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Synopsis

Microtubules (MTs) are dynamic cytoskeletal polymers that are involved in regulating
cell physiology and mechanics. They are kinetically polar with two distinct ends: rapidly
growing plus-ends and slow growing minus-ends. Based on MT polarity, motor protein
network is broadly categorized as plus-end directed (Kinesins) and minus-end directed
(Dyneins). While single molecule properties of the motors have been studied extensively,
cellular processes typically involve collective effects of multiple motors as seen in fila-
ment and vesicle transport [Adames and Cooper, 2000b; Shubeita et al., 2008].

Microtubule transport by dynein is essential for nuclear positioning in Saccharomyces
cerevisiae mitosis. Dyneins are anchored to the bud-cell cortex at the onset of anaphase
and pull astral MTs, resulting in nuclear positioning at the bud neck which is critical
for DNA segregation [Estrem et al., 2017; Maddox et al., 2000]. During this ‘search
and capture’ of yeast nuclear MTs in mitosis, both motor numbers and MT lengths
are dynamic. In Schizosaccharomyces pombe, the combined effect of MT lengths and
motor-numbers results in nuclear oscillations [ Yamamoto et al., 2001b]. This suggests
that motor numbers as well as MT lengths play a role during in vivo MT transport. A
motor number dependence has also been reported in the lab in simulations of radial MT
arrays transported by dynein [Athale et al., 2014b]. The work demonstrates the role of
MT dynamic instability in directional transport of complex arrays of MTs. However, a
minimal system that quantitatively addresses the collective effects of dynein numbers
and MT lengths in filament transport is yet to be investigated. Here, I proceed to describe
the work done as a part of my Ph.D. project that separately examined the two parts: (a)
understanding the length and motor number dependence of microtubule transport by
dyneins, (b) understanding the comparative dynamics of tubulin. The work is summa-

rized in the following chapters:

v



Synopsis

Chapter 1 Introduction

This chapter gives a brief introduction to the general properties of microtubules and
the motor proteins associated with it. It summarizes the current literature on microtubule
structure, dynamics and kinetics from in vitro and in vivo approaches for the available
tubulin sources. It discusses various mechanisms by which the filament overcomes
kinetic barriers during polymerization for limiting tubulin concentration in vivo. Along
with MT polymerization, this chapter also gives an overview to the single motor and
multi-motor transport by kinesins and dyneins. It then focuses on the collective effects of
multi-motor transport for the two scenarios- when they are transporting cargo over static
filaments, versus when they are transporting the filaments. The combined effects of the
collective role of MT dynamics and filament transport by motors are then highlighted in
cellular contexts giving way to the questions raised in my thesis. The last section briefly
introduces the caveats of fluorescence imaging and automated tracking, necessitating

the need for calibrations in quantitative image analysis, discussed in the following chapter.

Chapter 2 Estimating mechanical noise for motion stability and calibrating

intensity by quantitative fluorescence microscopy

This chapter consists of the calibrations performed to estimate the noise in positional
accuracy due to the acquisition setup, validate the accuracy of tracking algorithm and
build a calibration curve based on epi-fluorescence to estimate the number of molecules.
The results of these calibrations have been used to determine both the lower-bound
of mobility and estimate the number of unknown motors for the gliding assay. These
methods are used for the quantitative analysis of the dynein based gliding assay in the

subsequent chapter.

Chapter 3 Collective effects of yeast cytoplasmic dynein in in vitro Microtubule

transport



Synopsis

This chapter examines the collective effects of microtubule transport by minimal yeast
dyneins in an in vitro gliding assay. It assesses the effects of MT lengths and dynein
number dependence of dynein on microtubule transport properties- speeds, velocity,
diffusivity and directionality. The quantitative trends in microtubule transport observed
experimentally is explained by stochastic simulations based on single motor parameters.
The chapter concludes with the in vivo implications of a threshold number dependence

observed in directionality of MT transport for spindle positioning in S.cerevisiae mitosis.

Chapter 4 Implications for dynein number dependent transitions on spindle pole

body transport via microtubules in yeast mitosis

This chapter discusses the potential of a dynein number based switch in directionality
of microtubule based transport of S.cerevisiae nucleus. Time lapse images of budding
cells are analyzed to track the spindle pole body (SPB) movement, a structure that
nucleates microtubule. The change in transport directionality of SPB is evaluated for
the cells in different growth stages, before and after SPB duplication. The results are
then reviewed to observe the trends in diffusivity and directionality of SPB movement.
The chapter concludes with the optimizations performed to obtain the yeast nuclei with
intact SPB’s and alternate source of microtubule nucleator- centrosomes, in order to
obtain complex filament geometries. The goal is to unambiguously identify the motor
number dependence seen in linear filament transport for more complex geomtries such

as spindles.

Chapter 5 Comparative polymerization kinetics of tubulins explains differences

between plant and animal microtubule (MT) lengths

This chapter compares the polymerization kinetics of tubulin isolated from a plant
source, and a more routinely used animal source- brains. This is a first report which
systematically assess tubulin kinetics of germinated mung bean seedling across different
tubulin concentrations and estimates the critical concentration (c*). The chapter examines
the differences in critical concentrations estimated from kinetics and the potential role it
might play in determining filament length distributions between two sources of tubulin.
It also assesses the role of a phenomenological scaling model of nucleation dependent

polymerization kinetics for mung beans, known to play a role for brain tubulin sources.

vi



Synopsis

The chapter concludes with a simple conceptual model to explain the observed differences

based on the observed results.
Chapter 6 Future perspective

This chapter summarizes the key results and the ongoing state of the various experi-
ments discussed in the above chapters. It concludes with the future directions for these
results to better understand the collective roles of motor driven microtubule transport,

and MT dynamics.
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Abstract

The transport of dynamic microtubules (MTs) driven by dyneins is essential for spindle
assembly, asymmetric cell division, axonal growth and organelle positioning. While the
single-molecule mechano-chemistry of dyneins has advanced extensively, their role in
collective MT transport, remains unclear. Additionally, MTs in animal somatic cells are
typically nucleated by centrosomes forming radial arrays or asters. MT aster transport
in oocytes and single-cell embryos involves a tug-of-war of dyneins that is resolved
by a combination of MT polymerization dynamics regulation, motor localization and
self-organized clustering. This work encompasses (a) the length and motor number
dependence of microtubule transport by yeast dyneins, (b) aster-based transport of nuclei
in Saccharomyces cerevisiae and (c) compares polymerization dynamics of MTs from
plant and animal sources. The work shows that microtubules transported by teams of
immobilized S. cerevisiae dynein transits from random to directed motion with increasing
MT lengths and motor densities, both in vitro and in silico. Velocity, diffusivity and
directionality, all reflect a coordination of transport above a threshold motor numbers.
Our analysis of in vivo data of astral MTs transported by dynein during S. cerevisiae
mitosis supports a functional role for such a transition. Based on these findings, a general
‘search and orient’ mechanism is proposed for organelle positioning by MT asters.

The comparative study on the role of MT polymerization dynamics from multiple sources:
goat, porcine and plant (mung beans) demonstrates nucleation limited polymerization in
all these diverse species, suggesting a central role of nucleators such as centrosomes in
determining MT filament distributions. The model proposed highlights the importance of
critical concentration in determining filament length distributions. Optimizations with ex
vivo reconstitutions of nucleators such centrosomes and spindle pole body will advance
our understanding of the collective effects of motor numbers, MT length dynamics and

transport of complex geometry in eukaryotic cells.
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Introduction to microtubule

polymerization and motor systems
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Chapter 1 Introduction

Microtubules (MT) form one of the most important and well-studied cytoskeletal
networks within a cell. They are composed of repeating units of @ and f tubulin dimers
that assemble in a head-to-tail fashion to form protofilaments. Lateral interactions
among 13 protofilaments form a dynamic microtubule structure that are stiff, hollow
and cylindrical with a diameter of 24 nm. MTs are essential for several vital cellular
processes such as cell division, meiotic nuclear oscillations, cargo transport, ciliary
movements and cell-polarization. In spite of their functional diversity, the basic units (o
and 3 tubulin) of MTs exhibits rapid transitions between growing and shrinking phases,
giving rise to dynamic lengths of MTs. This process, referred to as ‘dynamic instability’
of a filament, is the most conserved and fundamental property of MTs across different
species. The dynamic nature of MTs allows filament remodeling within minutes during
cell cycle, explore cell space that serve as tracks during intracellular trafficking and

generate mechanical forces to position spindle and various organelles.

1.1 Dynamic Instability: GTP dependent switches in poly-

merization

The initial reports of dynamic instability came from in vitro experiments with pure tubu-
lin, salts and GTP [Mitchison and Kirschner, 1984b]. Video enhanced light microscopy
experiments that were conducted to study dynamic instability of microtubules revealed
that microtubule growth rate scales linearly with tubulin concentration in a temperature
dependent manner whereas shrinkage rate was independent of both [Dogterom et al.,
1996; Walker et al., 1988]. The alternating phases of growth and shrinkage exhibited dur-
ing dynamic instability are characterized by following parameters- growth rate, shrinkage
rate, catastrophe frequency (transition from growing to shrinking state) and rescue fre-
quency (transition from shrinking to growing state) [Dogterom and Leibler, 1993]. More
recent in vitro experiments reconstituted with Drosophila proteins showed an additional
‘pause’ phase during MT polymerization where filaments neither exhibited growth nor
shrinkage [Moriwaki and Goshima, 2016]. This suggests that a dynamic filament exhibits
three phases during polymerization- growth, shrinkage and pause (Figure 1.1).

The energy to drive this process comes from the GTP hydrolysis. In the absence of

GTP hydrolysis, dynamic instability in MTs is not observed. This has been shown by



Chapter 1 Introduction
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Figure 1.1: Emerging view of dynamic instability of microtubules. The schematic
represents different phases that a microtubule exhibits during dynamic instability. Poly-
merization represents a growing microtubule whereas depolymerization represents a
shrinking microtubule. The point where a polymerizing filament starts to shrink is termed
as ‘catastrophe’ whereas the point where a shrinking filament resumes polymerization
is termed as ‘rescue’. Microtubule can transit between the two phases based on the
availability og GTP and tubulin dimers. A third phase where the filament neither grows
nor shrinks has been identified and is termed as ‘Pause’.

experiments performed with GMPCPP, a non-hydrolyzable analogue of GTP, suggesting
a role of GTP hydrolysis for switching between growth and shrinking phases [Hyman
et al., 1992]. In fact, microtubule stability has been attributed to the presence of GTP
caps/islands at the growing end of the polymer that are formed by the addition of GTP
tubulin subunits [Mitchison and Kirschner, 1984b]. Direct evidence in support of the
idea that longer GTP caps increase microtubule stability [Howard and Hyman, 2009;
Schek III et al., 2007] has been shown using end binding (EB) proteins by high resolution
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imaging in total internal reflection microscopy (TIRF) [Duellberg et al., 2016]. The study
shows that faster growing microtubules accumulate longer GTP caps (observed in the
form of fluorescent EB comets), leading to a reduction in the frequency of catastrophes.
Although the study provides a breakthrough about the relation of MT growth rates to the
size and nature of GTP caps, the conformational and biochemical transitions that the

heterodimers undergo during the process cannot be explained.

1.2 Conformational transition in tubulin dimers: GTP

dependent switches in polymerization

Crystallography and cryo-electron microscopy studies have revealed that tubulin dimers
often undergo conformational transitions from curved state to compact and relaxed states
during polymerization. The predominance of each of these states is dependent on the

nature of GTP bound dimer present freely in solution or bound to MT lattice ( Figure 1.2).

Transitions in tubulin conformations

Lateral
interations

°_@ <>

Steady state

o0

LY e %

@ o tubulin o..‘ o g:o.

