtained were 0.004 and 1.360 pm"
! Next, the curvatures were categorized in to bins of size 0.10 pm™. Mean velocities of
the dynein-driven Qdots along segments having curvatures in each bin were determined

and then plotted against their curvature (Figure 2.14).
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Figure 2.14 Velocities vs. curvature of buckled microtubule. Velocities of Qdots
transported by dyneins along microtubules buckled at different compressive strains
ranging from 5.0 % to 40.0 %. The microtubule segment curvatures were divided into
bins of 0.10 um'. Means of velocities of dynein-driven Qdots along microtubule
segments with curvatures in each bin were determined. For this plot, 1084 instantaneous
velocities of Qdot transportation events obtained from displacement between every two
consecutive frames along 24 buckled microtubules at different compressive strains were

analyzed. The red bars are to denote the most buckled microtubule segments included in
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the analysis. Error bar: standard deviation.

Mean velocity versus curvature showed a similar response as in Figure 2.14, i.e. rise in
velocities with a drop in between. Therefore, it is evident that an anomalous drop in the
velocity of dynein-driven Qdots in response to the buckling deformation of the
microtubule is characteristic of its nature. The clear separation between the two peaks of
the velocities indicates that it is the difference in the mode of the microtubule deformation

that regulates the response of dynein-driven transportation.

2.2.4.3 Effect of applied compressive strain on microtubules on the pause frequency

of dynein-driven Qdot transportation

Single dynein molecules are reported to exhibit pauses while processively moving along
a microtubule in presence of ATP. 32 As a team, such pause is exhibited also exhibited by
multiple dynein motors attached to cargo. 24 In the present study, | have observed pausing
events during the dynein-driven Qdot transportation along the undeformed and buckled

microtubules (Figure 2.15).
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Figure 2.15 Effect of applied compressive strain on the pause frequency of dynein-driven
cargo transportation along microtubules. No statistically significant change in the pausing

frequency by dynein driven Qdots on buckled microtubules was observed when compared
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to that on undeformed microtubules (Kruskal-Wallis non-parametric test and Dunn’s
multiple comparisons test at P< 0.001). Error bar: standard error.

The pause frequency of dynein during Qdot transportation along microtubules undergoing
different applied compressive strains are shown in Figure 2.16. The pause frequency is
defined by the number of pauses (i.e. stopping of the Qdot movement for at least 3

consecutive frames) per run exhibited by the Qdots while being transported.

2.2.4.4 Effect of applied compressive strain on microtubules on the run lengths of

dynein-driven Qdot transportation

Next, I investigated how buckling of microtubule influenced the run length of dynein, the
results of which are shown in Figure 2.17. To determine the mean run lengths of dyneins,

cumulative distribution probability functions were used.
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Figure 2.16 The cumulative probability distributions of run lengths of Qdot transported
by dynein along undeformed (0.0 %) and buckled microtubules at different applied
compressive strains (5.0 to 40.0 %). Mean run lengths are determined by non-linear least-
squares fitting of the cumulative probability distribution of data to function: ¥ = (1 —

Xo—X .. .
e t ); where xo was set equal to the minimum value of the run-length analyzed in each

case. The only fit parameter, decay constant, ¢ is the required mean run length. Red solid
lines represent the fitted curves and dotted lines denote the deviation in the fitting. The
number of events analyzed and mean run lengths obtained from fitting are mentioned in
the figure legends.

The run length of dynein-driven Qdots along undeformed microtubule obtained from

fitting the cumulative probability of run length was 3.0 £ 0.2 um (mean + standard error,

n = 22), which ensured the participation of multiple dynein motors to transport Qdot. ¥’
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Figure 2.17 Change of run length of dynein upon buckling of microtubules under varied
amount of applied strain. The differences in run lengths of dynein-driven Qdots along
undeformed microtubules and those along buckled microtubules at different compressive
strains were found to be statistically significant at **P < 0.01, ***P <0.001 and ****P <
0.0001 using Kruskal-Wallis test followed by Dunn’s multiple comparisons test. Mean
run lengths were determined from the cumulative probability distribution of run lengths

of dynein (Figure 2.20).

2.2.4.5 Binding affinity of dyneins to microtubules buckled at different compressive
strains

The dyneins’ affinity to bind to microtubules may be expected to be altered due to the
deformation induced by buckling. For this, I determined the binding affinity of the
Qdot conjugated dyneins as response to the buckling of microtubule. The binding
affinity can be described by three important kinetic parameters of dynein- microtubule
interaction, binding rate constant k,,, dissociation rate constant k,; and dissociation

constant K.
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Figure 2.18 Microtubule-Qdot binding. Schematic model of the elementary reaction
steps and kinetic parameters for binding of Qdot conjugated dyneins on microtubules.
Kon is the association or binding rate constant and Ko is the dissociation or unbinding
rate constant.

For a simple reversible reaction between proteins A and B, one can write:

A+B 2AB ...............(21)
Therefore,
Kon
[A] + [B] Z_ [AB] -+ «ee v oo (22)

of
Here, [A] and [B] denote the concentrations of the free proteins (reactants), whereas [AB]
denotes the concentration of their bound complex (product). kon and kost represent the
association rate constant and the dissociation rate constant, respectively. In this study the
kon was defined as the number of dynein conjugated Qdots bound on the microtubule
in a unit of Qdot concentration, microtubule length and time (M 'um™'s™"), as previously
reported. **3’ The dissociation rate constant, ko was calculated as the reciprocal of mean
38,39

binding time.

When the system is at equilibrium, dissociation constant Kq is defined as

_ [A][B] _ kot
Ky="3"= PR X
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Now to determine the parameter k.., number of dynein conjugated Qdots were counted
from the fluorescence signal intensity on the microtubules. Length of each microtubule
considered and time of observation of the Qdot on the microtubule were recorded. The

concentration of Qdot applied in each experiment was 1 nM. The formula:

Number of Qdot—dynein conjugates on microtubule 1
ko = .. (24

Concentration of Qdot XLength of microtubule XTime duration M.um.s

The kon of Qdot-dynein binding to microtubules compressed at different compressive

strains as determined are shown in the Figure 2.19.

100—mmmMm————————F————
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Kop x10° M um™ 7!
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Figure 2.19 K,, values of Qdot-dynein binding to the microtubules in presence of
different compressive strains. No significant difference in the values could be seen (One-

way ANOVA). Number of microtubules analyzed in each case was 10.

Next, to determine kosr the mean binding time is required. The binding time was defined
by the duration of time starting from attachment of the Qdots attached to dyneins to the
microtubule to until when they were detached from the microtubules, or the imaging was
finished. To determine the mean binding times, bin-independent cumulative probability

distributions of the binding times were plotted (Figure 2.20). The distributions were fitted
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Xo—X
to the function: y = e ¢ ; where, xo is the shortest binding time measured during

analysis. The only fit parameter, the decay constant, ¢, gave the mean binding time in the

distribution.
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Figure 2.20 The cumulative probability distribution of binding time. The cumulative
probability distribution of binding time of the Qdots conjugated with multiple dyneins on
the microtubules at different compressive strains. The results obtained from analysis of
the cases with applied compressive strains 0.0%, 10.0%, 15.0%, 20.0%, 30.0% and
40.0 % are shown in the figure as representatives. Events considered for this analysis are

from one movie of each case.

The mean binding times obtained from each case were plotted in Figure 2.22 as a function

of applied compressive strains which remained almost same for all cases.
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Figure 2.21 Change of the mean binding time. Change of the mean binding time of dynein
as an effect of buckling of the microtubules under varied amount of applied strain. The
differences in the binding time of dynein-conjugated Qdots on undeformed microtubules
to those along the buckled microtubules at different compressive strains were found to
have no statistical significance. Kruskal-Wallis test followed by Dunn’s multiple

comparisons test at P< 0.0001. ns = non-significant.
According to the equation 2.3, the dissociation constants, Ky at all compressive strains
were determined and are presented in the Figure 2.22. The K4 values reflected altered

binding affinity of Qdot-dynein conjugates with change in the buckling of microtubules.
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Figure 2.22 Change in Kq of Qdot-dynein conjugate binding to microtubules with

increase in the applied compressive stain on the microtubule.
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Interestingly, the Kq value did not vary significantly with increase in compressive strain
on the microtubule until 40 % compressive strain was applied. Abrupt increase in the Kqg
value was significantly higher compared to the Kq at undeformed microtubule.

From the presented results, the response of dynein appears to be resilient in withstanding
the effect of the transportation track. Dynein has a stochastic stepping mechanism with
variable step sizes (8 - 40 nm) 3334, The highly scattered movement of dynein along the
buckled microtubule may be related to its unusual stepping mechanism which might help
dynein in withstanding the effect of adverse condition of microtubule track caused by
buckling. Several mechanisms are thought to synergize with one another to indorse
dynein molecules to step along microtubule. 3 The dynein motors are capable of
switching to an adjacent protofilament track. 32 Therefore, dyneins exhibit robust
behavior. 2449 On the other hand, the microtubule, when buckled due to compression, are
subject to expansion in their lattice. A recent study showed that expansion of a
microtubule lattice could result into 0.13 nm increment in spacing per tubulin dimer 4,
The long 14 nm-stalk of dynein might allow it for a larger displacement of the microtubule
binding domain ** and thus help transportation along the deformed microtubule. Also, the
presence of a flexible joint gives rise to an angle between the microtubule binding domain
and binding stalk of the dynein *2. Concomitantly the distorted geometry of the tubulin-
sites in a deformed microtubule can affect the dynein molecule to adjust the angle between
its microtubule binding domain and stalk and finally sustain its motility along the track.
How the spatial arrangement of tubulins in a deformed microtubule favors the dynein’s
transportation behavior remains unclear at this moment and requires further investigation.
Moreover, the anomalous nature in the change in dynein motility with applied

compressive strains indicate toward the difference in the modes of the microtubule
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deformation. This study may help understand the significance of buckled or curved
microtubule in the cellular activities, as in many instances the microtubules are found
buckled or curved in cells. 2% Since buckling of the microtubules often occurs at the
periphery of cells, * these buckled microtubule interacting with dynein may play
significant role in the precise positioning of the microtubule asters. **4> Moreover, the
spatiotemporal synchronization of dynein and the buckled microtubule may also control
the actomyosin network, movement of centrosomes and movement of nuclei, which
consequently may affect the temporal synchronization of the movement of the cellular

substances 6.

It has been reported that dynein-driven cargo transportation is more likely to overcome
obstructions like passing through intersections than to switch track or reverse direction.
47 But how microtubule deformation caused by external stress can affect the dynein-
driven transportation of the Qdots has not been addressed yet. The results discussed in
this chapter might provide evidence for dynein’s structural flexibility ¢ and robustness

2440 during their motility along the deformed microtubule tracks.
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2.3 Conclusion

In conclusion, by employing a simple in vitro system, | systematically investigated the
response of the microtubules to compressive stress applied along their horizontal axis and
its consequent impact on their functionalities in the dynein-driven transportation. The
results show that microtubule may possess mechano-sensing property, by which they can
affect the dynamics of motor protein driven transportation. The modulated dynamics of
dynein-driven transportation upon buckling of the microtubule seems to be the signature
of altered dynamics of the dynein motors along the deformed microtubule. This altered
dynamics might also be considered as the basis for other regulatory mechanisms such as
the regulation of cellular activities by post-translational modifications of tubulins. *° This
work offers a technical advantage for systematic study of the correlation between
deformation of microtubule and its biological functions i.e., cargo-transportation, as well
as an opportunity to explore the interaction of deformed microtubule with microtubule
associated proteins such as MAP1, MAP2, MAP4, Tau, Katanin etc. These results will
expectedly enrich the current understanding of cellular mechanotransduction *° and foster

the design principle for mechanoresponsive functional materials inspired by nature. >
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2.4. Experimental procedures

2.4.1. Purification, labeling, and polymerization of tubulin

Tubulin was purified from the fresh porcine brain using a high-concentration PIPES
buffer (1 M PIPES, 20 mM EGTA, 10 mM MgCl;; pH adjusted to 6.8 using KOH). 2
Rhodamine-labeled tubulin (RT) was prepared using 5/6-carboxy-tetramethyl-rhodamine
succinimidyl ester (TAMRA-SE; Invitrogen) according to the standard technique. % The
labeling ratio was 1.0 as determined from the absorbance of tubulin at 280 nm and
tetramethyl-rhodamine at 555 nm. A mixture of RT and non-labelled tubulin (WT)
(where, RT:WT = 4:1; final tubulin concentration = 55.6 uM) was polymerized at 37 °C
in presence of 5 mM GTP, 20 mM MgCl», 25% DMSO in BRB80. The microtubule was

paclitaxel-stabilized (50 uM paclitaxel in BRB80; pH 6.8).
2.4.2. Expression and purification of motor protein

Recombinant conventional kinesin-1 construct consisting of human kinesin (residues 1-
573) was expressed and purified to serve as anchor kinesin to fix microtubule on the
substrate. Another kinesin-1 construct consisting of human kinesin (residues 1-465). The
expression and purification of kinesins were done as described in previously published
reports with partial modification. 2 SNAP-tagged full-length dynein was purified as

described in literature. 2

2.4.3. Preparation of PDMS thin film

The precursor of PDMS (Silpot 184®, Dow Corning Toray Co. Ltd.) and cross-linker
(Catalyst of Silpot 184®) were mixed at a ratio of 10:1 (w/w). The mixture was diluted to

1:10 (w/w) using hexane. After shaking followed by degassing in vacuum for an hour,
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the mixture was spin coated on a Teflon® sheet at 1500 rpm for 30 seconds to ensure even
coating. The spin coated sheets were cured at 60 °C for 4-6 hours to allow polymerization
in to PDMS and complete evaporation of hexane. The thin PDMS film was peeled off
from the Teflon® sheet and was etched by a plasma etcher (SEDE-GE; Meiwafosis Co.