° . 0% 7| owe o —
B tubulin | e ° %

':@ | —
° E
°® Y @ Compacted
Extended

Longitudnal
terations

Nucleation /™
L Elongation

Polymer mass

X Curved Straignt i
Monomers Dimers - raign
protofilaments protofilaments Time

Figure 1.2: Conformational transitions in filament growth. The ¢ tubulin (blue) and
B tubulin (green) monomers associate to form a heterodimer. These dimers associate with
each other to form curved protofilaments. Multiple protofilaments associate with each
other by lateral interactions for the formation of microtubule structure. In the process, the
curved protofilaments straighten up that induces a strain in the structure, leading to GTP
hydrolysis. The hydrolysis of GTP releases the strain built in the lattice structure and
compacts it or further forms curved protofilaments destabilizing the lattice. The curved
conformations are preferred for unpolymerized dimers and the single protofilaments
formed by the incorporation of these dimers. The process of microtubule growth kinetics
is identified by three phases- an initial lag phase, followed by elongation and steady state.

Curve state predominates in case of a non-polymerized, GTP-bound tubulin het-

4
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erodimer [Buey et al., 2006]. When this dimer integrates at a growing end of microtubule,
it straightens [Nawrotek et al., 2011] to an expanded conformation which compacts on
GTP hydrolysis, as seen with bovine tubulins [Alushin et al., 2014]. The compaction
releases the strain induced by the lateral interactions within the microtubules that caused
it to adopt a straight conformation. However, yeast tubulins do not show such com-
paction [Howes et al., 2017] inspite of high sequence similarity, suggesting divergence
of tubulins across species. Moreover, dynamic instability is intrinsic to MTs as it can be
reconstituted with just tubulin dimers and GTP. Our knowledge with respect to dynamic
instability and structural characterization of MTs have largely depended on mammalian
brain tubulin. However, more recent investigations with yeast tubulins, have shown
different behavior of MTs as compared to mammalian brain tubulin [Howes et al., 2018].
This calls for a rigorous understanding of tubulin dynamics from different species. While
the sequences of tubulin might be highly conserved, our knowledge of MT dynamics
obtained from one species might not be applicable to others. This needs assessment of
tubulin properties from different species at the various levels starting from evaluation of
microtubule assembly to observing the native kinetics and structural conformations and

more importantly their in vivo behavior.

1.3 Kinetics of microtubule assembly

During polymerization, the kinetics of filament growth exhibits three phases- nucleation,
elongation and steady state. The initial phase of growth termed as ‘nucleation’ is
characterized by a lag period and proceeds via formation of several oligomeric assemblies
to form a tubular filament [Erickson and Pantaloni, 1981; Fygenson et al., 1995; Voter and
Erickson, 1984]. This spontaneous nucleation of filaments is kinetically unfavourable
and a rate limiting step in filament polymerization [Erickson and Pantaloni, 1981].
The efficiency of spontaneous nucleation increases non-linearly with an increase in
tubulin concentration. The concentration above which tubulin polymerization overcomes
this kinetic barrier to form polymers is termed as critical concentration (c*), and the
formation of polymers is represented by the ‘elongation phase’. The tubulin concentration
required for de novo nucleation has been reported to be higher than that required for
persistent elongations with bovine brain tubulin [Wieczorek et al., 2015b]. Apart from

c* of the polymer, the state of the bound nucleotide- GTP or GDP also governs growth
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and shrinkage of the polymer. 3 tubulin contains exchangeable GTP that undergoes
hydrolysis leading to a faster polymerization as compared to the unexchangeable GTP at
o tubulin that remains buried at the dimer interface [Allen and Borisy, 1974; Cote and
Borisy, 1981; Lowe et al., 2001; Mitchison, 1993]. This gives rise to kinetically polar
filament ends during polymerization with a fast growing plus ends and a slow growing
minus ends. Single molecule assays have shown that GTP hydrolysis in the microtubule
lattice destabilizes spontaneous nucleation at plus ends and slowly hydrolyzable GTP
analogues promote spontaneous nucleation [Hyman et al., 1992; Wieczorek et al., 2015b].
Since the in vivo concentration of tubulin is usually limiting, spontaneous nucleation is
not favored. Hence, cells have evolved mechanisms to overcome these kinetic barriers as
discussed below. (Figure 1.3).

1.4 Mechanisms to overcome Kkinetic barriers in poly-

merization

The kinetic barrier of nucleation is surpassed either by template-based nucleation that
stabilizes one of microtubule ends by promoting lateral interactions (Figure 1.3a-b) or
by non-template based nucleation that stabilizes the longitudinal and lateral interaction
within a growing microtubule [Tovey and Conduit, 2018; Wiese and Zheng, 2006] (Fig-
ure 1.3b-c). Both these mechanisms operate within a cell to nucleate microtubules as the
dimeric pool of tubulin is in limiting concentrations to initiate spontaneous nucleations.
Microtubule oraginizing centres (MTOC), more commonly known as centrosomes, are
the most studied nucleators till date. They are embedded in a matrix of proteins that
contain two barrel shaped structures called centrioles. Electron microscopy (EM) studies
performed with the lysates of Chinese hamster ovarian (CHO) cells identified that micro-
tubule nucleation occurs largely in the matrix rather than centrioles [Gould and Borisy,
1977]. The matrix known as pericentriolar matrix (PCM) is composed of dynamic protein
network that defines its cell boundary and enriches tubulin locally during MT nucleations
[Woodruff et al., 2017]. Electron cryotomography (ECT) studies accompanied by im-
munolabelling of Drosophila centrosomes show that microtubule nucleation occurS from
25 nm sized ring complexes within PCM. These are composed of y tubulin and anchor

minus ends of MTs, thus stabilizing the structure [Keating and Borisy, 2000; Moritz
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Figure 1.3: Enhancing microtubule nucleation kinetics by different mechanisms. (a)
Y tubulin ring complexes (orange) (i) act as microtubule nucleators by enhancing lateral
contacts in the formation of MT lattice, acting as a template for nucleations by enriching
the local tubulin concentration. (ii) Severing enzymes like katanins (orange) cut the
pre-existing filaments at (ii) lattice defects, (iii) crossovers, and (iv) branching points in
order to generate additional microtubule templates, reducing the lag in polymerization
due to nucleation. (b) The three phases in polymerization kinetics are represented
here for spontaneous nucleation (blue), template based nucleation (orange), and non-
template based nucleation (red). The lag phase observed in spontaneous nucleation is
reduced in the presence of template and non-templated nucleation. (c) Non-template
based nucleations by TOG proteins promote polymerization by enhancing longitudinal
interactions of dimers, by acting as MT polymerases that add curved dimers across
the straightened MT lattice, overcoming the kinetic barrier. Apart from stabilizing
longitudinal interaction, lateral interactions can also be stabilized by TPX?2 protein that
stabilize dimer interfaces by preventing MT depolymerization.

et al., 2000, 1995]. The size of the stable intermediates from centrosomal nucleations
that undergo persistent elongations is suggested to be 250 dimers by fluorescent intensity
measurement of bovine tubulin [Wieczorek et al., 2015b]. It is much higher than the

critical nuclei size of ~ 20 dimers reported by turbidity measurements of spontaneous
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nucleation [Flyvbjerg et al., 1996b]. This suggests that template based nucleation from
centrosomes when compared to de novo are also kinetically unfavourable, although
templates can nucleate microtubules at much lower concentrations by promoting lateral
interactions. In fact, centrosomes are absent in yeast and land plants altogether, suggest-

ing additional mechanisms can overcome kinetic barriers during microtubule growth.

Genetic studies and live imaging performed on Arabidopsis cortical arrays have been
shown to generate templates for MT nucleation by severing microtubules at cross overs
[Wightman et al., 2013; Wightman and Turner, 2007] and branching nucleation sites
[Nakamura et al., 2010] by MT severing enzymes like katanins (Figure 1.3a (ii-iv)). In
vitro observations along with simulated models showed that katanin also sever along
the lattice defects on MTs to generate new templates for polymerization [Davis et al.,
2002]. In addition to template based nucleations, several proteins have been implicated
to assist nucleation without a template. TOG (Tumor over-expressed genes) proteins and
TPX2 homologues (Targeting protein for Xklp2) assist MT nucleations in the absence
of templates either by promoting longitudinal interaction between dimers, acting as a
MT polymerase or by decreasing the frequency of catastrophe of the MTs, thus helping
in the formation of stable nuclei assemblies [Reid et al., 2016b; Roostalu et al., 2015;
Thawani et al., 2018; Zhang et al., 2017]. Infact, the crystal structure of TOG bound to
o-f3 dimers revealed that the TOG1 domains can differentiate between an unpolymerized
dimer and the growing ends of the MT lattice, and thus help incorporate curved dimers
at the straightened ends of the filament [Ayaz et al., 2012]. In cellular environments,
multiple proteins regulate the dynamics of the filament. With the recent progress in non-
template based MT nucleations, the possibilities of discovering additional proteins and
mechanisms that assist MT nucleations independent of a template have increased. Since
these mechanisms operate in a diverse range of organisms, it necessitates advancement

in our understanding of tubulin dynamics from different organisms.

1.5 Microtubule motors: Overview of kinesin and dynein

Molecular motors that walk along microtubules are categorized as either plus end directed-
kinesins, or minus end directed- dyneins. Based on the phylogenetic analyses, kinesins

have been grouped into 14 subfamilies starting from kinesin-1 to kinesin-14 [Hirokawa,
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1998; Lawrence et al., 2004]. Each of this is further sub-grouped into three types
depending on the position of the motor domains in the molecule: (i) N-type kinesin,
where the motor domain is located at the amino terminal with plus end directed movement,
(i1) C-type kinesin, where the motor domain is located at the carboxyl terminal with
minus end directed movement, and (ii1) M-type kinesin, motor domain is located between
the amino and carboxyl terminal, and majorly causes MT depolymerization. In contrast,
dynein have been categorized as either axonemal dynein or cytoplasmic dynein based
on their functions [Pfister et al., 2005; Wickstead and Gull, 2007]. While axonemal
dyneins are involved in cilia and flagellar beating, cytoplasmic dyneins are involved in a
wide range of cellular processes like cargo transport, mitosis, migration and polarization
(reviewed in [Cole, 2003; Gibbons, 1996; Hirokawa, 1998; Holzbaur and Vallee, 1994]).
Unlike kinesins that have a single globular motor domain, dyneins have a large motor
domain formed by hexameric rings of AAA+ superfamily (ATPase assocaited with
diverse activities) [Kon et al., 2004]. The motor domains generate power by ATP
hydrolysis for cargo trafficking. Various studies have been performed to understand
the properties of motors like- nature of transport, the mechanism for generating power,

stepping kinetics and load dependence, briefly summarized below.

1.5.1 Collective transport by molecular motors

Molecular motor driven cytoskeleton transport was first shown in early experiments on
actin moved by myosin fixed to a glass surface [Simmonst et al., 1993]. The invention
of optical tweezers [Ashkin et al., 1986] provided the opportunity to measure the force
exerted by myosin motors immobilized on a surface acting on an actin filament, com-
plexed to a polystyrene bead [Simmonst et al., 1993]. Experiments where the motor
was complexed to the bead and a force was measured against the load, began to reveal
single-molecule properties of motors, opening up a whole era of single-molecule force
spectroscopy (Newman and Nagy, 2008). More recently quantum dots complexed with
dyneins [Reck-Peterson et al., 2006b] and kinesins [Leduc et al., 2010b] were used to
measure the processivity of these motors, revealing similar step sizes. Insights from
such single molecule approaches have shown that kinesin velocity decreases with an
increase in opposing load [Svoboda and Block, 1994b] while in the case of dynein,

increasing opposing load on motors reduces their step size from 30 nm (load-free) to 8
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nm (high-load) referred to as gear-like behavior [Mallik et al., 2004b; Rai et al., 2013b].

Collective mechanics of motor numbers on cargo transport have been extensively
studied. In vivo studies using kinesinl and cytoplasmic dynein hauling lipid droplets in
Drosophila embryos have been used to understand the bidirectional nature of transport
of the cargoes. The two different models that have been proposed for bidirectional
movement during transport are:- Tug of war and Regulation. Tug of war model proposes
that opposite polarity motors bound to the microtubule are equally active resulting in
a fight that leads to stochastic detaching of motors of one polarity under the opposing
force of other [Lipowsky et al., 2010; Miiller et al., 2008, 2010; Soppina et al., 2009]
whereas the Regulation model proposes that although both polarity motors can bind
to cargo, only one is active at any point of time and the activity reversal takes place
only in the presence of some cofactor [Leidel et al., 2012]. The studies on ensemble
of opposite polarity motors have revealed that while kinesin detaches rapidly in the
presence of increasing loads [Leidel et al., 2012], dyneins detachment rate decreases
in vivo [Nicholas et al., 2015b; Rai et al., 2013b]. It suggests that dynein’s interaction
with microtubules behaves like a catch bond [Mallik et al., 2004b; Rai et al., 2013b].
The mechanisms responsible for regulating bidirectional cargo transport by opposite
polarity motors are not very clear. Given that the function of motors in cells is usually in
ensembles, there is a need to understand the collective mechanics of microtubule- motor

systems, in light of the new insights obtained from single molecule approaches.

1.5.2 Motor number dependence in cargo transport

A combination of electron microscopy studies, and force measurements have shown that
typically vesicles, melanosomes [Vancoillie et al., 2000], mitochondria [Habermann et al.,
2001], and lipid droplets [Gross et al., 2002; Shubeita et al., 2008] are engaged by one
to seven motors (reviewed in [Gross et al., 2007b; Holzbaur and Goldman, 2010]). The
effect of motor numbers while transporting a cargo have been examined at MT intersec-
tions with GFP labeled motors (Figure 1.4). While kinesin crossed all the intersections
along MTs irrespective of the motor numbers that were involved in cargo transport,
dyneins exhibited variable stepping behavior like reversals or switches, and paused as
the numbers increased, acting as an anchor for the cargo [Ross et al., 2008]. Such dynein

dependent anchorage is observed for golgi apparatus located near the MTOC, where
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absence of dynein leads to golgi dispersion, by kinesin [Caviston et al., 2007].

(a) Single kinesin at MT cross over
/

Walk through protofilaments

N ’ i | ,
Switch MT
Dissociate
i (d) Low dynein numbers
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(b) Multiple kinesin at MT cross over
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Figure 1.4: Effect of motor numbers in cargo transport along MT networks. (a)
Kinesin walking along a microtubule intersection can either cross the protofilament at
the junction or dissociate from the filament. (b) When multiple kinesins transporting
a cargo arrive at MT crossover, they switch the filament. (c) Unlike kinesin, dynein
exhibits multiple stepping behavior. They either switch and follow a new MT, or pass
through the same one, or halt at the junction or dissociate from the filament. (d) When
multiple dyneins are transporting a cargo they either change the MT track during cargo
transport for low dynein numbers and, anchors the cargo without stepping for high dynein
numbers.

High dynein numbers

Microtubules as cargo: Apart from transporting and anchoring cargoes, the motor
proteins are also known to transport their tracks, microtubules. This is observed espe-
cially at the time of formation of spindle assembly where the forces generated by kinesins
are counteracted by dynein to maintain a stable spindle structure [Tanenbaum et al., 2008,
2009; Walczak and Heald, 2008]. Dynein have been shown to organize MT networks
using cell extracts by sliding them to form focused spindles [Gaglio et al., 1996; Heald
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et al., 1996], clustering them to form asters [Verde et al., 1991], and cause fusion of
spindles to form a bipolar spindle [Gatlin et al., 2009]. Although the stepping behavior of
dynein motor domains during cargo transport has become clearer in the recent years, the
mechanisms involved in formation of such networks are yet to be understood. Different
possibilities have been suggested for the formation of such networks like exerting forces
on the MTs while being anchored to cortex or membranes, transport MTs as cargo via
MT binding domain, and sliding MTs relative to each other by forming complexes with
other proteins or using both the motor domains (Figure 1.5).

MT sliding via the cargo binding domain of motors is observed during cilia and flagellar
beating by axonemal dyneins and several classes of kinesin [Fink et al., 2009; Seeger
and Rice, 2010; Weaver et al., 2011]. Such movements are not reported for cytoplasmic
dyneins as they lack a separate MT binding site outside the motor domain. In vitro studies
on rat dynein and recombinant yeast dynein have however shown that cytoplasmic dynein
can use both the motor domain to walk independently on antiparallel MTs, causing MTs
to slide past each other [Tanenbaum et al., 2013]. These results are also validated in vivo
using tailless dynein that counteract the outward forces generated by kinesin by sliding

MTs using only motor domains, thus maintaining a stable spindle structure.

Search and capture of microtubules in transport: Microtubule nucleation from
centrosomes, their dynamics and pivoting in the cell during spindle assembly led to the
proposal of a pioneering idea of ‘search and capture’ of microtubules by Kirschner and
Mitchison [Kirschner and Mitchison, 1986]. The dynamically unstable microtubules
emanating from the centrosomes searches the cellular space and are captured by kineto-
chores on chromosomes, leading to the formation of mitotic spindle [Holy and Leibler,
1994]. Several groups have shown using Xenopus egg extracts that the presence of
RanGTP gradients around the chromosomes stabilize MT lengths [Carazo-Salas et al.,
2001; Clarke and Zhang, 2008; Ohba et al., 1999; Zhang et al., 1999]. A theoretical study
efficiently recapitulates the capture times of kinetochores by Mts, with a biased spatial
gradient around the chromosomes [Athale et al., 2008; Wollman et al., 2005]. Although,
the search and capture of MTs is well-known for spindle assembly formation, it relies
on probing cellular space by dynamic MTs and can be extended to spindle transport
scenarios where MT in the spindle are captured by molecular motors.

Cortically anchored dynein dependent pulling of MTs have been shown to be essential
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for spindle positioning in mammalian cells [Kotak et al., 2012], fission yeast [ Yamamoto
et al., 1999] and budding yeast [Adames and Cooper, 2000b] by genetic studies and live
imaging. During this ‘search and capture’ of MTs, both motor numbers and MT lengths
are dynamic. In Schizosaccharomyces pombe, the combined effect of MT lengths and
motor-numbers results in nuclear oscillations [ Yamamoto et al., 2001b]. This suggests
that both, motor numbers and MT lengths, play a role during in vivo MT transport. A
motor number dependence was reported in the lab in simulations of radial MT arrays
transported by dynein [Athale et al., 2014b]. The work also demonstrated the role of MT
dynamic instability in directional transport of complex arrays of MTs. A minimal system
that quantitatively addresses the collective effects of dynein numbers and MT lengths in
filament transport is yet to be investigated. In vitro reconstitution has become a popular
approach to understand the ensemble behavior of MT-motor systems. Gliding assays,
where the filaments are pulled by motors anchored to the surface, are usually performed
in in vitro to assess the collective motor behavior in transporting MTs. Combined with
quantitative live imaging, they help to dissect the role of individual proteins in a minimal

system and re-construct the picture at cellular level.

1.6 Optical Imaging, Image Analysis and Noise

Fluorescence microscopy has been widely used to observe MT dynamics, transport,
localization of motor proteins in the cell and cargo trafficking by motors both in an in
vitro set up and in in vivo scenarios. Quantification based on microscopic visualizations
is the most direct and powerful approach to understand the dynamics of any process in
a cellular system. In order to obtain quantitative spatial and temporal information, the
molecule of interest is conjugated to a fluorescent dye. The fluorescence signal is detected
and measured in a manner that maximizes signal to noise ratio (SNR) and minimizes
background fluorescence. There is a vast choice of imaging modalities ranging from
widefield fluorescence, confocal imaging, to total internal reflection and super resolution
microscopy. However, the best choice of modality dependes on the type of specimen and
the kind of quantitative measures one is interested in. For example, confocal microscopy
is the preferred choice for samples with high background fluorescence, as it gets rid of

the out of focus light by reducing the point spread function [Murray et al., 2007; Pawley,
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(a) MT transport by anchored motors Fission yeast Budding yeast
Nuclear oscillations Nucleus positioning
MT transport by anchored dyneins
(b) MT transported as cargo Neurite inititation and axon outgrowth

1. MT transport by anchored dyneins
2. MT transported as cargo by kinesin

(c) MT sliding via motor domains Reorganization of interphasic MT network
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Figure 1.5: Microtubule transport mechanisms by molecular motors. The schematic
represents different mechanisms of microtubule transport by molecular motors in various
cellular systems. (a) Microtubule movement occurs by the forces exerted by surface
immobilized motors or cortically anchored motors. In this example, dynein is exerting
a force on the minus end of the microtubule (orange arrow). Since it is anchored, it
results in the movement of MT in the opposite direction (black arrow). The blurred
filament indicates the initial position of the filament. Nuclear oscillation in fission yeast
and nuclear positioning in budding yeast results due to the transport of microtubules by
cortically anchored dyneins. Axon outgrowth with plus end out MTs also results due to
the forces exerted by anchored dyneins on MTs. (b) Microtubules can also be transported
by motors as cargo when motors have a MT binding domain in addition to the motor
domains. Neurite initiation by kinesin and reorganization of interphasic MT networks
during spindle formation are the examples of such movement. (¢) Dynein motor domains
can move independently on MTs resulting in MT sliding. Such movements occur in the
formation of spindle and axon in cellular system.

2010]. But when compared to a sample with low background fluorescence, widefield
microscopy is more appreciated than confocal as it generates a high SNR image [Cox
and Sheppard, 2004; Murray, 1998; Murray et al., 2007; Pawley, 2006; Swedlow et al.,
2002b]. A high signal to noise image is not the same as a high signal to background
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image. While the source of background fluorescence usually lies in the specimen prepa-
ration conditions (mounting media) and out of focus light from fluorophores, noise in
the image can arise from multiple sources like objective, stage, detector and camera
[Waters and Wittmann, 2014; Wolf et al., 2007]. Therefore, one needs to carefully
assess the signal and the noise components of the image in order to make quantitative
interpretations. Apart from optical imaging, noise can also arise at a later step after data

acquisition which involves image analysis [Carlton and Englehart, 2005].

With the development of automation in the process of image analysis to detect motion
of single particles, filaments or cells and trace morphology of objects, manual bias in the
interpretations have been eliminated, making the quantitation faster, reproducible and
more reliable, (described in [Chaphalkar et al., 2016; Meijering et al., 2012; Smal et al.,
2009]). However, automated measurements are rarely perfect. The multiple sources of
errors can still arise from images with- low SNR, high particle density, disappearing
objects in the frames, merging and cross over events [Carter et al., 2005; Cheezum et al.,
2001]. This requires a visual inspection of the tracks before considering them for further
analysis of motility statistics (velocity, diffusion and directionality). While automated
tools that claim ‘single nanometer precision’ have provided an unbiased platform to
evaluate the motility statistics of large number of molecules and polymers, it is perfectly
fine to view them with some skepticism. The major reason being these tools deviate
from the claims of single nanometer precision when tested in low SNR regimes of the
images [Cheezum et al., 2001]. In conclusion, the spatial and temporal precision of any
quantitative fluorescent measurement is limited by the signal to noise ratio [Churchman
et al., 2005; Waters, 2009; Yildiz and Selvin, 2005]. Hence, the analysis should be
performed by setting up appropriate controls at the time of pre-processing the image as

well as post-processing the trajectories.