Ltd.) (6-8 Pa, 8 mA, 4 minutes) prior to an experiment.

2.4.4. Qdot transportation assay by dynein

In vitro Qdot assays along microtubule were performed on PDMS using a recently
developed micro-stretcher. 151" The micro-stretcher consists of a cover plate and a base
plate containing a computer-controlled stretcher/compressor. First, a small piece of
PDMS with approximate dimension 4.0x5.0x0.05 mm?® (LxWxT) was fixed horizontally
on the stretcher of the chamber. Then the film was elongated 100% by applying tensile
force with the computer-controlled stretcher. The length of the PDMS film was doubled
at this point. The elongated PDMS was masked with two 18x18 cover glasses leaving a
narrow channel to be used as flow cell. This channel was exposed to air plasma for 4
minutes (10 Pa, 8 mA) in a plasma etcher (SEDE-GE; Meiwafosis Co. Ltd.) to increase
its hydrophilicity, thus was ready to be used for preparing flow cell. At first, 10 uL of 100
nM anchor kinesin in preKG solution (~80 mM PIPES, ~40 mM NaCl, 1 mM EGTA, 1
mM MgClz, 1 mM DTT, 10 mM paclitaxel; pH 6.8) was introduced to the flow cell and
incubated for 5 minutes. The flow cell was washed with motility buffer (~80 mM PIPES,
1 mM EGTA, 1 mM MgClz, 0.5 mg/mL casein, 1 mM DTT, 10 mM paclitaxel; pH 6.8).
Next, paclitaxel-stabilized, rhodamine labelled 280 nM 20 uL microtubule solution was
introduced and incubated for 5 minutes, followed by washed with motility buffer. In this

work, microtubule was deposited on the PDMS substrate via interaction with the anchor
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kinesins in absence of any nucleotide. Shear flow was used to apply microtubule solution
from one end of the narrow flow cell so that the microtubules align parallelly to the stretch
axis. Therefore, when the tensile stress at the elongated PDMS was released by
compression of stretcher (strain rate 0.42% s') it consequently produced compressive
stress on the microtubule attached to the PDMS. The parallel arrangement of microtubule
allowed them to undergo buckling i.e. deformation along their longitudinal axis. After the
buckling was ensured, microtubules were chemically immobilized by exposure to 0.1%
(v/v) glutaraldehyde for 4 minutes. The glutaraldehyde fixing reaction was quenched by
0.1 M glycine and incubation of 5 minutes. The glutaraldehyde treatment was mild
enough to microtubule such that it had no effect on the motor protein-based cargo
transportation (Section 2.2.3.2). To observe Qdot transportation by dynein along these
buckled microtubule, pre-incubated solution of Qdot-dynein conjugates (details of
preparation given later) was passed into the flow cell. The micro-stretcher was then
sealed, and humid nitrogen gas was continuously purged through the micro-stretcher until

the experiment was completed. All experiments were performed at 25 °C.

2.4.5. Preparation of dynein-cargo conjugate

For dynein based Qdot transportation, the cargo was benzylguanine-functionalized Qdots
(BG-Qdot) that can covalently bind to the SNAP-tagged dynein motors through BG-
SNAP interaction. To obtain Qdot-dynein conjugates, dynein and Qdot were mixed at a
molar concentration ratio ~ 1:10 and incubated at room temperature for 30 minutes. The
applied concentrations of Qdot and dynein to the flow cell were 1 and 10 nM respectively

as diluted by ATP solution (1 mM ATP, 1% Pluronic F127, 1 mg/mL casein, 20 mM
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DTT, 10 uM paclitaxel in BRB80, and assay buffer having 20 mM PIPES, 4 mM MgSOs,

10 mM K-acetate, 1 mM EGTA, pH 6.8).

2.4.7. Microscopy image capture and data analysis

Samples were illuminated with a 100 W mercury lamp and visualized by two-color epi-
fluorescence microscope (Eclipse Ti; Nikon) equipped with an oil-coupled Plan Apo
60x1.40 objective (Nikon). Filter blocks with UV-cut specification (TRITC: EX540/25,
DM565, BA606/55; Q525: EX435/40, DM510, 525/15; Nikon) were used in the optical
path of the microscope that allowed visualization of samples eliminating the UV part of
radiation and minimized the harmful effect of UV radiation on samples. Images were
captured using a cooled CMOS camera (Neo CMOS; Andor) connected to a PC. To
capture images of microtubule and Qdots for several minutes, ND4 (25% transmittance)
and ND1 (100% transmittance) respectively were inserted into the illuminating light path
of the fluorescence microscope to avoid photobleaching. Observation of Qdot assay was
performed by capturing images and movies at a rate of 1 frame/3 s with exposure time of
300 ms for dynein-based experiments. All movies captured by the epi-fluorescence
microscope were analyzed by image analysis software (ImageJ 1.46r). The trajectories of
the Qdots transported by the motors were tracked manually using an ImageJ plug-in
MTrackJ. The Qdots that could be traced on microtubule for over 4 frames were tracked
for analysis. For measurement of strain, length of pre-stretched PDMS (8.0 mm) was
considered as the initial length and the percentage of the strain experienced by

microtubule on PDMS was calculated accordingly.

2-33



2.4.7. Estimation of mean velocity, run length, and pause frequency of dynein

Velocities were determined by tracking the movement of Qdots using ImageJ software.
Mean run length of dynein during transporting Qdot along undeformed and deformed
microtubule at different compressive strain have been determined using the bin-
independent cumulative probability distribution. To determine the run length (x), non-

linear least-squares fitting of the cumulative probability distribution to the function °*:
Y=1 —exp(@), was performed. Xo is the lowest run length measured during

analysis. The only fit parameter, the decay constant, t, gave the mean run length in the
distribution. Pause frequency was calculated according to the literature where the total
number of the pause (at 3s time interval the Qdot displacement <0.110 um) was divided
by the total distance travelled by the Qdot (run length) 2. The Qdot displacement of
<0.110 um corresponds to the minimum pixel which is available in our experimental
system.

2.4.8. Curvature analysis

For this analysis, the coordinates of equally spaced points on the centerline of the buckled
microtubules were divided into several sections. A custom-written MATLAB code fitted
the coordinates to a half circle and obtained the coordinate of the circle and the radius of

the curvature. Curvature was obtained by inverting the radius of curvature, since,

1
radius of curvature’

curvature =

2.4.9. Statistical analysis

Statistical analyses were performed with GraphPad Prism (www.graphpad.com). A two-

tailed Student’s t-test was used to compare two groups. One-way ANOVA followed by
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Tukey’s multiple comparison test was used to compare among three or more groups of
normally distributed data. Kruskal-Wallis test followed by Dunn’s multiple comparison
test was used to compare among three or more groups of non-normal data. The values for
the number of events, P-value, and name of the statistical test performed for each analysis

are included in the figure legend or in the caption.
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2.5. Results of statistical analysis

Statistical analysis of all data mentioned in this chapter were carried out using the

software GraphPad Prism 8.1.0. Below are the results of all relevant analysis in the

sequence as they appear in the chapter.

Table 2.5.1. Results of statistical analysis of velocities of dynein-driven Qdot

transportation along the microtubules under applied compressive strain. Kruskal-Wallis

test followed by Dunn’s multiple comparison test was used to compare among the

velocities of dynein based Qdot transportation along microtubule compressed at different

compressive stresses. (From data in Figure 2.14)

Number of families 1

Number of comparisons per 66

family

Alpha 0.001

Dunn’s multiple comparisons Mean rank diff. | Summary | Adjusted P-Value
tests

0.0% vs.5.0% -134.9 ns >0.9999
0.0% vs. 10.0 % -454.2 Fkkk <0.0001
0.0%vs. 12.5% -285.5 * 0.0207
0.0% vs. 14.0 % -210.7 ns 0.1834
0.0% vs. 15.0 % -447.6 folakaa <0.0001
0.0 % vs. 16.0 % -610.4 falakaa <0.0001
0.0%vs. 17.5% -580.8 folakaial <0.0001
0.0 % vs. 20.0 % -462.1 folakaa <0.0001
0.0 % vs. 25.0 % 36.42 ns >0.9999
0.0 % vs. 30.0 % 203.0 ns 0.3432
0.0 % vs. 40.0 % 66.12 ns >0.9999
5.0 % vs. 10.0 % -319.3 Fkkk <0.0001
50%vs. 125% -150.6 ns >0.9999
5.0% vs. 14.0 % -75.86 ns >0.9999
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5.0 % vs. 15.0 % -312.7 falaialed <0.0001
5.0 % vs. 16.0 % -475.5 Fxkx <0.0001
50%vs. 17.5% -445.9 falakaliel <0.0001
5.0 % vs. 20.0 % -327.2 Fkkx <0.0001
5.0% vs. 25.0 % 171.3 ns 0.1691
5.0 % vs. 30.0 % 337.9 falaialed <0.0001
5.0 % vs. 40.0 % 201.0 ns 0.9740
10.0 % vs. 12.5 % 168.7 ns 0.4320
10.0 % vs. 14.0 % 243.5 Fkkx <0.0001
10.0 % vs. 15.0 % 6.569 ns >0.9999
10.0 % vs. 16.0 % -156.2 ns 0.2814
10.0% vs. 17.5 % -126.6 ns 0.8334
10.0 % vs. 20.0 % -7.900 ns >0.9999
10.0 % vs. 25.0 % 490.6 Fxkx <0.0001
10.0 % vs. 30.0 % 657.2 Fxkx <0.0001
10.0 % vs. 40.0 % 520.3 falaialed <0.0001
12.5% vs. 14.0 % 74.76 ns >0.9999
12.5 % vs. 15.0 % -162.1 ns >0.9999
12.5 % vs. 16.0 % -324.9 faleka 0.0004
125%vs. 17.5 % -295.3 *x 0.0013
12.5 % vs. 20.0 % -176.6 ns 0.2746
12.5% vs. 25.0 % 321.9 Fhx 0.0003
12.5% vs. 30.0 % 488.5 Fxkx <0.0001
12.5 % vs. 40.0 % 351.6 *x 0.0095
14.0 % vs. 15.0 % -236.9 *x 0.0026
14.0 % vs. 16.0 % -399.7 falaialed <0.0001
14.0% vs. 17.5 % -370.0 Fkkx <0.0001
14.0 % vs. 20.0 % -251.4 falakaliel <0.0001
14.0 % vs. 25.0 % 247.1 *x 0.0030
14.0 % vs. 30.0 % 413.7 Fxkx <0.0001
14.0 % vs. 40.0 % 276.9 ns 0.0751
15.0 % vs. 16.0 % -162.8 ns 0.5280
15.0 % vs. 17.5% -133.1 ns >0.9999
15.0 % vs. 20.0 % -14.47 ns >0.9999
15.0 % vs. 25.0 % 484.0 Fxkx <0.0001
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15.0 % vs. 30.0 % 650.6 falakaled <0.0001
15.0 % vs. 40.0 % 513.7 falakaled <0.0001
16.0 % vs. 17.5% 29.65 ns >0.9999
16.0 % vs. 20.0 % 148.3 ns 0.4090
16.0 % vs. 25.0 % 646.8 falakaled <0.0001
16.0 % vs. 30.0 % 813.4 falakaled <0.0001
16.0 % vs. 40.0 % 676.5 folakaled <0.0001
17.5 % vs. 20.0 % 118.7 ns >0.9999
17.5 % vs. 25.0 % 617.2 falalaled <0.0001
17.5 % vs. 30.0 % 783.8 folakalad <0.0001
17.5 % vs. 40.0 % 646.9 falakaled <0.0001
20.0 % vs. 25.0 % 498.5 falakaled <0.0001
20.0 % vs. 30.0 % 665.1 falakalad <0.0001
20.0 % vs. 40.0 % 528.2 falaaled <0.0001
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Table 2.5.2. Results of statistical analysis of run lengths of dynein-driven Qdot

transportation along deformed microtubule. One-way ANOVA followed by Tukey’s

multiple comparison test was used to compare among the pause frequencies of dynein

based Qdot transportation along microtubule compressed at different compressive strains.