With the above background, I will now present the results and findings that have
formed the framework of my Ph.D. thesis in the next few chapters. The following chapter
will discuss the results obtained from the calibration experiments performed to assess
the noise in the acquisition system and tracking algortithm, and fluorescence based
calibration to estimate number of molecules in the unknown sample (Chapter 2). The

results obtained are then used as cut-offs for the subsequent gliding assay experiments
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where the number dependence of dynein is assessed in microtubule transport (Chapter 3).
The findings obtained from in vitro experiments are extended to in vivo measurements of
nuclear positioning in budding yeast where cortically anchored dyneins drives nucleus
positioning (Chapter 4). Along with assessing dynein number-dependent dynamics of
MT transport, my thesis also reports the findings obtained from polymerization kinetics
of tubulin using a plant source (mung) and contrast it with the most routinely used
tubulins from brains (goat and porcine) (Chapter 5). The final chapter of my thesis
concludes these findings with the future implications for biochemical, biophysical and

structural insights that can be obtained in MT dynamics and transport networks.
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Chapter 2 Estimating mechanical noise and motor numbers

2.1 Introduction

Filament assays, popularly known as ‘gliding assays’ in MT-motor systems, involve
studying of filament transport on sheets of immobilized motors in an in vitro system. In
order to understand the collective behavior of motors on filament transport, the filaments
are tracked and their motility statistics (speed, displacement, orientation) are quantified
as a function of motor density. Automation in the tracking process has accelerated the
tedious and iterative process of multiple measurements to generate unbiased and reliable
data. A more important aspect of “computational imaging” based approaches, is the
objective nature of the method. Careful quantification of MT transport are limited by
the following factors: (a) limitations of the method for motor number estimation, (b)
position detection accuracy and (c) motion detection accuracy. Motor density estimations

become a critical factor while evaluating the collective behavior during filament transport.

Previous studies involved motor density estimations in a gliding assay based primarily
on one of the following three approaches: 1) colorimetric measurements of phosphate
release by motors in free solution and on coverslips [Chalovich and Eisenberg, 1982],
or ii) concentration of the protein and the geometry of the flow chamber [Hancock and
Howard, 1998], and iii) extracting motors from flow chamber and performing densito-
metric scanning on SDS PAGE gel [Rastogi et al., 2016]. While each of these methods
estimate the motor numbers with some degree of certainty, they have limitations. For
example, colorimetric assays measure the amount of inorganic phosphate (Pi) released
during the ATPase cycles of the motors. A calibration curve is built based on the Pi
released in solution which is used for estimating motor number based on the Pi released
on the surface of flow cell. The limitation of this method lies in the assumption that the
phosphate release cycles are identical for motors present freely in solution and bound to
surface in the flow cell. In addition, the real time visualization of filament movement can-
not occur along with the colorimetric assay due to which a separate reaction needs to be
set up, thereby consuming a lot of protein. Similarly, estimations based on the geometry
of flow chamber and protein concentration are uncertain as amount of protein adhered to
the glass surface can vary and the method assumes that almost all the protein is adhered
in a given area of the flow chamber. Hence, estimations based on the concentration and

geometry are not precise. On the other hand, SDS based extraction of proteins from
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flow chamber estimates protein adhered on the surface [Rastogi et al., 2016], but might
lead to protein losses in the form of bubbles and drying. Moreover, these are indirect
measures of quantifying motor numbers. A more direct approach to estimate motors is
based on quantitative fluorescent measurements. Counting number of molecules on the
surface using fluorescence signal have been made using step-wise photo-bleaching [Das
et al., 2007], or super resolution localization microscopy [Lee et al., 2012; Nan et al.,
2013]. Although these techniques can estimate the number of molecules precisely, their
utility is limited to sparse distribution of molecules over surface [Coffman and Wu, 2012;
Waters and Wittmann, 2014]. A more robust way of quantifying samples with abundant
protein on the surface involves building a standard calibration curve in fluorescence using

wide-field microscopy [Swedlow et al., 2002a], described in this chapter.

Quantification based on microscopic visualizations is one of the most powerful tools
to understand the dynamics of the process. Quantitative fluorescence microscopy is used
extensively to visualize the temporal and spatial localization of molecules in sub-cellular
structures. The measurements based on fluorescence are used either to decipher the (i)
spatial information in the form of x-y tracks which can be quantified to obtain displace-
ment, velocity or angle of trajectories and (i1) local concentrations of the fluorophores
to decipher the numbers of molecules in a given area based on the intensity. However,
quantitative microscopy often requires careful examination of possible sources of errors
from- acquisition systems, light source, specimen preparation, and tracking algorithm. It

involves setting up of controls meticulously that gives reproducible results.

In this chapter, I will be discussing results which involved calibrations for noise
from acquisition system, tracking algorithm and motor density estimations based on
fluorescence measurements. While precision in single molecule localization methods
have increased [Ober et al., 2004], mechanical noise in the form of vibrations on stage or
shutter can be misleading when interpretation of results are based on tracking of particles.
This necessitates evaluation of the motion stability of the acquisition set up. Mechanical
noise has been quantitated here by tracking image time series of fixed beads. In order to
distinguish between the noise existing in the acquisition set up and that in tracking algo-
rithm, synthetic translocation with known displacements are performed for single images

of fixed beads and microtubules. The values obtained have been implemented as cut-offs
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while considering results of tracked filaments from gliding assays. The applicability of
motion stability analysis can in principle extend to measurements like diffusion analysis,
single particle tracking or step size determination. Calibrations based on epi-fluorescence
intensity measurements are also performed to precisely estimate the number of molecules
adhered on a glass surface. While the results from these calibrations are utilized for
gliding assays performed subsequently, they have a wide range of applicability. These
calibrations are robust and direct measures of estimating mechanical noise and number

of molecules in a given sample and can be adapted with any acquisition system.

2.2 Materials and Methods

2.2.1 Fluorescent bead microscopy and analysis for stage calibra-
tion

The stability of the microscope stage was assessed using 0.2 pm fluorescently labeled
fixed beads on a glass slide. A time series of the bead images were acquired at every 1 s
interval (comparable to gliding assays) and tracked using molecule function in FIESTA
ver.1.04 reported previously [Ruhnow et al., 2011] in MATLAB R2015b (Mathworks
Inc., USA) on a Linux platform. The tracks of the centroids were analyzed using Matlab
to obtain instantaneous displacements. An inbuilt function of Matlab - findpeaks was
used to detect peaks in the histogram of instantaneous displacements.

For the bead tranlocations, a single image of the fixed beads was translated synthetically

by 1 pixel and 10 pixels in Image J using a macros script and tracked in Fiesta.

2.2.2 Microscopy and Image analysis

The samples were imaged at room temperature (=~ 22°C) using a fluorescent upright
microscope, Zeiss Axio Imager Z1 (Carl Zeiss, Germany) with an EC Plan-Neofluar 40x
(NA - 0.75) lens, a mercury short arc lamp (X-cite Series 120, Lumen Dynamics Inc.,
Canada), Maerzhauser stage and filter sets for rhodamine (520 nm/540 nm excitation
and 580 nm/600 nm emission). Images were acquired every second for 10 to 20 minutes

using the Zeiss AxioCam MRm digital camera (Carl Zeiss, Germany).
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The images acquired were tracked using Fluorescence Image Evaluation Software for
Tracking and Analysis (FIESTA) ver.1.04 reported previously [Ruhnow et al., 2011]
in MATLAB R2015b (Mathworks Inc., USA) on a Linux platform. Further analysis
for quantifying the gliding behavior of MT’s was performed using MATLAB. The
analysis was performed after pre-processing the data. It included elimination of the
trajectories that leave the field of view. Instantaneous displacements were obtained using

the successive differences between the x-y positions.

2.2.3 Preparation of Microtubule filaments

Rhodamine-labeled bovine (0.8 pg/ul) and unlabeled porcine tubulin (3.3 pg/ul) (Cy-
toskeleton Inc., Denver, USA) were mixed at a ratio of 1:4 (labeled:unlabeled) and
incubated in BRB-80 buffer (80 mM PIPES, 1 mM MgCl,, 1| mM EGTA) at 37°C
for 15 minutes, followed by the addition of 20 uM taxol containing BRB-80 to obtain
fluorescently labeled microtubules. In order to distinguish individual filaments, samples

were diluted 10 - 20 fold before microscopy.

2.2.4 Preparation of flow chambers

Flow chambers were assembled from a microscope slide and 22 x 22 mm coverslip
(Micro Aid, Pune, India), both of which were cleaned by sequential immersion in acetone
for 1 hr and ethanol for 15 min) followed by two washes with milli-Q water (5 mins each)
and treatment with 0.1 M KOH for 15 mins and a final rinse with milli-Q water [Bieling
et al., 2007]. Double-backed tape was used to create a chamber parallel to the length of
the slide with a final volume of ~ 16 ut/. The flow chamber was filled by capillary action
with a micropipette and filter paper at either end.

2.2.5 Kinesin gliding assay

10 ul of human recombinant kinesin. obtained commercially (Cytoskeleton Inc., Denver,
USA)(stock 0.41 mug/ul) protein was perfused through one end of the chamber and
incubated at RT for 5 minutes followed by addition of blocking solution- 0.5mg/ml
BSA (Sigma Aldrich, Mumbai, India). A 10 ul solution of labeled taxol-stabilized MT

filaments was perfused into the chamber and incubated for 5 min. The chamber was
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washed with a buffer solution ( BRB80 containing 0.1 mg/ml casein) to remove unbound
motors and MTs. The motility buffer (BRB-80) with 100 mM ATP, 1X antifade was

perfused in the chamber to observe gliding motility of filaments.

2.2.6 Imaging EGFP for building calibration standard

The EGFP concentration used for calibration was varied from 0.01 ng/ul- 100 ng/ul. 50
ul of each protein concentration was flowed in a double backed tape chamber and imaged
with filter sets of GFP (Ex-480 /Em-510). Images were acquired at an exposure time
of 150 ms, with a Z-stack of 40 um (4 um/slice). The intensity for each concentration
of EGFP were averaged over 5 images each containing 10 slices over a depth of 40
um (depth of the flow chamber). The number of EGFP molecules were calculated for
the available volume of field of view based on the concentration of the protein in the

double-back tape chamber described in detail in the Results subsection 2.3.5

2.2.7 Dynein purification

The truncated minimal dynein construct (331 kDa) from the S. cerevisiae VY208 strain,
was purified as previously described [Reck-Peterson et al., 2006a] by growth, lysis and
affinity purification with IgG beads,and flash frozen at -80°C and is briefly summarized
here. Cells were grown in 2 litres of yeast peptone dextrose (YPD) medium to an optical
density at 600 nm of ~ 3 and induced with 2% galactose. The culture was centrifuged,
lysed and incubated with IgG beads to bind the ZZ-tag of the motor protein. The protein
was released from the beads by ~ 12 hours treatment with TEV-protease at 4°C, flash

frozen and stored at a concentration of 0.06 ttg/ml at -80 °C.

2.2.8 Data Analysis

The data is processed using MATLAB R2015b (Mathworks Inc., USA) on a Linux
platform. The tracks from FIESTA are processed to obtain instantaneous displacements
using the successive differences between the x-y positions. Filament lengths detected are
sum normalized to obtain frequency distribution of lengths. The frequency distribution

—L/A

of MT lengths were fit to an exponential function f =A-e where A is a scaling

constant and A is the length at which the frequency (f) is half-maximal. To ensure
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filaments of constant length were analyzed, the frequency distribution of the change in
MT filament lengths over time (dL/dt) were fit to a Gaussian to estimate the standard
deviation, 0, as a cutoff of change of lengths in further analysis. The function used was
f=A- e~ 20—1/9)” where A is a scaling constant, t is the mean that was fixed at 0, and
o is the standard deviation. Velocities were calculated using the ratio of instantaneous
displacement to instantaneous time interval. Velocities as a function of length is obtained
by binning the lengths with a 1 um width. The analyses of motility statistics are based

on the trajectories of plus-end tips of the filaments, unless otherwise specified.

2.3 Results

2.3.1 Quantifying mechanical noise of microscopy set up to analyze

motion stability with fixed beads

The stability of the microscopy stage and system is assessed using a time series image
of 0.2 um fluorescently labeled fixed beads (Figure 2.1(a)) as described in the methods
subsection 2.2.1. The instantaneous displacements of the fixed beads tracked using
’molecule function’ of a nanometer-precision tracking algorithm- Fiesta, is evaluated to
analyze motion stability due to mechanical noise of the system. A single peak obtained
using an inbuilt matlab function - findpeaks coincides with the arithmetic mean () of
instantaneous displacements ( Figure 2.1(b)). Since the beads are fixed, a peak at 4
nm is suggestive of the noise in acquisition system. This could be used as a cut-off in
subsequent gliding assays to eliminate tracks with displacements smaller than 4 nm. In
order to evaluate if the noise is an artefact of the tracking, we next assess the accuracy of

tracking algorithm- FIESTA, by translocating fixed beads with defined steps.

2.3.2 Validating tracking accuracy of FIESTA

The precision with which fiesta can detect positions of filament centerline has been
reported to be 2 nm [Ruhnow et al., 2011]. In order to validate if the displacement
observed with fixed beads is due to instrument noise or tracking artefacts, a single image
of the fixed beads is translated synthetically using an ImageJ macro by 1 pixel (154 nm)
and 10 pixels (1540 nm), and tracked (blue lines) using FIESTA (Figure 2.2(a) and
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Figure 2.1: Assessing stability of microscope stage and system with static beads(a)
A time-series of fluorescently labelled 0.2 um beads immobilized on a glass slide was
tracked (blue lines). (b) The histogram of instantaneous displacements (black bars) is
overlaid with the output of the peak-finding algorithm (red line). The single peak detected
corresponds to 4 nm.

(b)). The frequency distribution of instantaneous displacements shows three peak values
for beads translated by 1 pixel at 152 nm, 154 nm, and 158 nm (Figure 2.2(c)), and a
single peak at 1540 nm for beads translated by 10 pixels (Figure 2.2(d)).

In order to evaluate these trends for a filament system, tracks of static filaments
translocated synthetically by 1 pixel (154 nm), 2 pixels (308 nm) and 10 pixels (1540
nm) are also analyzed (Figure 2.3(a) - (¢)). The frequency distribution of the tracked
filaments shows peaks at 154 nm, 308 nm and 1540 nm as expected for the respective

translocations (Figure 2.3(d)).

Although the filaments showed displacement peaks at expected values, a cut- off of 1
pixel is implemented for the filament displacements in subsequent gliding assays based
on the bead data translocation. This is to eliminate any artifact that might arise due to the

presence of smaller filaments (<1 yum).
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Figure 2.2: Testing accuracy of tracking algorithm with synthetically translocated
beads. Images of fluorescently labeled immobilized beads (gray) were translocated
using ImageJ by (a) 1 and (b) 10 pixels per frame and tracked using FIESTA. The tracks
(blue lines) are overlaid on the first frame of the bead image. Frequency distribution of
instantaneous displacements (black bars) from synthetically translated beads is shown
for (c) 1, and (d) 10 pixels/frame. 1 pixel= 154 nm

2.3.3 Eliminating tracked filaments with fluctuating lengths

A gliding assay with taxol stabilized rhodamine labeled filaments was performed as
described in the Methods subsection 2.2.5 . The length profile of the filaments were
fit to an exponential function:- f = A - e L/* where A is a scaling constant and A is

the length at which the frequency (f) is half-maximal (Figure 2.4(a)). The filament
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Figure 2.3: Testing accuracy of tracking algorithm with synthetically translocated
filaments. A single image of the MT filaments translocated using ImageJ by (a) 1, (b)
2 and (c) 10 pixels per frame and is tracked using FIESTA. The tracks (blue lines) are
overlaid on the first frame of the MT image. (d) The bar shows frequency distribution
of instantaneous displacements from synthetically translated filaments, where colors
indicate the displacements with- 1 pixel (red), 2 pixels (black) and 10 pixels (blue). 1
pixel= 154 nm

lengths follow an exponential distribution (red curve) which is in agreement with the
equilibrium models for the polymers [Oosawa, 1970]. The mean value of the filament
lengths using the fit is observed to be 4.8 um. The filament lengths are plotted as a
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function of time to observe the length variations during gliding on motors (Figure 2.4(b)).
These fluctuations in lengths (dL/dt) are also plotted as a function of time for successive

intervals (Figure 2.4(c)).
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Figure 2.4: Estimating changes in MT length during tracking from length distribu-
tion of MTs. (a) The exponential fit shows the profile of the frequency distribution of
filament lengths after tracking with a mean length of 4.8 um. (b) Filament lengths are
plotted as a function of time to observe length fluctuations. Different colors represent
individual filaments. (c) The fluctuations in lengths are quantified and plotted as a
function of time. (d) The frequency distribution of the pairwise change in length as a
function of time (dL/dt) in nm/s (black circles) was fit to a Gaussian (blue curve) with a
mean of 0 nm/s and standard deviation of 158 nm/s.

The tracks with fluctuatating filament lengths are eliminated based on the standard

deviation obtained using gaussian fit to frequency distribution of the changes in length
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(dL/dt) (Figure 2.4(d)). The processed tracks are used for quantitating the filament

gliding statistics on motors- kinesin and dyneins.

2.3.4 Quantitating motility statistics of filaments on Kinesin motors

The gliding movement of microtubules on kinesin as seen in the montage (Figure 2.5(a))
is processed to obtain motility statistics as a function of filament length. MT’s displace-
ments didn’t show any characteristic differences in their profiles when sorted by their
lengths (Figure 2.5(c)). Also, the velocity profiles show a mean value of ~ 0.5 t/min as
seen from the bins with a bin width of 1 um. This is in agreement with the published
value of velocity for this construct [Stewart et al., 1993]. The gliding assays done on
kinesin were also used as control datasets for validating an automated kymography tool-
AMTraK, developed in the lab to quantify the sub cellular dynamics with sub-pixel
accuracy [Chaphalkar et al., 2016].

Multiple studies have shown that kinesin driven transport of MT filaments doesnot
show a length or motor density dependence on quantified motility parameters. In the
absence of a systematic study of length and motor number dependence of filament
transport on dyneins, gliding assays were performed with a cytoplasmic yeast dynein,
discussed in detail in the next chapter. As the motor is tagged to a green fluorescent
protein (GFP), motor density estimations involved calibrations with EGFP proteins in

flow chambers, as described below.

2.3.5 A standard fluorescent calibration curve to estimate motor

density

Motor densities are estimated as illustrated schematically (Figure 2.6) [Jain et al., 2019],
based on the following three steps: (i) Calculation of Image Volume, (ii) Building a
Standard Calibration Curve and (iii)Estimation of Motor Number

(i) Calculation of Image Volume: The image volume (V) is estimated by treating the
image as a rectangular cuboid, as a result of which Vj;,,¢ = Ajpne X h, with A;,,: area of
the rectangular image, h: height of the image. The area was estimated from x- and y-size

of the image (1388 x 1040 pixels) scaled to length units (1 pixel = 0.154 pm) resulting
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Figure 2.5: Kinesin gliding assay motility statistics. (a) Montage represents the motil-
ity of rhodamine labeled filaments on kinesin motors. Red arrow denotes the movement
of one of the representative filaments in the first and last frames. (b) The kymograph
indicates the movement of a single representative filament. (c) The frequency distribution
shows the instantaneous displacements of the filaments with lengths (L)- < 5 um (black),
Sum <L <10 um (red), and L > 10 um (green). (d) The binned velocity profiles of
the filament are indicated for increasing filament lengths where the scatter represents the
raw values (0) for a single filament. Bin size = 1 um

inAjye = 3.4234 x 10* um?. The height & is estimated from the point spread function
(PSF), by analyzing the intensity profile of a z-stack of images of 200 nm diameter
FITC labeled fluorescent beads (Figure 2.6 (i)). The intensity profile as a function
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of z-position is fit to a Gaussian (Figure 2.7(a)) using the CurveFitter tool in Image

[Schneider et al., 2012] based on the equation:
y=a+(b—a)- olo—m)’]/[2:07] (2.1)

where a and b are scaling factors (a: background grey-value intensity in the image, b:
grey-value estimate of the brightest part of the bead), u is the mean and o is the standard
deviation. By approximating the PSF by the full width at half maximum (FWHM)
which is & 2.35480 [Pawley, 1995], z-height obtained is 1.77 pwm. The resulting Vj¢ is
6.02 x 10* pm3.

(ii) Building a Standard Calibration Curve: In a second step, a concentration
series of affinity purified 6x-His-tagged EGFP is imaged in the flow chamber (Fig-
ure 2.6 (ii)) and (Figure 2.7(b)-(c)). The image intensity corresponding to the concen-
tration series is plotted against the number of EGFP molecules in the image volume
(Negrp) and fit to a straight line. The number of EGFP molecules is calculated as
Negrp = (¢ X Vipg) /mEGrp, Where c: concentration in grams per ml, Vjy,e: volume in ml
and mggrp: molecular mass of EGFP in grams. The image-intensity of the GFP-dynein
samples (low and high density), is used to estimate the corresponding Nggrp equivalents
(x-axis value) from the fit (Figure 2.6 (iii) and Figure 2.7(d)) To account for the 2-fold
brightness of EGFP compared to GFP [Shaner et al., 2005], the Nggrp equivalents are

doubled, to obtain the number of dynein molecules in an image (Ngyy).

(iii) Estimation of Motor Number: The estimated dynein number in a gliding assay
is assumed to be localized to a plane, since multiple washout steps are designed to
avoid bulk dynein resulting in an estimated 2D density is p2p = Nyyp [Aimg. Assuming
a homogeneous distribution of the motors, the linear density of motors p;p = /p2p.
The mean number of motors (N) expected to interact with a microtubule of length L can
then be estimated as N = pp X L. The number of dimers (Ny;;ers) are then simply N/2.
Unless explicitly stated, N refers to individual motors from experiment in the text, i.e.

heads or GFP-equivalents.

This approach of estimating numbers of motors is similar to previous reports [Harris
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Figure 2.6: Schematic for estimating motor density using a fluorescence based cal-
ibration curve. The three steps to motor density estimation were: (i) image volume
estimation using the area of the field of view and the depth obtained by measuring the
psf of the objective , (ii) measuring the image intensities of a dilution series of EGFP
solutions to obtain a standard calibration curve and (iii) using the standard curve to
quantify dynein numbers. The surface density (pyp) is then estimated from the image

area.

and Warshaw, 1993; Rastogi et al., 2016; Walcott et al., 2012]. The resulting calibration
curve of intensity with EGFP molecules estimates a dynein density of 6.8 motors/m? and
72.4 motors/um? for the low- and high-density experiments respectively (Figure 2.6(d)).
The uncertainty in the motor number estimates is based on calculating upper and lower
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Figure 2.7: Estimating motor density using EGFP calibration standard.