(From data in Figure 2.18).

Number of families 1

Number of comparisons per 66

family

Alpha 0.001

Dunn's multiple comparisons test | Mean rank diff. | Summary | Adjusted P Value
0.0 % vs. 5.0 % -72.68 ns >0.9999
0.0 % vs. 10.0 % -470.2 falakaied <0.0001
0.0% vs. 12.5% -360.1 Fokkk <0.0001
0.0 % vs. 14.0 % -354.8 Fkkk <0.0001
0.0% vs. 15.0 % -319.9 foleaiaia <0.0001
0.0 % vs. 16.0 % -565.8 falaiaied <0.0001
0.0%vs. 17.5% -495.1 folakaia <0.0001
0.0 % vs. 20.0 % -501.6 Fkkk <0.0001
0.0 % vs. 25.0 % -204.6 * 0.0200
0.0 % vs. 30.0 % -20.26 ns >0.9999
0.0 % vs. 40.0 % -134.9 ns >0.9999
5.0 % vs. 10.0 % -397.5 faladaied <0.0001
50%vs. 125 % -287.5 Fokkk <0.0001
5.0% vs. 14.0 % -282.1 Fkkk <0.0001
5.0% vs. 15.0 % -247.2 Fkkk <0.0001
5.0 % vs. 16.0 % -493.2 Fokkk <0.0001
50%vs. 17.5% -422.4 folalaia <0.0001
5.0 % vs. 20.0 % -428.9 Fkkk <0.0001
5.0 % vs. 25.0 % -132.0 ns 0.2034
5.0 % vs. 30.0 % 52.42 ns >0.9999
5.0% vs. 40.0 % -62.24 ns >0.9999
10.0% vs. 12.5 % 110.0 ns >0.9999
10.0 % vs. 14.0 % 115.3 ns >0.9999
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10.0 % vs. 15.0 % 150.3 * 0.0293
10.0 % vs. 16.0 % -95.67 ns >0.9999
10.0% vs. 17.5% -24.92 ns >0.9999
10.0 % vs. 20.0 % -31.45 ns >0.9999
10.0 % vs. 25.0 % 265.5 Ak <0.0001
10.0 % vs. 30.0 % 449.9 elalakad <0.0001
10.0 % vs. 40.0 % 335.2 Fkkk <0.0001
125% vs. 14.0 % 5.326 ns >0.9999
12.5% vs. 15.0 % 40.24 ns >0.9999
12.5% vs. 16.0 % -205.7 * 0.0183
125%vs. 17.5% -134.9 ns 0.8536
12.5 9% vs. 20.0 % -141.5 ns 0.7340
12.5% vs. 25.0 % 155.5 ns 0.3310
12.5% vs. 30.0 % 339.9 Ak <0.0001
12.5 % vs. 40.0 % 225.2 ns 0.1268
14.0 % vs. 15.0 % 34.92 ns >0.9999
14.0 % vs. 16.0 % -211.0 * 0.0222
14.0% vs. 17.5% -140.3 ns 0.8773
14.0 % vs. 20.0 % -146.8 ns 0.7534
14.0 % vs. 25.0 % 150.2 ns 0.6132
14.0 % vs. 30.0 % 334.6 fakakaie <0.0001
14.0 % vs. 40.0 % 219.9 ns 0.2055
15.0 % vs. 16.0 % -245.9 falakaia <0.0001
15.0%vs. 17.5% -175.2 ** 0.0073
15.0 % vs. 20.0 % -181.7 *% 0.0074
15.0 % vs. 25.0 % 115.3 ns 0.8924
15.0 % vs. 30.0 % 299.6 k& <0.0001
15.0 % vs. 40.0 % 185.0 ns 0.3417
16.0% vs. 17.5% 70.75 ns >0.9999
16.0 % vs. 20.0 % 64.23 ns >0.9999
16.0 % vs. 25.0 % 361.2 fakakaie <0.0001
16.0 % vs. 30.0 % 545.6 Fkkk <0.0001
16.0 % vs. 40.0 % 430.9 falakaie <0.0001
17.5% vs. 20.0 % -6.522 ns >0.9999
17.5% vs. 25.0 % 290.4 Fkkk <0.0001
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17.5 % vs. 30.0 % 474.8 falakalel <0.0001
17.5 % vs. 40.0 % 360.2 falakaled <0.0001
20.0 % vs. 25.0 % 297.0 falakaled <0.0001
20.0 % vs. 30.0 % 481.3 falakalel <0.0001
20.0 % vs. 40.0 % 366.7 falakaled <0.0001
25.0 % vs. 30.0 % 184.4 * 0.0131
25.0 % vs. 40.0 % 69.72 ns >0.9999
30.0 % vs. 40.0 % -114.7 ns >0.9999
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Chapter 3

High-Resolution Observation of Effect of Microtubule Bending on the Single

Kinesin Moving along Microtubule

Abstract

In this chapter, the observation of translocation of single kinesins, a major microtubule associated
motor protein, along microtubule using the high-speed atomic force microscopy (HS -AFM) is
described. A new approach to cause deformation of microtubule on mica supported lipid bilayer
has been established. The movement of kinesins on the undeformed straight microtubule and
deformed microtubule were exploited by modifying the substrate conditions. A comparison has
been made between the transportation behavior of kinesin along them. This study showed that
kinesin-microtubule interaction was varied in a curvature dependent manner. The effect of bending
of the microtubule on the kinesin-microtubule interaction was confirmed from the alteration in
velocity, binding time or traveled distance of the kinesin while moving along the bent microtubules.
The kinetic parameters, like, binding on and off-rate constants, (kon, kof) and the dissociation
constant, (Kgq) of kinesin binding to the microtubules were determined. The binding affinity of
kinesin to the bent microtubule was higher compared to the straight one. This finding will expand
the outlook of how alteration in any parameter defining the cellular environment may impose an

impact on cellular activities.
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3.1. Introduction

Microtubules are crucial to the survival of living cells due to their involvement in a number of
cellular activities like growth, development, and migration ¥, They are the most rigid of all
filaments of the cytoskeleton, * with a large aspect ratio ® ( > 100). Active participation of
microtubules is required in cell contractility®, maintenance of cell polarity’, regulation of cell
morphology and cell mechanics. 8° Cargo transportation is an important process which involves
the transportation of materials, like protein complexes, enzymes, secretory vesicles, and organelles
essential, to different parts in the cell for executing intracellular reactions. 1> To accomplish this
function, the microtubules serve as tracks while as vehicles, the microtubule-associated motor
proteins such as kinesin and dynein families carry cargos, as vehicles. Processive walk of these
motor proteins along the microtubules are coupled to conversion of chemical energy from ATP

hydrolysis.

In vivo microtubules are subject to bending 22 or buckling ¥**° while participating in cellular
activities. The deformations may occur as a response to internally generated force developed
primarily from deflection of tip of the microtubules ' which may be amplified by compressive
stress when the tip reaches the cell periphery *° or even by the activity of kinesin *"° or dynein 2.
External mechanical impact applied on the microtubule by, for example, actomyosin contractility,
19.21.22 axonal damage or traumatic injury 2-2° may also result in their bending. The physiological
importance of bending of microtubules is highlighted as it may cause breakage and contribute to
the maintenance of cell polarity. 2> Bending of a microtubule can increase its lattice energy and
thereby affect important microtubule-associated events, like microtubule depolymerization. 122
Kinesin-related protein kip3 is shown to mediate curvature sensitive bending of microtubules and
facilitate the breakdown of curved microtubule assemblies during cell division. 2’ The intracellular
cargo transportation is also expected to be impaired by the bending of the track, since the example
of how a defect in microtubule structure affects kinesin transportation is available. 28?° Despite
extensive characterization of bending * or buckling 3! of the microtubule, what effect these may
impose on Kinesin transportation remains unexplored. The kinesin-microtubule interaction in cells
and in vitro have been addressed fairly well, 32-3* the effect of the deformation of microtubule on

transportation of kinesin along them is still left unexplored. So far, using fluorescence microscopy



impeded cargo transportation by multiple kinesins or dyneins along microtubules deformed under

compressive stress was observed. ®

Nevertheless, the study of dynamics and interactions of kinesin and microtubule by single-
molecule tracking techniques like fluorescence microscopy, optical microscopy, and optical
tweezers is challenged by limited optical resolution and stability of the optical markers attached to
biomolecules. *® Visualization of the dynamics in the kinesin-microtubule interaction requires both
the nanometer spatial resolution and the sub-second temporal resolution. High-speed atomic force
microscopy (HS-AFM) offers the direct visualization of single kinesin in action at enough high
spatio-temporal resolutions. 33 However, the direct imaging of single moving kinesin along
deformed microtubules is not available yet. #° In this chapter, I, therefore, explore the kinesin
motility along the bent microtubules by the HS-AFM and observe the direct effect of the
deformation on the kinesin-microtubule interaction. This chapter is one of the initial efforts to use
HS-AFM for a rather straightforward approach to visualize kinesin along the microtubule. “° The
direct relation between the curvature formed in the bent microtubule and the motility behavior of

kinesins is established.
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3.2. Results and Discussion

3.2.1. Experimental design for observation of microtubule immobilized on mica supported
lipid bilayer in HS AFM

Using the HS-AFM, the movement of single kinesins along the microtubules were monitored. For
this, the microtubules were immobilized on a mica supported lipid bilayer. The preparation of the
mica supported lipid bilayer was done using the vesicle fusion method . First, an electrically
neutral phospholipid, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and a positively
charged phospholipid, 1,2-dipalmitoyl-3-trimethylammonium-propane (DPTAP), were mixed at
desired gravimetric ratios. The small unilamellar lipid vesicles were directly deposited on freshly
cleaved mica surface on the circular sample stage of the AFM microscope.

It was observed that uniform and planar lipid bilayers could be obtained for 0.50 mg/mL with the
weight ratio of DPPC: DPTAP = 7:3 (Figure 3.1 A). Height of lipid bilayer was ~4 nm (Figure 3.1
B).

Lipid
bilayer

i 0 100 200 300 400 500

Distance (nm)

Figure 3.1. Substrate for immobilization of the microtubules. (A) Schematic illustration showing
homogenous planar lipid bilayer formation on mica. (B) HS-AFM image of the homogenous lipid
bilayer on mica. Scan area: 500x500 nm?. A crack was created on the lipid bilayer by the cantilever.
(C) Height profile of lipid bilayer from line corresponding to L1-L2 on Figure 3.1 B. Horizontal
dashed line shows the average height of the lipid bilayer was ~4nm.

After the mica supported bilayer was formed, microtubule was applied and allowed to adsorb on
the lipid bilayer for 10 minutes. 1.12 uM microtubule showed ~ 3 microtubules per image with
area 800x800 nm2. An AFM image of a straight microtubule immobilized on the lipid membrane
is shown in Figure 3.2 A. From the height profile in Figure 3.2 B, the height of the microtubule
was found to be about 25 nm, which agrees with literature. 424
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Figure 3.2. Observation of the immobilized microtubules on the lipid bilayer. (A) AFM image of
part of a straight microtubule adsorbed on mica supported lipid bilayer. Scale bar: 50 nm. (B)
Height profile of line L3-L4 indicated by the red line in (A). The height of the microtubule was
found to be ~25 nm, proving the presence of 13 protofilaments in the microtubule structure.

After that, 600 nM kinesin was applied on stage and incubated for 5 minutes for ensuring binding
of Kkinesins to the microtubules. Finally, adenosine triphosphate (ATP) was introduced in the
imaging buffer to initiate kinesin movement along the microtubule. The ATP concentration used
was kept considerably low, 50 uM, so that the kinesin velocity was sufficiently slow for the HS-

AFM observation. ** The expected velocity was < 100 nm/s at this ATP concentration. 44

In order to cause bending of microtubules, the lipid membrane was first, washed with Tris-HCI
(pH 6.8), which caused numerous islands on the lipid surface. Then microtubules were applied on
the surface and tended to bend along the boundary of the lipid bilayer islands (Figure 3.1 E). The
transportation of single kinesins along the bent microtubules in the presence of 50 UM ATP was

performed.
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Figure 3.3. Deformation of the immobilized microtubules. Schematic illustration showing the
bending of a microtubule by modifying the mica supported lipid bilayer substrate.

3.2.2. Effect of microtubule deformation on their interaction with kinesin

The movement of kinesins along the microtubules immobilized on mica supported lipid bilayer
can be investigated from the time-lapse AFM images showing their displacements with time
(Figure 3.4 A, B).

Figure 3.4. Observation of kinesin motility along the microtubules. (A) Time-lapse HS- AFM
images showing motility of a single kinesin along the straight microtubule. The single kinesin
moving along the microtubule is indicated using the blue arrowheads. (Plus and minus ends of the
microtubule are shown in the first image of the series.) Scale bar: 50 nm. (B) Time-lapse HS-AFM
images showing motility of a single kinesin along the bent microtubule. The positions of one
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kinesin along the microtubule are shown using the red arrowheads. (Plus and minus ends of the
microtubule are shown in the first image of the series.) Scale bar: 50 nm.

The time-displacement profiles are given in Figure 3.5, which show that the movement of the
kinesins along the bent microtubule is accompanied by several pausing events which were not

observed for the case of the straight microtubules.

A 400 . - B 400
E E
< 300 < 300} |
; ;
e e
$ 200 3 200 -
[} 13
E >
= & 100} -
0

12
Time (s)

Figure 3.5. Time-displacement plot of kinesins moving along the microtubules. Displacement of
kinesins with time along (A) the straight and (B) the bent microtubules. Analysis of kinesins
traveling along one straight microtubule and one bent microtubule are included in this plot. The
number of kinesin molecules traced for the analysis is 57 for both the cases. Increased number of
pauses could be noticed while kinesins are traveling along the deformed microtubule. Positions of
some representative pausing events are shown using vertical black arrows.

The pauses might have contributed to slowing down the kinesin movement along the bent
microtubules. It is evident that along the straight microtubule kinesins’ displacements were longer
than along the bent microtubule. The time-displacement relation is characterized by the velocity.
Therefore, | have calculated the velocity of the kinesins to reveal if the bending of microtubule has
an effect on the velocities of the kinesins. To determine the velocity, | have considered the
displacements made by the Kkinesins in every two consecutive frames and obtained the
instantaneous velocities by dividing the displacements with frame interval (150 ms for the straight
microtubule and 250 ms for the bent microtubule). The frequencies of the velocities were

distributed as shown in Figure 3.6.
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Figure 3.6. Velocity distribution of kinesins moving along the microtubules. Distribution of the
velocities of the kinesins along the straight (A) and the bent (B) microtubule. Bin size = 40 nm/s.
The distributions were fitted to the Gaussian equation. Solid lines represent the fitted lines and
the dotted lines show the deviation from fitting. Fitting information, the number of data analyzed
and mean velocities obtained arithmetically and from the fit are provided in the figure legends.

From Figure 3.6, it can be seen that the frequency distribution of the velocities of kinesins are
normally distributed and can be fitted to the Gaussian distribution. The mean velocity of the
kinesins moving along straight microtubule obtained from the Gaussian fit was 83.1 + 3.8 nm/s
(mean * SD, n=57) (Figure 3.6). This value corresponds to the velocity of gliding microtubules
on kinesin in a similar observation system. > But the velocity of kinesins moving along the bent
microtubules was observed to be statistically significantly lower, 47.8 £ 9.3 nm/s (mean * SD,
n=57). As the data shown in Figure 3.6 were normally distributed, Student’s t-test was carried
out to check the statistical significance of the difference in the velocities of the kinesins moving
along the straight and the bent microtubule (Figure 3.7, t-test, P<0.0001).
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Figure 3.7. Mean velocities of the moving kinesins along the microtubules. Mean velocity of
the kinesins moving along straight and bent microtubules. The results from the t-test showed

that velocity values were statistically significantly different at P <0.0001. ****P<0.0001.

| also analyzed the distances traveled by kinesins along the microtubules. In order to determine

the mean distance, bin-independent cumulative probability distributions of the distances were

Xo—X
plotted (Figure 3.8). The distributions were fitted to the function: y = e ¢ ; where X is the
shortest distance traveled measured during analysis. The only fit parameter, the decay constant, t,

gave the mean distance traveled in the distribution.

Cumulative probability distribution

0 100 200 300 400

Distance travelled (nm)

Figure 3.8. Distance traveled by the kinesins along the microtubules. The cumulative
probability distribution of distance traveled by kinesins along straight (blue) and bent (red)
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microtubules. The cumulative probability functions were fitted to F(x) = z * dist(z); where,
X-mean

z = (S—D) and SD = Xmax-Xmin. The number of kinesin molecules considered for straight

microtubule =57 and for bent = 57. Mean distance traveled by kinesin along straight and bent
microtubules were 100.1 + 1.8 and 62.8 + 0.9 nm from fitting with R? = 0.9732 and 0.9785,
respectively. The data were normally distributed checked by Kolmogorov-Smirnov test for
normality test at alpha = 0.001. t-test gave P<0.001, showing that the mean distances traveled
by kinesins along straight and bent microtubules were significantly different.

It was found that, the mean distance traveled by kinesins along straight microtubule was about
100 nm (n=57), statistically significantly higher than that along the bent microtubules which
was about 60 nm (n=57) (Figure 3.8, Student’s t-test for statistical significance test showed the

results were different from each other at P<0.001).

Such observations suggest that the deformation of microtubule might have affected the kinesin-
microtubule interaction. The highly processive kinesin is reported to travel about 1 pum at

saturating ATP concentration in vitro environment. *® The low distance traveled by the Kinesin

in the present observation might be due to low ATP concentration used. *

3.2.3. Effect of bending of the microtubule on single kinesin moving velocity

| extended the analysis to establish a correlation of kinesin motility with the bending curvature
in the bent microtubule. Curvature of an arc is a measure of how much the curve deviates from a
straight line. Therefore, it can be a suitable approach to quantify the extent of bending in
microtubules. In this analysis, | considered the bent microtubule as a series of several curved
segments. The curvature of each segment was determined using a custom MATLAB program
(details in the experimental procedures). The maximum and minimum values of curvatures

obtained were 2.5%10* nm™and 1.6x102 nm™.

Figure 3.9 A shows how the radius of curvature of a bent microtubule segment is defined.
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Figure 3.9. Determination of radius of curvature of a bent microtubule. (A)Schematic
illustration showing the radius of curvature of a segment of the bent microtubule. The bent
region above the neutral axis of the microtubule is apparently under tensile stress while that
below the neutral axis is compressed. (B) The three horizontal sections showing the region
above along and below the neutral axis of the microtubule.

For the ease of discussion, the curvatures of the bent microtubule segments were divided into
three ranges: low curvature for 0-0.001 nm, intermediate curvature for 0.001-0.01 nm™ and
high curvature for 0.01-0.1 nm™L. Figure 3.10 shows the abovementioned three curvature ranges

on the plot of the neutral axis of a bent microtubule.
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Figure 3.10. Color-coded curvature ranges of the bent microtubule. The low intermediate and
high curvature regions are represented by the blue, orange and red colors on the plot,
respectively.

Next, | plotted the velocities obtained in the low, intermediate and high curvature ranges in
histograms (Figure 3.11 A-C). At low curvature range, it showed the typical normal distribution
of the velocities with a mean of about 100 nm/s. In the intermediate range, the mean shifted to

lower velocity which decreased more at high curvature range.

A Curvature: 0.0001-0.0010 nm-" B Curvature: 0.0010-0.0100 nm-! c Curvature: 0.0100-0. 1000 nm-!
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Figure 3.11. Velocity distribution of kinesin movement along the bent microtubule. The
distribution of velocities in (A) low, (B) intermediate and (C) high curvature region of the
bent microtubule shown in Figure 3.10.
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Next, the curvatures were binned into bins of 0.001 nm™ widths. The mean velocities of the
dynein-driven Qdots along segments having curvatures in each bin were determined and then

plotted against their curvature (Figure 3.12).

To get the correlation between the extent of bending of microtubule and kinesin motility first |
determined the velocities of kinesins in every two consecutive frames in all the segments. The
velocities were then plotted against their corresponding bins of the segment curvatures. The
mean of velocities in each bin were also determined (Figure 3.11). It was found that the mean
velocities obtained from this analysis could be expressed as a function of the curvature. The
velocity of the kinesin appeared to decrease exponentially with an increase in the curvature of

microtubule with a power of - 0.3.

The fitting equation in this case was: y =MX ... ... ... (1)
where, fitting parameters, m = 8.4 + 2.5, and n=-0.3 £0.1.

The logarithmic plot of the graph in Figure 3.12 is given in the inset.
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Figure 3.12. Curvature dependent velocity distribution of kinesin along the bent microtubule.
Fit equation: y =mx". m = 8.4 + 2.5, and n = -0.3 + 0.1. The number of Kinesins considered =
37. The total number of frames = 1568. Logarithmic plot of the graph is given in the inset. Blue,
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orange and red colors are used to identify the low, intermediate and high curvature ranges.
Average velocities at each bin are shown using black closed circles.

The bent microtubule has a convex (outer) side and a concave (inner) side, separated by a central
or the neutral line. The outer side is stretched while the inner side is compressed. (Figure 3.9).
The extent of compression or elongation of the microtubules’ protofilaments depends on the
extent of curvature of the microtubule. To analyze the effect of microtubule bending to kinesin
motility in more detail, the bent microtubule under study was divided into three sections along
the microtubules’ neutral axis (Figure 3.9); the region around the neutral axis, the outer tensile
region, and the inner compression region. Therefore, | analyzed the velocities of kinesin
movement by considering the aforementioned three sections named along, above and below the
horizontal axis of the microtubules, respectively (Figure 3.13). The mean velocities
significantly differed for the straight and the bent microtubules, but along the same microtubule,
the velocities remained unaltered along the three horizontal sections. This observation, together
with the fact that kinesin walks along single protofilament, " infer that the bending
deformation of the microtubule in the present experimental conditions may lie in the “elastic”

region where only the inter-protofilament bonds are disrupted. 34

Straight Bent

B Along M Above
B Above M Along 1
[ Below Below

—
o
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Above Along Below

Figure 3.13. Mean velocities of kinesins along three axial sections of the straight and the bent
microtubules. The coordinates of the central axis of the microtubules were determined. The
shortest distance of the kinesin coordinate from the central axis was calculated with direction:
(+) for above and (-) for below the central axis. Three axial sections above, along and below
the microtubule neutral axis in the bent microtubules are the above-mentioned regions under
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tensile stress, neutral state and under compressive stresses, respectively. The number of frames
considered: 119, 162 and 59 for the straight and 130, 413 and 100 for the bent microtubule in
three sections above, along and below the neutral axis, respectively. Error bars: standard
deviation. The velocities of kinesin motility along the straight and the bent microtubules were
found to be statistically significantly different (ANOVA, Tukey’s multiple comparison test,
****p<(.0001 and *P<0.05). But for the same microtubule, the velocities did not significantly
change above, along or below the neutral axis of the microtubule.