(a) The z-profile of the fluorescence intensity of 0.2 um fluorescent beads (blue circles)
were fit to a gaussian profile (red line) based on Equation 2.1, and used to estimate the
PSF. (b) The plot indicates the intensities profiles of EGFP dilution series in Z with a
depth of 40 um. The EGFP concentrations were varied from 1-80 ng/ul as shown in the
legend with different symbols and colors corresponding to each concentration (ng/ul):
-:Blue= 1, [l:brown= 5, A:green= 10, x:purple= 20, *:red= 30, o:black= 50, +:magenta=
80. (c) The bar shows the intensity profiles of EGFP across increasing concentrations.
(d) The standard-curve of total EGFP fluorescence (mean values- *, +s.d. - magenta,
n=3) from an image (y-axis) as a function of number of molecules (x-axis) is used to
estimate the number of GFP-dynein molecules on the surface. Slope of the linear fit:
112.7 + 6 based on 95% confidence interval (Table 2.1).

bounds of the slope. Fit to the EGFP calibration data was used to estimate the 95 %
confidence intervals, CI (Figure 2.7 (b)) which gives upper- (B1) and lower-bounds (B2)
of the slope. These are used to estimate upper- and lower-bounds for the two conditions
of dynein (unknown sample) that are referred to as high- and low-density (Figure 2.7(b))
and (Table 2.1). Using a 95% confidence interval, we infer a maximal error of 10%

in 2D and 4% in 1D density estimates Table 2.1, which translates to an uncertainty
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of £0.04 motors/um of MT lengths. The validation of the density estimates are also

discussed alongwith the results from gliding assays in the following chapter.

Surface Linear

density, density,

P2D P1Dp

(um—?) (um~")
Fit/ Slope | Low den- | High | Low den- | High
Bound sity den- | sity den-

sity sity

Fit 112.7 | 6.8 72.8 | 2.62 8.53
B1 118.7 | 6.5 69.2 | 2.55 8.31
B2 106.7 | 7.2 77 2.69 8.77

Table 2.1: Uncertainty in dynein number estimation. The table represents the 1D
(p1p) and 2D (pyp) densities of dyneins based on the slope of the fit (Fig. 2.6(b)). Based
on a 95% confidence interval, the bounds of the slope B1 and B2 are calculated. Based on
these slopes, the corresponding dynein densities are calculated for high- and low-density
samples.

2.4 Discussion

This chapter discusses the various cut-offs implemented for the gliding assay set up
based on the accuracy and sensitivity of the imaging set up and tracking algorithm. The
mechanical noise in the acquisition system quantified from images of fixed beads is
used as the lower limit for eliminating any movements observed (Figure 2.1). Synthetic
translation of fixed beads showed multiple peaks for 1 pixel when tracked using FIESTA
(Figure 2.2). However, this translocation when applied to filaments showed the peaks
at desired intervals of 1, 2 and 10 pixels (Figure 2.3). This shows that the algorithm
can accurately detect displacements for elongated objects and is sensitive to sub-pixel
movement as reported [Ruhnow et al., 2011]. However, it can give discrepant results
for sub-pixel movements of sub-micron sized particles. Therefore, one pixel cut-off
(154 nm) has been set for considering displacement of filament movement in subsequent

gliding assays.
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Density estimates are obtained using the calibration curve based on wide field fluo-
rescence (Figure 2.7). Motor densities on surfaces of gliding assay have been estimated
in the past by washing out the flow chamber and SDS-PAGE based protein estimation
[Rastogi et al., 2016; Sato et al., 2012]. However, the indirect nature of the method
and potential losses suggest a more direct approach could improve the reliability of the
estimation. Our use of EGFP dilution series as a calibration standard to estimate protein
concentration using epi-fluorescence microscopy [Jain et al., 2019] is comparable to pre-
viously reported methods using fluorescently tagged proteins to estimate in vivo protein
copy numbers [Joglekar et al., 2008; Swedlow et al., 2002a]. Indeed, the advantages
of wide field microscopy over confocal for such copy-number estimations have been

discussed in literature [Swedlow et al., 2002a].

Gliding assay performed with taxol stabilized filaments were analyzed after elim-
inating tracks with lengths fluctuations ( Figure 2.4). This makes certain that length
dependent analysis of microtubule transport is accurate. Gliding assays with immobilized
kinesin motor show mean speeds comparable to published values [Stewart et al., 1993] (
Figure 2.5). This assures that the various cut-offs implemented based on the controls for
acquisition set up (Results subsection 2.3.1), tracking algorithm (Results subsection 2.3.2)
and post-processing filament lengths (Results subsection 2.3.3) work to give expected
outcomes. The motility speeds are constant across the observed MT lengths consistent
with previous reports of bovine kinesin [Howard et al., 1989a; Hunt et al., 1994; Imafuku
et al., 1996b]. Multiple models that reconcile single motor and collective mechanics have
been proposed. For example, the processivity of kinesin based MT transport [Howard
et al., 1989a] has been explained by a ‘loose coupling’ of motors [Oosawa, 2000; Oosawa
and Hayashi, 1986] and validated in case of kinesin-1 [Bieling et al., 2008]. Fluctuation
based load-sharing [Belyy et al., 2014; Gagliano et al., 2010; Kunwar et al., 2008] and
negative cooperativity of detachment [Arpag et al., 2014; Driver et al., 2011] have also
been proposed to enable cooperative transport by multiple motors. More recent studies
with kinesin-1 anchored on membranes have shown a density dependence on velocity
statistics, suggesting a role of motor diffusivity and density in controlling the efficiency
of MT transport [Grover et al., 2016]. However, such studies with dyneins are limited
due to a relatively more complex structure and stepping behavior. In order to understand

the collective behavior of dyneins in MT transport, we have used a model yeast dynein
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and studied the role of motor numbers and MT lengths during filament transport using a

minimal in vitro system, discussed in the next chapter.
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3.1 Introduction

Microtubule (MT) transport by molecular motors plays a vital role in regulating cell
physiology and mechanics as seen in eukaryotic cell division [Burbank et al., 2007; Ru-
san et al., 2002], polarization [Witte et al., 2008] and migration [Wu et al., 2012]. While
single-molecule in vitro assays have increasingly provided a detailed understanding of
the mechanochemistry of kinesins [Coppin et al., 1997; Howard et al., 1989b; Svoboda
and Block, 1994a] and dyneins [Mallik et al., 2004a; Reck-Peterson et al., 2006a; Shima
et al., 2006], cellular processes typically involve multiple motors acting together. Trans-
port processes involving many motors acting together have been well studied in vesicle
transport where motors work in teams to carry cargoes on immobile filaments [Gross
et al., 2007a; Rai et al., 2013a]. However, filament transport by immobilized motors, has
also been reported in physiologically relevant processes such as such as spindle assembly
[Burbank et al., 2007; Cytrynbaum et al., 2003; Walczak et al., 1998], neuronal axon
development [Baas and Mozgova, 2012; Goldstein and Yang, 2000], Caenorhabditis
elegans fertilization [Kimura and Kimura, 2010; Tanimoto et al., 2016], mouse oocyte
maturation[Schuh and Ellenberg, 2007], nuclear oscillations in Schizosaccharomyces
pombe [Ding et al., 1998; Svoboda et al., 1995; Yamamoto et al., 2001a] and mitotic
nuclear positioning in Saccharomyces cerevisiae [Adames and Cooper, 2000a]. The
regulation of the number of motors (N) transporting MTs and their localization result
in spindle oscillations in S. pombe[ Ananthanarayanan et al., 2013; Vogel et al., 2009;
Yamamoto et al., 2001a] and C. elegans[Pecreaux et al., 2006a]. Thus, understanding the
effect numbers of motors (N) on collective transport properties could provide insights

into MT transport in vivo.

Dyneins play an important role during the in vivo transport of filaments. However,
they are relatively less well understood at a single molecule level compared to kinesins,
due to their greater structural complexity [Oiwa and Sakakibara, 2005]. One such well
studied dynein is the highly processive yeast cytoplasmic non-essential dynein. At a
single molecule level it has been shown to stochastically step backwards and forwards
with variable step sizes ranging from 8 to 32 nm in the absence of load [Reck-Peterson
et al., 2006a] and increasing in backward steps under load [Gennerich et al., 2007]. The

processivity of the dimeric motor has been attributed to a lack of inter head co-ordination
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and asynchronous stepping when the two motor domains are close to each other [DeWitt
et al., 2012; Qiu et al., 2012], while coordinated stepping can arise with increasing inter-
head separation through linker tension gated release of the motor from MTs [Cleary et al.,
2014]. Load sharing between the heads allows dynein to step processively even under
large loads [Belyy et al., 2014]. Additionally, single molecule detachment rates for this
yeast dynein have asymmetric force dependence - assisting forces increase detachment,
while hindering forces result in persistent binding [Cleary et al., 2014; Nicholas et al.,
2015a]. The effect of single-molecule dynamics on multi-molecular transport by teams
of this dynein is not apparent from current theoretical models of collective transport that
are based on ‘loose coupling’ of motors [Bieling et al., 2008; Oosawa, 2000; Oosawa
and Hayashi, 1986], fluctuation based load-sharing [Gagliano et al., 2010; Kunwar et al.,
2008] and negative cooperativity of detachment [Arpag et al., 2014; Driver et al., 2011].
A mathematical model specific to the yeast dynein would thus help better understand the

in vivo role of this ‘model” dynein.

The collective transport velocity of the yeast cytoplasmic dynein has been shown
to be comparable to the single molecule velocity in experiments[Reck-Peterson et al.,
2006a]. While a DNA-origami cargo has been used to precisely control the effect of
increasing dynein team sizes on run lengths and times[Derr et al., 2012], it involved
maximally 7 motors moving a cargo on static MTs. Studying the number dependence
of MT transport by anchored motors over a wider range, could be more representative
of the in vivo scenario in S. cerevisiae mitosis, where this dynein localizes on the the
bud-cell cortex and pulls on astral MTs, driving nuclear positioning [Adames and Cooper,
2000a; Hoepfner et al., 2000a; Moore et al., 2009; Shaw et al., 1997]. At the same time,
the astral MTs act as tracks transporting more dynein to the cortex, increasing the local
density [Lee et al., 2005]. Thus, ‘search and capture’ of astral MTs in nuclear positioning
involves changes in motor numbers and MT lengths. This suggests, a minimal system
which quantitatively address the role of MT lengths and motor numbers, could improve

our understanding of nuclear positioning in vivo.

Here, the collective transport properties of a Saccharomyces cerevisiae cytoplasmic
dynein fragment, widely used as a minimal model, are examined by a combination of

quantitative MT gliding assays and stochastic simulations. To understand the dependence
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of transport on the motor numbers, two variables are analyzed: (a) the motor density
and (b) MT lengths. As the length of MTs increase, the movement seems to become
more directed. The combined effect of motor density and MT lengths on speed, velocity
and directionality of filament transport is best understood in terms of motors per MT.
While translocation speeds (scalar, considers only magnitude) decrease and saturate
with increasing MT lengths and motor densities, the transport velocity (indicative of
vectorial transport) suggests a motor number dependent threshold change at low densities.
Increasing motor numbers also results in a switch-like transition in directionality of
filament transport from random to directed movement. To better understand this behavior,
a gliding assay is simulated based on a model of uniformly distributed immobilized
motors transporting semi-flexible MTs. The results of such number dependence in MT
transport are discussed in the context of in vivo scenario of S.cerevisiae mitosis where

this dynein is involved in nuclear positioning.

3.2 Materials and Methods

3.2.1 Gliding assay

Double-backed tape based flow chambers were prepared similar to those described
previously [Bieling et al., 2007] to create a chamber with a volume of ~ 16 ul using
glass slides and 22 x 22 mm coverslips (Micro Aid, Pune, India) that were cleaned
with acteone, ethanol, water, KOH and water. Dynein purification and MT assembly is
described in the sections of the previous chapter- Dynein purification, 2.2.7 on page 22

and Preparation of Microtubule filaments, 2.2.3 on page 21 respectively.