The decrease in the kinesin velocity has been interpreted previously due to disruption of
longitudinal inter-dimer bonds along protofilaments, *° loss of parts of the protofilaments, 505!
and the resulting polar mismatching. °> However, the HS-AFM in this study is capable to

visualize any lattice defects occurring at the microtubule structure (Figure 3.14 A).

Figure 3.14. Observation of microtubule lattice defect using the HS-AFM. High-speed AFM
image of a microtubule with defects (A). The site of the defect is marked with the red circle. For
comparison, the bent microtubule under study is provided in (B).

The bent microtubule under the present study is confirmed to possess no lattice defects.
Therefore, the effect on the kinesin motility caused by the bending of microtubule may not be
the outcome of lattice defect only. Even the positions of the tubulin proteins on the bent

microtubules may possess effect to modulate their interaction with the kinesins.

3.2.4. Kinesin’s bias to deformed protofilaments of microtubule

By plotting the numbers of the traces by the kinesins in the three regions of the straight and
the bent microtubules namely, above, along and below the central or the neutral line, any
preference for the Kinesins to bind to the three regions as mentioned could not be found
(Figure 3.15).
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Figure 3.15. Kinesins’ bias to the microtubules. Preference of kinesins to the section relative
to the neutral axis of the (A) straight and the (B) bent microtubule. Three sections were chosen,
which are: the region around the neutral axis (named “along”), the outer tensile region (named
“above”), and the inner compression region (named “below”). No difference in the distribution
of the number of kinesin stepping along the three region could be found along the straight and
the bent microtubules. The number of kinesins considered for both (A) and (B) is 57 with the
total number of frames 551 and 519, respectively.

The high spatial resolution of the HS-AFM may provide information on the kinesin’s movement
along the microtubule protofilaments. Using the kinesin coordinates, | measured the shortest
distance of every point from the central axis. These distances are displayed in the histograms in
Figure 3.16. Each bin is sized to 1 unit from -30 to 30. Positive distance represents distances

above the central axis and negative distances are below the central axis.
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Figure 3.16. Traces of the kinesins on the microtubule. The histograms showing the distribution
of the kinesin traces with reference to the central axis of the straight (A) and the bent (B)
microtubules. Positive distance represents distances above the central axis and negative
distances are below the central axis. For the bent microtubule, the region above and below the
central axis represents the sides under compressive stress and tensile stress, respectively.

The prominent peaks positioned almost equally spaced refer to the protofilaments of the
microtubule. While the protofilaments are distinctly visible in the case of the straight
microtubule, for the bent microtubules the protofilaments seem to appear rather closely spaced.
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3.2.5. Effect of bending of the microtubules on the kinetic parameters of kinesin-

microtubule binding

The bending of the microtubule structure may bestow the effect on their binding interaction
with kinesin. Therefore, next, | explored the binding affinity of kinesin to microtubule by
analyzing of kinesins on the straight and the bent microtubules. For this, | evaluated three
kinetic parameters, binding rate constant kon, dissociation rate constant Ko and dissociation
constant Kq (Table 3.1). The kon was defined as the number of kinesins bound on the microtubule
in a unit of kinesin concentration, microtubule length and time (M tum™s™), by the previously
reported >*°* (details in methods). The measured kon values show that, kon of kinesins on the

bent microtubule k2¢"t = 3.6 x 10° + 5.2 x 10* Mums™* was ~2 times higher than that on

straight microtubule ( k379" = 1.5 x 106 + 2.6 x 103 M um™s™). Higher kon value refers

to the faster binding of kinesins to the tubulins in the bent microtubule compared to those in the

straight microtubule.

On the other hand, the dissociation rate constant Kot was characterized as the inverse of the
kinesins’ binding time on the microtubules. In order to obtain the binding time, the cumulative
probability functions of the binding time of each kinesin were determined for the straight and
the bent microtubules (Figure 3.17). The mean binding time of kinesins on the straight
microtubule was about 1.5 s (n = 57) and that on the bent microtubule was about 2.2 s (n = 57).
Therefore, Kinesins, having spent significantly longer time on the bent microtubule than on

straight microtubule gave slower dissociation rate constant, k(’i]‘:’}”‘t = 0.45 + 0.02 st while
detaching from the bent microtubule than from the straight microtubule ( kj}}aight =0.67 +

0.0457).
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Figure 3.17. Kinesin binding time on the microtubules. The cumulative probability distribution
of kinesin binding time on the straight (blue) and the bent (red) microtubules. The binding time
is defined as the total time kinesin stays attached to the microtubule during movement. The time
was limited by either the detachment of kinesin from microtubule or the end the of observation.
The cumulative probability functions were fitted to F(x)=z=*dist(z); where, z = ((x-mean)/SD)
and SD = (Xmax-Xmin). The mean binding times of kinesin on the straight and the bent
microtubules are 1.5 + 0.1 s (n=57) and 2.2 + 0.1 s (n=57) from fitting with R? = 0.9857 and
0.9895, respectively. The data sets did not pass the tests for normality (at alpha = 0.01) hence
were tested for statistical analysis using the non-parametric Mann-Whitney test. The results
varied significantly at P<0.01.

It is to note that the binding time of kinesin is affected due to mechanical forces between the
. . . . k -
kinesin and its receptor microtubule. > Next, | calculated Kqg (= k"—ff) for characterizing

bindingthe of kinesin to the straight and the bent microtubules. The Kq values reflected high
kinesin binding affinity of the bent microtubule than the straight microtubule. This strong
binding might have taken place due to stronger intermolecular forces between the kinesin and
tubulin of the bent microtubule. Such speculation stands out considering five-fold stronger
affinity of a kinesin-like protein, Kip3, for curved tubulin than that for straight ones

significantly lowered the ATP hydrolysis. °
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Table 3.1. Summary of the kinetic parameters kon, Koff and Kgq of kinesin binding to the straight and

the bent microtubules.

Microtubule type Kon (Mtpum™s™?) Kot (51) Ka (M.um)
Straight 1.5x10%+ 2.6 x10® | 0.67 +0.04 4.5x107"+ 3.0 x10'®
Bent 3.6x108 + 5.2 x10* 0.45+0.02 1.3x107+ 6.0 x10°®

Recent observation claims binding of high concentration kinesin may give rise to 1.6% axial
expansion of the microtubule. 3" Converse to this results from the present study lead to conclude
the following points: the deformation in the microtubule lattice by bending, may impose an
effect on the kinesin-microtubule interaction. No apparent lattice defects on the bent
microtubule could be observed. The bending of the microtubule may cause the constituting
tubulins to undergo alteration in their native configurations and bring changes to the electronic
charge distribution on the microtubule surface. Since the binding of kinesin to microtubule is
directly related to the non-uniform charge distribution on kinesin and tubulin, °® the present
speculation is supported by recently explored evidence which shows, KLP10A, a member of
the kinesin-13 family, is not catalytic when bound to the microtubule-lattice and becomes
catalytic when bound to deformed tubulin. ®® The reports on stable and ordered complex
formation by kinesin-13 and curved tubulin protofilaments stand in line to support the presented
results showing the longer binding time and larger displacement of kinesin movement along the
bent microtubule. 652 Post-translational modifications of tubulins, for example, acetylation is
reported to distinctly impact the motor protein movement along the microtubule. % The obtained
results provide an important clue on how an apparently small deformation, i.e., the bending of
the microtubule, can alter its interaction with kinesins. How such change may enforce effect on

the ATPase activity of kinesin motors opens a new window of investigation. 546°
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3.3 Conclusion

| have been able to realize the visualization of single kinesins transporting along microtubule
with high spatio-temporal resolution. Also, I could successfully establish the method to cause
bending of microtubule in an in vitro environment. The curvature of bending was not controlled
but persisted in the range where elastic deformation of microtubule takes place. 34° The
curvature dependent motility behavior of kinesin reported here could facilitate our current
understanding of cellular dynamics. The present approach allowed to quantify the binding
affinities of kinesin to undeformed and deformed microtubule simply. The results show
theoretically direct indication of altered interaction between kinesin and deformed microtubule.
An alteration in microtubule-motor interaction by bending may provide an understanding of

how microtubules serve as mechanotransducers in the cell. &
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3.4 Experimental Procedure
3.4.1. Purification of tubulin and polymerization to microtubules

Tubulin was purified from fresh porcine brain using a high-concentration PIPES buffer (1 M
piperazine-N, N'-bis(2-ethanesulfonic acid) (PIPES), 20 mM ethylene glycol-bis(B-aminoethyl
ether)-N, N,N’,N'-tetraacetic acid (EGTA), 10 mM MgCl.; pH adjusted to 6.8 using KOH) ® and
stored at -80 °C. The tubulin was polymerized into microtubules in presence of 4 mM guanosine-
5'-triphosphate (GTP) at 37 °C for 30 min. Then, 1 mM paclitaxel was added and again incubated
for 15 min at 37 °C. The paclitaxel-stabilized microtubules (tubulin concentration = 1.12 uM) were
then suspended in a buffer with the composition of 80 mM PIPES (pH = 6.9), 2 mM MgCl., 1 mM
EGTA, 1 mM GTP, 50 uM paclitaxel, and 2.74 M glycerol (20 vol%).

3.4.2. Expression and purification of kinesin

Kinesin-1 construct consisting of human kinesin (residues 1-465), an N-terminal histidine tag, and
a C-terminal Avi-tag was purified. The expression and purification of kinesin were performed as

done previously. 7
3.4.3. Preparation of mica supported lipid bilayer

Lipid bilayers were prepared using lipids 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
and 1,2-dipalmitoyl-3-trimethylammonium-propane (DPTAP) (Avanti Polar Lipids, Alabaster,
AL). A previously published method for the preparation of lipid bilayers was followed and is
outlined here. #* Solutions of DPPC and DPTAP in chloroform were mixed at a gravimetric ratio
of 3:7. The chloroform was then evaporated under a stream of nitrogen gas. Then, Milli-Q H.O
was added to obtain a 0.5 mg/mL lipid solution. Freshly cleaved mica was placed on a circular
sample stage of diameter 2 mm. A 0.5 mg/mL lipid solution was added on the mica and incubated
for 10 min. The sample stage was then washed thoroughly with imaging buffer (80 mM PIPES
(pH 6.9 with KOH), 2 mM MgCl,, and 1 mM EGTA in Milli-Q water). A uniform lipid bilayer on
mica substrate was obtained. For observing bent microtubules, 20 mM Tris-HCI (pH adjusted to
8.8 with KOH) was applied on the sample stage, incubated for 3 seconds and washed with the
imaging buffer. As a result, cracks were created on the lipid bilayer and discrete islands of the lipid
bilayer were formed.
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3.4.4. Single kinesin transportation assay along microtubule

2.00 pL of 1.12 uM paclitaxel-stabilized microtubule solution was placed on the mica supported
lipid bilayer (with or without Tris-HCI washing) and left to adsorb on the surface for 10 min. After
that, the sample stage was thoroughly washed with 20.0 uL to 40.0 pL of imaging buffer. Next a
solution of Avi-tag kinesin (600 nM) diluted in buffer composed of 80 mM PIPES, 40 mM NaCl,
1mM EGTA, 1 mM MgCI., 20 uM casein, 1 mM dithiothreitol, 10 mM paclitaxel; pH 6.8) was
applied and allowed to stand for 5 minutes. For observation of the single kinesins moving along
the microtubules, a mixture of kinesin and ATP solution was added along with the imaging buffer.
The final concentrations of kinesin and ATP while imaging were 40 nM and 5 uM, respectively.