Motors were perfused (50 ul of 0.06 pg/ml dynein) through one end of the chamber
in lots ~15 ul each, incubated for 5 minutes at room temperature. Blocking solution
containing 0.5 mg/ml BSA (Sigma Aldrich, Mumbai, India) was flowed in, followed by
the addition of 10 ul of MT filaments (labelled, taxol-stabilized) and the slide incubated
for 5 minutes. A wash buffer (also used as lysis buffer- 30 mM HEPES (pH 7.2), 50
mM potassium acetate, 2 mM magnesium acetate, ] mM EGTA, 10% glycerol, 1 mM
DTT, 1 mg/ml casein) was used to remove unbound motors and MTs. Motility buffer
(wash buffer supplemented with 1 mM ATP) with 1x Anti-fade (Cytoskeleton Inc., USA)
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Figure 3.1: Dynein collective transport. The molecular components of the in vitro
reconstituted MT-transport by a truncated minimal form of the S. cerevisiae dynein
motor on a glass coverslip (c.s.) surface in experiment are schematically represented. A
stochastic mechanochemical model to represent key aspects of the system is developed,
where motors attach to MTs at a rate ‘r,’ if they are within an attachment distance ‘d,’,
and detach at a rate ‘r,;’. Single motors step along the MT with an instantaneous velocity
v; and multiple motors transport MTs with an effective mean effective velocity (v.ss)
(black arrows represent the direction of movement). A drag force F; (magenta arrow)
acts on the MTs due to their motion through the medium with viscosity 1. The motors
are modeled as Hookean springs with a stiffness k,,. Motor stepping along MTs produces
a parallel force Fj, in forward (blue arrow) and backward (red arrow) directions, affecting
the motor detachment rate (inset).

was perfused to observe MT gliding. For the low density experiments, before adding
motors, anti-GFP antibody (0.2 ug /ul) (Sigma Aldrich, Mumbai, India) was perfused
through one end of the flow chamber and incubated for 5 mins followed by the addition
of blocking solution, motors, MTs, wash- and motility-buffer, as described above. The

flow chamber was then imaged on an upright microscope.
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3.2.2 Image and data analysis

Image time series of gliding assays were pre-processed by median filtering using ImageJ
ver.1.45s [Schneider et al., 2012] and tracked using a filament tracking tool FIESTA
ver.1.04 reported previously [Ruhnow et al., 2011] in MATLAB R2015b (Mathworks
Inc., USA) on a Linux platform.

The maximal connecting velocity was set to 1 um/s and FWHM to 500 nm. Only
filaments that persisted for 10 or more frames and a permitted angular deviation between
successive frames of 1 to 5 degrees were processed. To ensure filaments of constant
length were analyzed, the frequency distribution of the change in MT filament lengths
over time (dL/dt) were fit to a Gaussian as described in Chapter 2, Section- Data Analysis.
The analyses of motility statistics are based on the trajectories of plus-end tips of the
filaments, unless otherwise specified.

The gliding velocity of MT filaments, (vector, vz ) (Figure 3.6) was estimated from the
magnitude of the vector representing the instantaneous displacement of filament tips at
each successive time point as a function of the time interval [Ruhnow et al., 2011]. Mean
(verf) was obtained from binning MT lengths every 1 pum.

The measure of directionality of motility ()) from experiment and simulation was
calculated from individual trajectories as the ratio of the magnitude of start to end
displacement to the path length of a trajectory as previously described [Khetan and
Athale, 2016].

To avoid sampling static filaments, trajectories with displacements less than a cutoff
distance of 1 pixel (154 nm) were ignored from the microscope calibration in experiment
in previous chapter- Validating tracking accuracy of FIESTA, 2.3.2 on page 24.

To improve our statistics, trajectories of motile filaments which were static between
successive frames, were linearly interpolated, until the filament moved a distance greater
than the cutoff. Mean directionality was estimated for bin-width of MT lengths of 1 um
and reported for that average length. To obtain a ) value as a function of motors, the
same approach was taken as before (product of mean linear density and length). All
further data analysis was performed using MATLAB R2014b (Mathworks Inc., USA).
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3.2.3 MSD and diffusivity analysis

The mean square displacement (MSD) is calculated from the 2D positional coordinate
of the filament (r) as previously described [Arcizet et al., 2008; Athale et al., 2014a;
Khetan and Athale, 2016] for increasing each time interval (6t) and averaged based on

the expression:

1
MSD(8t) = Z[r (1) —r(t+80)} 374 (3.1)

where 7 is the time point, T is the total time and N is the total number of displacements in
a time interval. The analysis used 8¢ < 0.75 x T, based on previous reports for improved
statistics [Arcizet et al., 2008; Michalet, 2010]. If the net displacement of a trajectory
was 154 nm or less (equivalent to a pixel in these experiments), those trajectories were
ignored, assuming the filament did not move.
Experimental MSD profiles were averaged by pooling length classes ranging from 0.5
to 12.5 um in bins of 3 um with the mean of that bin representative of the length
(Figure 3.4). Both experiment and simulation data were fit to two models of effective
diffusion: (a) anomalous diffusion and (b) diffusion with transport. The anomalous
diffusion model allows us to test whether MT length or density resulted in any deviation
from diffusive behaviour (super- or sub-diffusive) [Athale et al., 2014a; Saxton, 2007,
2008], while the transport velocity can be extracted from the diffusion-transport model
[Arcizet et al., 2008; Grover et al., 2016; Khetan and Athale, 2016]. The (a) anomalous
diffusion model is:

MSD=4-D -t*+¢, (3.2)

where D' is the anomalous diffusion coefficient, ¢ is time, « is the anomaly parameter

and ¢ is the error in detection. The (b) diffusion with transport model is:
MSD =4-Dypr-t+(v-1)*+c2 (3.3)

where D,y is the effective diffusion coefficient, 7 is time, v is the transport velocity and

¢ 1s the error in detection.
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3.2.4 Simulations

A gliding assay simulation was developed in the lab to model the experiments with
single molecule measurements of the yeast dynein [Gennerich et al., 2007; Qiu et al.,
2012; Reck-Peterson et al., 2006a] by Ms. Neha Khetan. In the simulation, motors are
assumed to be immobilized on a surface by their stalks and the heads can bind MTs
based on stochastic attachment-detachment kinetics. The average effective velocity of
MT transport (< v s >) results from a combination of (i) attachment and detachment
dynamics of individual motors, (ii) stochastic stepping of individual motors at a velocity
v; where i is the index of motors, (iii) the passive stretch force experienced by a static
motor bound to a filament, due to the transport of the filament by other motors and (iv)

the thermal and drag forces due to the medium (Figure 3.1).

2D simulations were performed using Cytosim [Nedelec and Foethke, 2007], an
agent-based simulation engine written in C++. MT and motor dynamics and mechanics
were modeled as before [Athale et al., 2008, 2014a; Khetan and Athale, 2016] in a square
simulation box of length Ly, with periodic boundary conditions. The integration time
was chosen to be smaller than the fastest time-scale. The system consists of MT filaments
of a fixed length (L) and a fixed number of motors determined by the density (p2p).
Both filaments and motors were randomly distributed in simulation space at the time of
initialization. Model structure with motor mechanics is described in great detail in our
publication- [Jain et al., 2019].

3.3 Results

3.3.1 Motor density and MT length both affect MT transport

Gliding assays were performed with dyneins immobilized at the surface and the transport
properties of MTs were observed (Figure 3.1). The motor densities quantified using
fluorescence calibration in the previous Chapter 2, Section 2.3.5 on page 28 were found
to be 6.8 and 72.4 motors/um?. At a low motor density (Figure 3.2a), the XY trajectories
of MT tips appeared random for short filaments (< L >< 5 um) as compared to long
filaments(< L >> 5 um) (Figure 3.2b). In contrast, in presence of a high-density of
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Figure 3.2: Length dependence of MT transport. Representative time-series of
rhodamine-labelled MTs (grey-scale) gliding in presence of dyneins of densities (a)
6.8 and (c) 72.4 motors/um? are overlaid with tracks of the centroids (blue). XY
trajectories of plus tips of filaments transported by motors of density (b) 6.8 and (d)
72.4 motors/um? are plotted for increasing MT lengths. For clarity between 5 and 15
trajectories are plotted per length and density class.

motors (Figure 3.2¢), filament transport appeared to be directionally persistent, indepen-
dent of length (Figure 3.2d). Also, if a particular length range is compared between the

two densities, filament tracks appeared more random for the low motor density.

By combining dynein density (p2p) and MT length (L) measurements, qualitative
differences were observed in MT tip tracks at a low density of motors.
Short MTs of mean length 0.68 um, swivel or diffuse away. These are expected to

encounter 1 to 2 motors whereas in the high density experiments, the same
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filament is expected to be bound by 5-6 motors and glides processively (Figure 3.3(a)).
Intermediate lengths (~3 pm) of filaments are transported with intermittent changes
in direction, possibly interacting with ~7 motors and are directionally persistent when
interacting with ~10 motors (Figure 3.3(b)). Thus, based on the density estimates, the
transition from diffusion and swiveling to persistent MT transport occurs when filaments
interact with 2 or more motors on average, consistent with literature on collective motor
transport [Imafuku et al., 1996a; Scharrel et al., 2014].
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Figure 3.3: Motor number (N) dependence of transport characteristics. Represen-
tative XY trajectories of filaments (plus-tips) represent the effect of increasing motor
numbers from (a) <N >~1 to 2 (n=4) to 5-6 (n=48) for the same length of MTs ~0.7
um based on motor density (pa2p). (b) The effect of a change in < N > from 7 (n=8) to
13 (n=17) on XY trajectories is seen for the same motor density, arising from differences
in length alone. Colors represent individual trajectories.

Also, MT motility exhibits qualitative differences between the low and high density
experiments when similar numbers of motors (5 to 7) are expected to interact for different
lengths (Figure 3.3). This appears to suggests that along with N-dependence of MT
transport, subtle effects of motor density may also play a role. The observed rapid
unbinding of MTs for estimates of 1 to 2 motors resulting in diffusion and swivelling,

and the switch to processive transport at higher N serves to validate the motor density
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estimate.

3.3.2 Motor number dependence of diffusion and transport velocity

In order to quantitate the qualitative trends of transitions from random to directed
transport, mean square displacements (MSD) were analysed. The diffusive filaments
were ignored from analysis by sampling only the ones that were present in the plane of
imaging. An ensemble average MSD for binned mean lengths appears to confirm the

impression of a transition from apparently diffusive to directed transport (Figure 3.4).
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Figure 3.4: Mean square displacement (MSD) of filament transport. (a) The MSD as
a function of time (black) for increasing MT filament lengths (L) ranging between 1.46 to
15.5 um are plotted. The motor density (pap) is 6.8 (upper panel) and 72.4 motors/pm?
(lower panel). Data was fit to two models: anomalous diffusion (red, Equation 3.2) and
diffusion with transport (blue, Equation 3.3). Grey region: standard deviation.

The MSD profiles were fit with two models: (i) a phenomenological anomalous
diffusion model (Equation 3.2) with the anomaly parameter o used to distinguish between
diffusive, super- and sub-diffusive motility and (ii) a diffusion with transport model
(Equation 3.3) to quantify the random and directed components of the motility. The
trajectories of short filaments of less than 5 um in length with low motor density deviate
from both model fits, potentially due to a greater heterogeneity in MT maotility also
seen in XY trajectories. Such filaments, even when bound to just 1 or 2 motors, are

expected to undergo frequent changes in direction and swivel, as reported for kinesin
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gliding assays [Leduc et al., 2007]. The anomaly parameter obtained from fitting the
phenomenological model is o ~ 1.5 and greater for all trajectories irrespective of length
and motor density, indicative of super-diffusive motility.

The fit parameters of the diffusion and transport model to experimental data, D, ¢
and v, show a higher variability for short filaments at low density as seen in the box plots

(Figure 3.5, upper panel).
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Figure 3.5: Motor number dependence of effective diffusion and transport velocity.
Based on the fits to the diffusion with transport model Equation 3.3, box plots for the
effective diffusion coefficient (D, s, left) and transport velocity (v, right) of MTs are
plotted as a function of the lengths (top) and expected number of motors (bottom) x-axis.
The datasets for two density are represented by solid lines beneath the box plots in black:
low density and red: high density. The red line inside the box of the box plot marks the
median values.