All experiments were carried out at room temperature.
3.4.5. Imaging with High-Speed AFM apparatus

The measurements were performed using a laboratory-built high-speed AFM. > The topography
images were recorded in tapping mode. BL-AC10DS-A2 (Olympus, Tokyo, Japan) cantilevers
were used. These cantilevers were about 9 um long, 2 pm wide and 130 nm thick with a spring
constant between 0.01 Nm™ and 0.1 Nm, according to the supplier. All images were recorded in
the above-specified imaging buffer, where the cantilevers’ resonance frequencies were between
400 kHz and 500 kHz. The free oscillation amplitude of the cantilever was set to about 1.5 nm,
with a set-point of approximately 80% of the free amplitude during scanning. The carbon tip at the
end of the cantilever was grown using electron beam deposition and sharpened using a plasma
etcher to a tip radius between 2 nm and 5 nm. The imaging rate was set to 150 and 250 ms per
frame for capturing movies with straight and bent microtubules, respectively. The images were

analyzed using laboratory-made analysis software and Fiji. ©

Figure 3.18 shows the arrangement of the apparatus in HS-AFM for the present investigation
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Figure 3.18. Experimental arrangement for observation in HS-AFM.
3.4.6. Estimation of parameters

The mean distance traveled were calculated by fitting the cumulative probability distribution of

the distances in the equation: Y= z*dist(z), where, z = x_;n;an and SD = (Xmax-Xmin). The data

were normally distributed as checked from the Kolmogorov-Smirnov test for normality (alpha =

0.001). For this analysis, the coordinates of equally spaced points on the centerline of the
buckled microtubules were divided into several sections. A custom-written MATLAB code fitted
the coordinates to a half circle and obtained the coordinate of the circle and the radius of the

curvature. Curvature was obtained by inverting the radius of curvature, since, curvature =

1
radius of curvature

. The pausing events by kinesins denoted in Figure 3.5 B, to take place if the

kinesin is observed to remain stationary for at least 4 consecutive frames. The values of kon 0N
straight or bent microtubules were calculated as the number of bound kinesins normalized by
kinesin concentration, length of microtubule, and observation time. Binding events were counted
for 81.45 s and 53.50 s, respectively for straight and bent microtubules, respectively. The lengths
of the microtubules were measured from the HS-AFM images using software, Fiji. Koff was
calculated as the reciprocal of mean binding time. The binding time was defined by the duration
of time starting from attachment of the kinesins to microtubule until they were detached from
microtubule, or the imaging was finished. To determine mean binding times bin-independent

cumulative probability distributions of the binding times were plotted. The distributions were
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fitted to the function: y = e ¢ ; where, Xois the shortest binding time measured during
analysis. The only fit parameter, the decay constant, t, gave the mean binding time in the

distribution in Figure 3.7.
3.4.7. Statistical analysis

Statistical analyses were performed with GraphPad Prism 8.1.0 (www.graphpad.com). A two-
tailed Student’s t-test was used to compare two groups. One-way ANOVA followed by Tukey’s
multiple comparison test was used to compare among three or more groups of normally distributed
data. Kruskal-Wallis test followed by Dunn’s multiple comparison test was used to compare
among three or more groups of non-normal data. The values for the number of events, P-value,
and name of the statistical test performed for each analysis are included in the figure legend or in

the caption. Graphs were generated using either GraphPad Prism 8.1.0 or OriginPro 2019.
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3.5 Results of Statistical analysis

Statistical analysis of all data mentioned in this chapter were carried out using the software
GraphPad Prism 8.1.0. Below are mentioned the results of all relevant analysis in the sequence as

they appear in the chapter.

Table 3.5.1. Results of test for Normal distribution of the mean velocities of kinesins moving
along straight and bent microtubules. Following are the results from tests that were carried out.
(Figure 3.6)

Anderson-Darling test Straight Bent
A2* 0.5707 1.889
P value 0.1323 <0.0001
Passed normality test (alpha=0.01)? Yes No
P value summary ns falaiakel

D'Agostino & Pearson test

K2 11.53 42.01
P value 0.0031 <0.0001
Passed normality test (alpha=0.01)? No No
P value summary el falakalel
Shapiro-Wilk test

wW 0.9498 0.8366
P value 0.0243 <0.0001
Passed normality test (alpha=0.01)? Yes No
P value summary * falalaled

Kolmogorov-Smirnov test

KS distance 0.09195 0.1419
P value >0.1000 0.0060
Passed normality test (alpha=0.01)? Yes No
P value summary ns **
Number of values 57 57

3-26



3-27



Table 3.5.2. Results from the statistical analysis of mean velocity data using the non-parametric

Mann-Whitney test for statistical significance (Figure 3.7).

Column B Bent microtubules
VS. VS.
Column A Straight microtubules

Mann Whitney test

P value <0.0001
Exact or approximate P-value? Exact
P value summary kol
Significantly different (P < 0.01)? Yes
One- or two-tailed P value? Two-tailed
Sum of ranks in column A, B 3937, 2279
Mann-Whitney U 626
Difference between medians

Median of column A 90.13, n=54
Median of column B 39.60, n=57
Difference: Actual -50.53
Difference: Hodges-Lehmann -40.16

Table 3.5.3. Results from Kolmogorov-Smirnov test for normality of distance traveled by

kinesins along straight and bent microtubules (Figure 3.8).

Kolmogorov-Smirnov test Straight Bent
KS distance 0.1447 0.1475
P value 0.0118 0.0034
Passed normality test (alpha=0.001)? | Yes Yes

P value summary * **
Number of events 57 57
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Table 3.5.4. t-test results for the comparison of the mean distance traveled by kinesins along

straight and bent microtubules (Figure 3.8).

Column B Bent
VS. VS.
Column A Straight
Unpaired t test with Welch's correction

P value 0.00077
P value summary falehed
Significantly different (P < 0.001)? Yes
One- or two-tailed P value? Two-tailed

Welch-corrected t, df

t=2.731, df=83.34

How big is the difference?

Mean of column A 115.2
Mean of column B 75.29
Difference between means (B - A) £+ SEM -39.87 + 14.59
99% confidence interval -78.34 to -1.392
R squared (eta squared) 0.08217
F test to compare variances

F, DFn, Dfd 2.102, 48, 56
P value 0.00078
P value summary falehed
Significantly different (P < 0.01)? Yes
Data analyzed

Sample size, column A 57
Sample size, column B 57

3-29




Table 3.5.5. Assignment of group number to data sets of mean velocities of the kinesins along

three axial regions of the straight and bent microtubules. These groups were analyzed for the

Tukey’s multiple comparison test for post-hoc analysis in Table 3.5.6.

Straight Bent
Above Along Below Above Along Below
1 2 3 5 6

Table 3.5.6. Tukey’s multiple comparison test for post hoc analysis of mean velocities of the

kinesins along three axial regions of the straight and bent microtubules (Figure 3.12).

Number of families 1
Number of comparisons per family 15
Alpha 0.0001
Tukey's multiple Mean Diff. 99.90% ClI of diff. | Summary | Adjusted P-Value
comparisons tests
Sets 1vs. 2 9.687 | -8.33510 27.71 ns 0.2652
Sets1vs. 3 9.708 | -14.06 to 33.48 ns 0.5790
Sets1vs. 4 33.79 | 14.86 t0 52.73 Fkkk <0.0001
Sets1vs. 5 29.58 | 14.051t0 45.11 falaialad <0.0001
Sets1vs. 6 29.34 | 9.085 to 49.59 Fkkk <0.0001
Sets 2 vs. 3 0.02063 | -22.68 to 22.72 ns >0.9999
Sets 2 vs. 4 24.11 | 6.529 10 41.68 falaialad <0.0001
Sets2vs. 5 19.90 | 6.057 to 33.73 Fkkk <0.0001
Sets 2 vs. 6 19.65 | 0.6646 to 38.63 *xx 0.0006
Sets3vs. 4 24.09 | 0.6532to 47.52 faleka 0.0006
Sets3vs. 5 19.87 | -0.9007 to 40.65 ke 0.0020
Sets 3 vs. 6 19.63 | -4.878 to 44.13 * 0.0180
Sets 4 vs. 5 -4.211 | -19.22 t0 10.80 ns 0.8735
Sets 4 vs. 6 -4.458 | -24.31 10 15.40 ns 0.9475
Sets 5 vs. 6 -0.2474 | -16.88 to 16.39 ns >0.9999
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Table 3.5.7. Results of test for Normal distribution of the binding time of kinesins on straight and

bent microtubules. Following are the results from tests that were carried out (Figure ).

Anderson-Darling test Straight Bent
A2* 1.649 1.573
P value 0.0003 0.0004
Passed normality test (alpha=0.01)? No No
P value summary Fhx Fhx
D'Agostino & Pearson test

K2 11.21 29.54
P value 0.0037 <0.0001
Passed normality test (alpha=0.01)? No No
P value summary ** Fkkx
Shapiro-Wilk test

W 0.8957 0.8639
P value 0.0001 <0.0001
Passed normality test (alpha=0.01)? No No
P value summary falead Fkkx
Kolmogorov-Smirnov test

KS distance 0.1377 0.1314
P value 0.0089 0.0156
Passed normality test (alpha=0.01)? No Yes
P value summary ** *
Number of values 57 57
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Table 3.5.8. Mann-Whitney U test to analyze the statistical significance of the difference of

binding time of kinesins on the straight and the bent microtubules (Figure 3.16).

Column A Straight

VS. VS.

Column B Bent

Mann Whitney test

P value 0.0106
Exact or approximate P-value? Exact
P-value summary **
Significantly different (P < 0.01)? Yes

One- or two-tailed P value? Two-tailed
Sum of ranks in column A, B 2853, 3703
Mann-Whitney U 1200
Difference between medians

Median of column A 1.050, n=57
Median of column B 1.750, n=57
Difference: Actual -0.7000
Difference: Hodges-Lehmann -0.4500
99.01% ClI of difference -1.050 to 0.05000
Exact or approximate CI? Exact
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Chapter 4
Effect of Stabilization of Microtubules by Cevipabulin on Microtubule
Behavior and their Interaction with Kinesins

Abstract

Cevipabulin recently gaining attention as an important drug in treatment of Alzheimer’s
disease has the feature to stabilize microtubules. In this chapter, I attempt to evaluate the
stabilization of microtubules by cevipabulin belonging to one of the least explored class
of microtubule stabilizing agents, [1,2,4]triazolo[1,5-a]pyrimidines. I have investigated
the change in mechanical properties of the cevipabulin-stabilized microtubules. The
results showed that cevipabulin-stabilized microtubules were more flexible compared to
that of the microtubules stabilized by paclitaxel, the most commonly used antimitotic
microtubule stabilizing agent. Similar to the paclitaxel-stabilized microtubules,
cevipabulin-stabilized microtubules could be driven by kinesins in an in vitro gliding
assay. The velocity of cevipabulin-stabilized microtubules was significantly higher than
that of paclitaxel-stabilized microtubules. This finding will enrich the variety of
microtubules with difference in mechanical and dynamic properties and widen their

applications in nanotechnology.



4.1. Introduction

Microtubule-stabilizing agent to stabilize microtubules are strategically important for
therapeutic intervention in neurodegenerative diseases. !> Microtubule is a cytoskeletal
component that provides structure and spatial organization in eukaryotic cells. ** The
a- and B-tubulins form heterodimers and polymerize to form a hollow cylindrical
structure of microtubule with an outer diameter of 25 nm. °> Microtubules together with
their associated motor proteins such as, kinesin and dynein participate in various
biological processes like, growth, development and migration. °® The dynamic structures
of microtubules alternate between growing and shrinking phases. Therefore, the chemical
compounds that interact with microtubules are also important chemotherapeutic agents
for the treatment of cancer. Microtubule associated motor proteins move along
microtubules by consuming chemical energy of adenosine triphosphate (ATP) with high
efficiency compared to artificial machineries. * Due to such attractive features the
microtubule-kinesin/dynein system are considered as building blocks of actuators for
molecular robots and artificial muscle. ' Microtubule stabilization has found

usefulness in such applications as well.

So far, a naturally occurring drug, paclitaxel has been the most commonly used
microtubule stabilizing agent. However, the limited sources, complex structures of this
compound limit its synthesis and thereby, restrict its application. As a result, several small

synthetic compounds, such as, triazolopyrimidines, '© Synstab A, 7 phthalimide

18 19

derivatives, pyridazines, have emerged as microtubule stabilizing agents. Of
these, cevipabulin (5-chloro-6-[2,6-difluoro-4-[3-(methylamino)propoxy]phenyl]-N-

[(2S)-1,1,1-trifluoropropan-2-yl]-[1,2,4]triazolo[ 1,5-a]pyrimidin-7-amine), from the
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class of triazolopyrimidines is reported to stabilize microtubules in a way similar to and
different from the way paclitaxel does. '¢?*2> Recently, it has attracted attention as
starting points for central nervous system (CNS) drug development and in treatment of
neurodegenerative diseases, for example, the Alzheimer’s disease. >** Therefore,
understanding the effect of cevipabulin on mechanical and dynamic properties of
microtubules would be beneficial in the aspects of physiological application as well as in

nanotechnology.

Cevipabulin has been reported to exhibit oral bioavailability, metabolic stability and water
solubility. >* But their utility in artificial environment has not yet been verified. In this
work, for the first time the cevipabulin-stabilized microtubules were observed using
fluorescence microscopy. Finally, I have investigated the effect of cevipabulin on the

mechanical and dynamic properties of the microtubules in vitro.
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4.2. Results and Discussion

4.2.1. Microtubule stabilization using cevipabulin

Cevipabulin belongs to triazolopyrimidines, a series of small, synthetic molecules to
promote tubulin polymerization. ?* Figure 4.1 shows the chemical structures of
cevipabulin and that of naturally occurring complex paclitaxel molecule, the most

commonly used antimitotic agent to stabilize microtubules.

O
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Figure 4.1. Chemical structures of the microtubule stabilizing agents used in this study.

Chemical structures and molecular weights of cevipabulin and paclitaxel.

In order to stabilize microtubules, the microtubule stabilizing agents are classified to bind
to the a-p tubulin dimer in three established drug domains: a) colchicine, b) taxoid, or ¢)
vinca alkaloid sites. >* Location of the binding sites on tubulins to which microtubule
stabilizing drugs bind are shown in the 3-dimensional structure in Figure 4.2. Cevipabulin
is reported to bind to the B-tubulin of microtubule like paclitaxel. 22 Paclitaxel binds to
the intraluminal taxoid site on the B-tubulin in polymerized microtubule. The reports in
favor of cevipabulin binding to the taxoid as well as the vinca alkaloid domain of B tubulin

are available. ' However, it is established that, cevipabulin does not compete with
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paclitaxel for its binding to the taxoid site, rather vinblastine, a microtubule destabilizing

agent. 222

a~tubulin

p-tubulin

Figure 4.2. Drug-binding sites in tubulin. Three-dimensional model of a-f tubulin
heterodimer showing microtubule stabilizing drug binding sites on o and f tubulins. The

sites A, B and C denote the colchicine, taxoid, and vinca alkaloid sites, respectively.

To investigate the effect of cevipabulin on microtubule stabilization, fluorescent dye
labelled tubulins were polymerized in to microtubules as described in the experimental
section. The microtubules (5.6 uM) were mixed with cevipabulin (50 uM) and stored at
room temperature. The fluorescence microscopy image of the fluorescent-labelled
microtubules is shown in the Figure 4.3 (A), from which successful stabilization by
cevipabulin was confirmed. For comparison paclitaxel-stabilized microtubules were also
prepared fluorescence microscopy image of which is shown in 4.3 (B). Apparently, no
considerable difference between cevipabulin and paclitaxel-stabilized microtubules was

observed.
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Figure 4.3. Conditions of the stabilized microtubules. Fluorescence microscopy images
of microtubules stabilized using (A) cevipabulin and (B) paclitaxel. Concentration of
tubulin for microtubule preparation was 5.6 UM and concentrations of both microtubule
stabilizing agents were 50 M. Scale bar: 10 pm.

To confirm the apparent similarity in microtubule condition further, the lengths of the
microtubules were analyzed (Figure 4.4). The arithmetic average of length of
microtubules stabilized by cevipabulin and by paclitaxel were found to be 10.2 + 5.5 uym
(n=174) and 104 + 7.1 um (n=161), respectively. The distribution of lengths of
microtubules from two datasets were found to be not normally distributed from the results
of tests for normal distribution (Anderson-Darling test, D'Agostino & Pearson test,
Shapiro-Wilk test and Kolmogorov-Smirnov test). This was further validated from the

fitting of the distributions to equation for Gaussian distribution as follows:

—(x—b)2

y=Ae ¢ N N §)

here A, b and c represent height, center and variance of the fitted peaks, respectively. The

fitting of the data gave low R? values Figure 4.4 (A,B).
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Figure 4.4. Length distribution of the stabilized microtubules. The histograms of
distribution of lengths of the cevipabulin-stabilized microtubules (A) and the paclitaxel-
stabilized microtubules (B). Bin size = 4 um. The distributions of lengths were fitted to
the Gaussian equation (equation 4.1). The fitted curves are represented by solid lines. The
dotted lines indicate the deviation of the fitting. Arithmetic mean and mean from Gaussian
fitting of the microtubule lengths are mentioned in the legends. The datasets did not pass
the normality tests inferring that the data are not normally distributed which was also
supported by the low R? values of the fits. Number of microtubules considered for
analysis are mentioned in legends.

Since the microtubule lengths were not normally distributed, I performed the Mann-
Whitney non-parametric U-test suitable for non-normal data to check the statistical
significance of the difference between lengths of microtubules stabilized by cevipabulin
and by paclitaxel. No significant difference in microtubule lengths was observed from

Mann- Whitney test at P < 0.01 (Figure 4.5).
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Figure 4.5. Mean lengths of the stabilized microtubules. Mean lengths of microtubules
stabilized by cevipabulin and paclitaxel were not significantly different as obtained from
the result of Mann-Whitney test at P< 0.01. P=0.7040. ns: non-significant. Error bar:
standard deviation.

The polymerization of the microtubules from tubulins was carried out for the same
duration of time (i.e. 30 minutes). The similar length distribution of microtubules
stabilized using same treatment with cevipabulin and with paclitaxel may be indicative to

the similarities between microtubule stabilization mechanism by the two drugs. 2
4.2.2. Effect of time on the length of cevipabulin-stabilized microtubules

| investigated the effect of incubation time on the microtubules stabilized by the
cevipabulin. Observation of same effect on the paclitaxel stabilized microtubules was
made. The results are shown in the Figure 4.6. It was observed that in a given time the
length of the microtubules stabilized by cevipabulin did not alter significantly whereas
the length of microtubules stabilized by the paclitaxel became almost double upon

incubation time of 24 hours.
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Figure 4.6. Effect of incubation time on the lengths of the cevipabulin and paclitaxel-
stabilized microtubules. At 0,6,12, and 24 hours lengths of 174, 216, 100, 156
cevipabulin-stabilized microtubules and 161, 136, 102, 119 paclitaxel-stabilized
microtubules were measured. Error bar: standard deviation.

4.2.3 Effect of stabilization by cevipabulin on the mechanical property of

microtubules

Next, | investigated whether stabilization of microtubule by cevipabulin has any effect on
their mechanical property. For this | estimated the persistence length of microtubules. It
is the measure of the rigidity of microtubule at any constant temperature. To determine
the persistence lengths of the two types of microtubules, end-to-end and contour lengths
of microtubule were measured as done in literature. 22" The obtained data were fitted in

the following equation:

L

R? = ZL%[i— T4e®] e (42)

where R is the mean squared end-to-end distance,
L is the contour length of a filament, and
L, represents the persistence length of microtubule. The derived parameter from the fitting

gave the values of persistence lengths.



The results of analysis of the persistence lengths of cevipabulin and taxol-stabilized
microtubules are presented in the Figure 4.6. Fitting of the data to equation 4.2 gave that
the persistence length of cevipabulin-stabilized microtubules was 59.8 £ 4.9 um (n =174)
whereas that of paclitaxel-stabilized microtubules was higher, 84.9 + 4.8 um (n =161).

The higher value of persistence length of a filament refers to its higher rigidity.
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Figure 4.7. Persistence lengths of the stabilized microtubules. The persistence lengths of
microtubules stabilized by cevipabulin (A) and paclitaxel (B). Solid lines are obtained
from data fitted to the equation 4.2. Values of L, and the goodness of fits are mentioned
in the figure legends.

I performed the Student’s t-test to check the statistical significance of the difference

between persistence lengths of these two types of microtubules. It was found that the

result is statistically significant at P<0.0001 (Figure 4.8).
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Figure 4.8. Comparison of the persistence lengths of the microtubules stabilized by
different drugs. The persistence lengths of the microtubules stabilized by cevipabulin and
paclitaxel as derived from the fitting in Figure 4.7. Statistical analysis by Student’s t-test
show significant difference between the two data sets at P<0.0001 indicated by ****,
Error bar: standard deviation.

This result confirms that, stabilization by cevipabulin rendered microtubules more
flexible compared to the paclitaxel-stabilized microtubules. The increased flexibility of
the cevipabulin-stabilized microtubules may be explained by the binding of cevipabulin

to B-tubulins at two binding sites, one being the same as where paclitaxel binds and the

other, vinca alkaloid domain. *®

4.2.4. Effect of stabilization by cevipabulin on the biochemical activity of
microtubules

Finally, in order to investigate if the cevipabulin-stabilized microtubules retain their
biochemical activity, an in vitro gliding assay on a kinesin coated substrate in presence of
5 mM ATP was performed. Time lapse fluorescence images from the gliding assay of
cevipabulin-stabilized microtubules over 800 nM kinesin coated glass are shown in
Figure 4.9 A. Figure 4.9 B shows the displacement of microtubules with time along their

trajectories.
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Figure 4.9. Motility of the stabilized microtubules over kinesin coated substrate. (A) Time
lapse fluorescence microscopy images from the gliding assay of cevipabulin-stabilized
microtubules over kinesin coated substrate. The movement of one representative gliding
microtubule in three images are shown by the vertical arrows. Scale bar: 10 um. (B) The
change in position of cevipabulin-stabilized gliding microtubules at 10 second interval
identified using Imagel plugin ‘color footprint’. 5 consecutive frames have been
considered for this analysis. Here the red and blue color indicate the initial and final
position of the microtubule at 10.0 sec and 50.0 sec., respectively. Scale bar: 10 um. (C)
Time lapse fluorescence microscopy images from the gliding assay of paclitaxel-
stabilized microtubules over kinesin coated substrate. The movement of one
representative gliding microtubule in three images are shown by the vertical arrows. Scale
bar: 10 um. (D) The change in position of paclitaxel-stabilized gliding microtubules at 10
second interval identified using ImageJ plugin ‘color footprint’. 5 consecutive frames
have been considered for this analysis. Here the red and blue color indicate the initial and

final position of the microtubule at 10.0 sec and 50.0 sec., respectively. Scale bar: 10 pm.

From Figure 4.9 B, it is observed that all the microtubules stabilized with cevipabulin
demonstrated gliding motion on the kinesin coated substrate similar to the paclitaxel-
stabilized microtubules (Figure 4.9 D). This result confirms that stabilization of

microtubules by cevipabulin has similar effect on the gliding behavior of microtubules
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induced by kinesins.

Furthermore, the gliding velocities of the microtubules were analyzed (Figure 4.10 A-C).
The velocities of cevipabulin and paclitaxel-stabilized microtubules were compared and
both were found to be normally distributed ( the D'Agostino & Pearson test and Shapiro-
Wilk tests for normal distribution at alpha =0.01). The distributions were fitted to the
Gaussian equation (equation 4.1). The average gliding velocities from the fitting were
703 £+ 6 nm/s (n=30) and 486 + 1 nm/s (n=30) for microtubules stabilized by cevipabulin
and by paclitaxel, respectively. The difference in the velocity between these two types of
microtubules was found to be statistically significant (Student’s t-test, P<0.0001, Figure

4.9 C).
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Figure 4.10. Gliding velocities of the stabilized microtubules over kinesin coated
substrate. Distribution of velocities of gliding microtubules stabilized by 50 pM
cevipabulin (A) and 50 uM paclitaxel (B). Bin size = 100 nm/s. The distributions of
velocities were fitted to the Gaussian equation for normal distribution (equation 1). The
fitted curves are represented by solid lines. The dotted lines indicate the deviation of the
fitting. Mean velocities from the fitting, number of samples considered, and goodness of
fit are mentioned in the legends. (C) Mean velocities of microtubules stabilized by
cevipabulin and paclitaxel were significantly different as obtained from the result of
Student’s t-test at P< 0.0001 indicated by ****_Error bar: standard deviation.
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This result suggests that the interaction of kinesins with cevipabulin-stabilized

microtubules might be different from that with paclitaxel-stabilized microtubules.

Paclitaxel until now, is the only known microtubule stabilizing drug to increase
microtubule flexibility. 2% Present report suggests that the microtubules stabilized by
cevipabulin are more flexible than those by paclitaxel. Previous claims of cevipabulin
showing similarities to paclitaxel and to vinblastine are available. ?>?* Paclitaxel binds to
a hydrophobic cleft of the B-tubulin subunit and often induce the structuring of a key M
loop to mediate lateral tubulin interactions in microtubules. *° Whereas, the vinblastine
binds to the B-tubulin subunit at the interdimer interface, to perturb longitudinal tubulin
contacts and favor tubulin-tubulin association in a non-microtubule-like assembly fashion.
31 Since the interdimer tubulin-tubulin interaction is less strong than the intra-dimer
tubulin-tubulin bond, 322 the difference in binding of cevipabulin and paclitaxel to the

tubulin might be responsible for the increased flexibility.
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4.3. Conclusion

In conclusion, the effect of cevipabulin on the mechanical properties and dynamics of
microtubules was explored. Cevipabulin made the microtubules more flexible and
increases their gliding velocity on kinesin coated substrate. Although paclitaxel is the
most commonly used drug to stabilize microtubules, present results show similar
stabilizing efficiency by cevipabulin. Moreover, the small cevipabulin molecules with
simpler structure might prove to be more advantageous in tuning the mechanical
properties of the microtubules. These findings will provide more opportunity to employ
the microtubules in treating neurodegenerative diseases and cancers 22>3* as well as in

nanotechnological applications 115,
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4.4 Experimental procedures

4.4.1. Chemicals

All chemicals were purchased from Sigma unless mentioned otherwise. Cevipabulin was
purchased from MedChemExpress.

4.4.2. Purification, labelling and polymerization of tubulin

Tubulin was purified from fresh porcine brain using a high-concentration PIPES buffer
(1 M PIPES, 20 mM EGTA, 10 mM MgCl,; pH adjusted to 6.8 using KOH). 3 ATTO
550 fluorescent dye labelled-tubulin was obtained following standard protocol. 3¢
Microtubule was polymerized from 56 pM tubulin (20% ATTO 550 labelled tubulin and
80% non-labelled tubulin) in BRB80 (80mM K-PIPES, 1mM MgClz, 1mM ethylene
glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA); pH 6.8) in presence
of 5 mM Guanosine 5’-Triphosphate (GTP), 20 mM MgCl2, 25% dimethyl sulfoxide at

37 °C for 30 minutes.

4.4.3. Stabilization of microtubules

The stock solutions of cevipabulin and paclitaxel were prepared using dimethyl sulfoxide
as solvent. For microtubule-stabilization the polymerized microtubules (tubulin
concentration 5.6 uM) and 50 uM stabilizing agents, paclitaxel or cevipabulin were

mixed in BRB8O.

4.4.4. Fluorescence microscopy

Samples were illuminated with a 100 W mercury lamp (Intensilight, C-HGFIE, Nikon)

and observed by epi-fluorescence microscope (Eclipse Ti; Nikon) equipped with an oil-
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coupled Plan Apo 60x1.40 objective (Nikon). Filter block with UV-cut specification
(TRITC: EX540/25, DM565, BA606/55; Nikon) was used in the optical path of the
microscope to separate the excitation light from the fluorescence and eliminate harmful
effect of UV irradiation on samples. Images were captured using a complementary metal-
oxide semiconductor (CMOS) sensor camera (Neo SCMOS; Andor). Neutral density or
ND filters were used on the microscope eliminate photobleaching. The microscope
sample stage position, shutters, filter wheels and camera were controlled using
software NIS- Elements BR (version 4.50, Nikon). Movies of the gliding microtubules

were captured with a frame interval of 10 seconds.

4.4.5. Data analysis

The fluorescence images were analyzed by NIS- Elements BR software (Nikon) and Fiji
1.52 J software (National Institutes of Health, USA). Gliding velocities were measured
using the ImageJ plugin MTrackJ. Figures 4.9 B and D, showing positions of the
microtubules with time were generated using the ImageJ plugin color footprint. Statistical
analyses were performed with Prism 8 (GraphPad). Two-tailed Student’s t-test or Mann-

Whitney tests were carried out to compare two groups of data where appropriate.
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4.5. Results of Statistical Analysis

Statistical analysis of all data mentioned in this chapter were carried out using the

software GraphPad Prism 8.1.0. Below are mentioned the results of all relevant analysis

in the sequence as they appear in the chapter.

Table 4.5.1. Results of test for Normal distribution of the lengths of microtubules

stabilized by cevipabulin and those by paclitaxel. Following are the results from tests

that were carried out (Figure 4.5).

Anderson-Darling test

A2* 4.323 5.687
P value <0.0001 <0.0001
Passed normality test (alpha=0.01)? No No
P value summary falakalel Fkkx
D'Agostino & Pearson test

K2 71.77 1115
P value <0.0001 <0.0001
Passed normality test (alpha=0.01)? No No
P value summary falakaie Fkkx
Shapiro-Wilk test

w 0.8813 0.7956
P value <0.0001 <0.0001
Passed normality test (alpha=0.01)? No No
P value summary Fkx falaiaad
Kolmogorov-Smirnov test

KS distance 0.1340 0.1402
P value <0.0001 <0.0001
Passed normality test (alpha=0.01)? No No
P value summary falakaled falalaled
Number of values 174 161
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Table 4.5.2. Test for statistical significance of difference between the lengths of

cevipabulin-stabilized microtubules and paclitaxel-stabilized microtubules using Mann-

Whitney test (Figure 4.6).

Column B Paclitaxel-stabilized
VS. VS.
Column A Cevipabulin-stabilized
Mann Whitney test

P value 0.7040
Exact or approximate P value? Approximate
P value summary ns
Significantly different (P < 0.01)? No
One- or two-tailed P value? Two-tailed
Sum of ranks in column A,B 29569 , 26711
Mann-Whitney U 13670
Difference between medians

Median of column A 8.800, n=174
Median of column B 8.980, n=161
Difference: Actual 0.1800
Difference: Hodges-Lehmann -0.2100
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Table. 4.5.3. Test for statistical significance of difference between the persistence lengths

of cevipabulin-stabilized microtubules and paclitaxel-stabilized microtubules using

Student’s t- test (Figure 4.8).

Column B Paclitaxel-stabilized
VS. VS.
Column A Cevipabulin-stabilized

Unpaired t test

P value <0.0001
P value summary Fkkx
Significantly different (P < 0.01)? Yes
One- or two-tailed P value? Two-tailed

t, df

t=47.06, df=333

How big is the difference?

Mean of column A 59.84
Mean of column B 84.85
Difference between means (B - A) + SEM 25.01 £0.5315
99% confidence interval 23.63 t0 26.39
R squared (eta squared) 0.8693

F test to compare variances

F, DFn, Dfd

1.029, 173, 160

P value 0.8565
P value summary ns
Significantly different (P < 0.01)? No
Data analyzed

Sample size, column A 174
Sample size, column B 161
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Table. 4.5.4. Results of test for Normal distribution of the velocities of microtubules

stabilized by cevipabulin and those by paclitaxel. Following are the results from tests that

were carried out (Figure 4.10 A,B).

Test for normal distribution

Anderson-Darling test

A2%* 1.307 0.6838
P value 0.0018 0.0666
Passed normality test (alpha=0.01)? No Yes
P value summary *ox ns
D'Agostino & Pearson test

K2 2.860 2.948
P value 0.2393 0.2290
Passed normality test (alpha=0.01)? Yes Yes
P value summary ns ns
Shapiro-Wilk test

W 0.9014 0.9331
P value 0.0106 0.0594
Passed normality test (alpha=0.01)? Yes Yes
P value summary * ns
Kolmogorov-Smirnov test

KS distance 0.2313 0.1355
P value 0.0004 >0.1000
Passed normality test (alpha=0.01)? No Yes
P value summary ook ns
Number of values 30 30
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Table. 4.5.5. Test for statistical significance of difference between the velocities of

cevipabulin-stabilized microtubules

Student’s t- test (Figure 4.10 C).

and paclitaxel-stabilized microtubules using

Column B Paclitaxel-stabilized
VS. VS.
Column A Cevipabulin-stabilized

Unpaired t test

P value <0.0001
P value summary Fkkx
Significantly different (P < 0.01)? Yes
One- or two-tailed P value? Two-tailed
t, df t=9.773, df=57
How big is the difference?

Mean of column A 709.4
Mean of column B 493.1
Difference between means (B - A) + SEM -216.3 + 22.13
99% confidence interval -275.3 10 -157.3
R squared (eta squared) 0.6263
F test to compare variances

F, DFn, Dfd 1.269, 29, 28
P value 0.5311
P value summary ns
Significantly different (P < 0.01)? No
Data analyzed

Sample size, column A 30
Sample size, column B 30
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Chapter 5

Conclusion

In this thesis I have presented the in vitro studies on the effect of deformation of
microtubule on the interaction between the microtubules and their associated motor
proteins. The effect of the buckling deformation on dynein-driven quantum dot
transportation has been investigated. The alteration in single kinesin molecule
transportation as an effect of the bending of microtubule is observed using the high-speed
atomic force microscopy. How the stabilization of microtubules by a novel drug can alter
their mechanical properties as well as their interaction with kinesins in vitro is

investigated.

In chapter 2, I addressed how the microtubules respond to the compressive stress
applied along the longitudinal axis of the microtubules. The microtubules undergo
buckling at different compressive strains which resembles an important indispensable
cellular event in living organism. The effect of the buckling deformation of the
microtubules on their biophysical roles were validated by monitoring the dynein-driven
Quantum dot (Qdot) transportation along the buckled microtubules. I unveiled that the
dynein-based transportation is accelerated due to the buckling of microtubules. An
anomalous drop in the velocity of the transportation observed at a characteristic range of
compressive strain indicating a clear distinction between the dynein-microtubule
interaction at lower compressive strain and higher compressive strains. This finding
clearly reflects that the microtubules may serve as mechanotransducer. The affinity of the
Qdot conjugated dyneins for microtubules did not change regularly as a function of the

applied compressive strain. The results suggest that the basis for mechano-regulation of
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cellular processes by microtubules may be formed by the mechano-kinetic preference of
associated proteins for mechanically deformed microtubules. This work would benefit the
current understanding of mechano-functional properties of cytoskeletal soft materials and

their involvement in mechano-regulation of cellular activities.

In chapter 3, I realized the visualization of single kinesins transporting along
microtubule with high spatio-temporal resolution using the high-speed atomic force
microscopy. I developed a method to cause bending of microtubule in an in vitro
environment by tuning the substrate conditions. The technique enabled me to observe
the movements of single kinesins along the microtubule protofilaments. It was found
that the motility of the kinesins was dependent on the curvature of the microtubule as
the track. The binding affinities of kinesin to the undeformed and the deformed
microtubules were determined and found to differ significantly. Higher binding affinity
of the kinesins to the deformed microtubules than that to the undeformed microtubule
show direct indication of altered interaction between kinesin and deformed
microtubule. An alteration in microtubule-motor interaction by bending may provide

understanding of how microtubules serve as mechanotransducers in cell.

In chapter 4, I explored the application of an alternative microtubule-stabilizing
agent, cevipabulin. This synthetic microtubule stabilizing agent which is strategically
important in the treatment of neurodegenerative diseases was found to exhibit
microtubule binding properties similar to and different from paclitaxel, the most
common antimitotic drug. I found that, cevipabulin softens the microtubules and
increases their gliding velocity on kinesin coated substrate when compared with the

paclitaxel-stabilized microtubules. Therefore, the study shows the possibility that
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cevipabulin molecules with simpler molecular structure may be more advantageous in

tuning the mechanical properties of the microtubules.

This dissertation describes how modification of microtubule either due to
mechanical deformation or by introduction of non-conventional stabilizing agents may
alter the properties of the microtubules. The compressive stress induced deformation of
microtubules modulated their interaction with dyneins as observed from the altered
dynamics of dynein-driven transportation along microtubules. The single kinesin
molecule transportation along the straight and the bent microtubules revealed that the
bending of microtubule without causing any lattice defects on the structure may induce
the kinesin transportation dynamics. This knowledge would help our current
understanding on how mechanical deformation of microtubules may modulate the motor
protein based intracellular transportation in cells. This study is important particularly for
the neurons where mechanical stress induced modulation of intracellular transportation is
involved. The altered interaction between the microtubules and its associated motor
proteins observed due to the application of varied microtubule-stabilizing agent may
prove to essential in providing more opportunity to employ the microtubules in treating

neurodegenerative diseases and cancers.

Therefore, this study presents knowledge for developing rational design principle
for nature-inspired mechanoresponsive functional material with physiological and

nanotechnological applications.
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