In order to better understand these trends, the fit parameters are plotted as a func-
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tion of motor numbers (N). The spread in box plot for D, s appears to decrease with
increasing motors, consistent with the higher variability expected from ‘stop-and-go’ and
occasional swivelling of MTs. The nearly immobile filaments (D, sy < 1076 um?/s) are
ignored in this analysis, assuming these to be artefacts due to MTs binding inactive or

mis-oriented motors [Scharrel et al., 2014].

The transport velocity as a function of motors obtained from fits to experimental
MSD, increases from close to zero to 80 nm/s and then saturates at around 20-40 nm/s,
(Figure 3.5, lower panel). This might arise from a combination of effects namely the
2D ‘search’ by MTs for motors that depends on motor density and increased coordination
of multiple motors. However, at a high density the independence of velocity with
motor numbers could be explained by saturation effects. The quantitatively lower
velocity obtained at high motor densities, could result from crowding effects, as reported
previously for kinesin [Grover et al., 2016]. Filament transport velocity is also quantified
independent of the MSD fits to assess filament motility characteristics and observe for

the number dependent transitions.

3.3.3 Asymmetric detachment model reproduces the trends observed

in dynein dependent MT transport

Filament transport is quantified using both the measures of motility- speeds and velocities.
While speed (scalar quantity) considers only magnitude of transport, velocity (vector
quantity) considers both magnitude as well as direction of transport. The primary reason
to evaluate both these quantities is to observe if the motor number dependence extend to
measures independent of direction. Although, speeds decrease for the high motor density,
they remain constant across the length of MT observed (Figure 3.6(a), left). However,
velocity ((verr)) shows a length dependence at low motor density, consistent with the
qualitative changes in transport (Figure 3.6(a), right).

Mean gliding velocity (v.rr) when plotted as a function of motors show a five-fold
increase when ~8-10 motors are encountered (Figure 3.6). In order to better understand
this process, simulations were performed using single motor mechanics and understand
the ensemble role of dynein during MT transport. Interestingly, simulations performed

using single motor mechanics could recapitulate the observed trends in filament gliding.
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Figure 3.6: Effect of motor numbers on gliding velocity. The mean gliding velocity
of filaments, (v, f f> (red circles), from experiments is plotted as a function of the mean
number of motors (N). The motor density is 6.8 motors/um?. The dashed line connected
binned averages with error bars indicating standard deviations.

Since, the transition in velocity appears to coincide with a transition from random
to vectorial transport, a simpler and more robust measure of directionality ), that is
independent of any fitting is evaluated [Athale et al., 2014a; Khetan and Athale, 2016] as
described in the methods section.

3.3.4 Directionality shows a threshold number dependence

The mean directionality () shows length dependence for low motor densities but not
for high density. A four-fold change in ¥ is seen when MT lengths increase from 3 to

4 um at low motor densities (Figure 3.7(a)). The high density data for lower lengths

50



Chapter 3 Collective effects in dynein-MT transport in vitro

(1 um) have the values of y similar to lengths at transition values from low density.
Interestingly, motility changes quantified by y correspond to three qualitative modes
of filament transport for increasing lengths at low motor densities: (a) swivelling by
short filaments (=1 um) when 1-2 motors are expected to interact, (b) transport and
intermittent changes in direction of intermediate lengths (=3 ptm), when interacting with
~7 motors and (c) directionally persistent transport of long filaments (>5 um), when
interacting with ~10 motors (Figure 3.7(b)). When this data is combined for different
motor densities and MT lengths, in terms of expected number of motors interacting with
a filament, all the data falls onto a trend of increase and saturation of ) above a threshold
of 8 to 10 motors (Figure 3.7(c)). This motor number threshold above which transport
becomes directionally persistent is based on the expected number of motors a filament
encounters, while binding-unbinding kinetics would result in a lower number of bound
motors, as predicted in simulations. Hence, a model of yeast single-molecule dynamics
is further tested to evaluate if it can reproduce our experimental measure of directionality

in collective transport.

The directionality, from the same calculations, show a threshold effect increasing
abruptly when ~10 or more motors are acting on an MT, an effect also observed in
experiments for ~8 to 10 motors (Figure 3.7(c)). The simulations however are based on
a model of the motor as a single bead that stochastically steps along an MT, similar to
previous work [Arcizet et al., 2008; Athale et al., 2014a; Grover et al., 2016; Imafuku
et al., 1996a; Khetan and Athale, 2016], while in experiment the yeast dynein is dimeric.
Our result would suggest that the reported uncoordinated stepping of heads of this yeast
dynein [Cleary et al., 2014; DeWitt et al., 2012], could explain why the transition in
directionality in experiment emerges at 8 to 10 heads, comparable to the 8 to 10 motors
in simulations, due to the statistics of independent stochastic stepping and detachment be-
haviour. Additionally, visualization of the simulation for increasing MT lengths suggests
the statistics of directionality can be understood in terms of three qualitatively different
MT motility modes, just as in experiment: swivelling and occasional free-diffusion when
filaments encounter 1-2 motors, (b) 2D ‘search’ interspersed with stretches of transport
with 3-5 motors and (c) persistent directional transport when the motors encountered
exceed 5 (Figure 3.7(d)).
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Figure 3.7: Length and motor-dependence of MT transport directionality in exper-
iment and simulation.

(a) The mean directionality, ) (£s.e.) of MT transport is plotted as a function of length in
presence of two different motor densities (colors) from experiments. (b) Representative
time-projections of filament contours (red lines) are overlaid with trajectories of centroids
(blue *) from experiments for a low density of motors (6.8 motors/um?) for increasing
lengths. The time-interval between frames is 1 s. (c) The value of ¥ from experiment (o,
mean +£s.e.) and simulation (-, mean +s.d. from 100 MTs each) are plotted in terms of
motors encountered per filament. Colors represent motor density in units of motors/ym?.
(d) Simulation outputs of filaments (gray) from 10 s of simulations at 0.25 s per frame
for a motor density of 10 motors/um?. Two states of motors are indicated: bright-green:

MT-bound, dark-green: free
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While the directionality of transport over three orders of magnitude from simulations
of motor density appears to fall on one curve resembling saturation kinetics, the transition
is not ‘smooth’ as a function of motors per MT. For instance, the directionality of
filaments of increasing lengths in presence of 10 motors/um? do not appear to increase
above 0.4, while higher values of directionality are only seen in case of an order of
magnitude higher motor density. This could be due to the fact that increasing MT lengths
for a given motor density could result in filament bending and defects in motion (kinks,
spiral etc.) as previously reported for myosin and kinesin [Bourdieu et al., 1995], thus
reducing directionality. Additionally, simulations also predict the point of inflection of
directionality as a function of motors (N-dependence) will be seen even if as little as half
the motors are active [Jain et al., 2019], suggesting a potential experimental test of the
model. To test the specificity of the asymmetric detachment model, effect of alternative
models of detachment on MT collective transport were also tested in simulations. The
alternate models tested were: a) force independent model, where the detachment rate is
constant (rg = rod). (ry: detachment rate; rOd: basal detachment rate) (b) force dependent
model, where load dependence was symmetric in nature based on kramers law (r; =
rod.e|Fll /Fy| ) [Kramers, 1940]. (F;;: magnitude of the force parallel to load; F: stall
force of dynein motor). None of the alternative models could reproduce the value of
the threshold number of motors encountered that results in a change in ¥ comparable to
experimental data [Jain et al., 2019]. This may point to a property of switch in transport
by this yeast dynein from random to persistent motion of MTs through an N-dependent
(collective) mechanical coupling, rather than a simple 2D ‘search’. It would suggest
that such a motor number based threshold dependence of persistent filament transport
might differ for a full length dynein construct, due to a quantitative difference in the load
dependence as compared to the truncated dynein used in this study, acting as a test of our

model predictions.

3.4 Discussion

In this work, the collective transport by dyneins reveal a threshold number depedence for
persistent transport. The transport velocity and 2D directionality undergo a steep increase
both in simulation and experiment with increasing motor numbers. Modeling can explain

such threshold dependent behavior as an emergent property of the collective effect of
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motor detachment dependence on the direction of the load force and a 2D ‘search’ by
MTs for motors. This number-dependence of directionality of MT transport, arising from
the coordination of multiple S. cerevisiae dyneins at a low density comparable to the in
vivo scenario, could help us better understand the ‘search and capture’ of astral MTs in

mitosis during nuclear positioning.

The observations of the reduction in mean D,y with the number of motors (1/N
dependence) resembles the inverse length dependence, 1/L of diffusivity of MTs trans-
ported by kinesins reported previously [Imafuku et al., 1996a]. This suggests the the
motor-number dependence of randomness in collective MT transport might be similar for
kinesin and dynein. This threshold could be smaller, based on the assumptions inherent
in the motor number estimation and the expectation that the number of bound motors
will always be lower than those encountered, as seen in simulations [Jain et al., 2019].
Additionally, the mean velocity of MTs for a saturating number of motors encountered is
~40 nm/s, in qualitative agreement with the reported velocity of 41 nm/s of yeast spindle
translocation during mitosis [Markus et al., 2011]. Thus, the velocity and directionality

of MT transport by yeast dyneins depends on both the motor density and MT length.

The effect of increasing motor density on collective transport of MTs has also been
shown for kinesins in a gliding assay, when the motors were anchored in a lipid bilayer
but not when anchored on glass [Grover et al., 2016]. The similarity in trends with
increased density despite the glass immobilization of dynein, could relate to the greater
flexibility inherent in dynein, thus mimicking the effects of anchorage. This could
reveal a general property of filament transport arising from intermolecular spacing and
flexibility.

The ensemble mean directionality of transport steeply increases four-fold when the
number of motors a filament encounters change from 8 to 10, in experiment. Simulations
reproduce both the steepness of change and the N-value of the onset based on single
molecule detachment mechanics. The transition in directionality with N~ 10 is observed
even in the presence of 50% inactive motors that are unable to step [Jain et al., 2019],
suggesting the robustness of our result to experimental artefacts such as the active fraction
of the motor. This could also serve as a falsifiable test of our model. Our theoretical

predictions explain not just our data, but also potentially provide an explanation for the
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previous report of a sharp increase in run length and run time with an increase in yeast

dynein team sizes from 2 to 7 motors [Derr et al., 2012].

Interestingly, the observation of a sharp transition in gliding velocity (v.sy), transport
velocity (v) and directionality () from low values of (less efficient transport) to high
values above a threshold of motors, in simulations and in experiments, resembles a
phase-transition. Phase transitions in directional motility of motor-driven transport, have
been predicted in theory for symmetric and asymmetric motors [Badoual et al., 2002;
Jiilicher et al., 1997; Jiilicher and Prost, 1995]. They have also been experimentally
demonstrated in the case of antagonistic kinesins transporting anti-parallel MT-doublets
[Leduc et al., 2010a]. A simple dynein driven collective MT transport system could also
fall into this general category. This finding implies cells could regulate the qualitative

nature of multi-motor transport by simply modulating the number of motors.

@® Dynein GZ/M Anaphase
— MT
® SPB

. Nucleus

Bud

Mother cell

MT Length bound to motors

Figure 3.8: Search and capture of astral MTs during nuclear positioning. A
schematic representation of a yeast nucleus (blue) positioned (dashed arrow) by dy-
namic astral MTs (red) nucleated from SPBs (green) pulled by cortical dyneins (brown)
localized in the bud cell. The scale represents the increasing length of MTs interacting
with the motors.

In our work, simulations allow us to explore a much wider range of motor densities
than either previous or our own experimental data can approach. The increase in velocity
and directionality both saturate rapidly when more than ~20 motors heads (10 dimers)

interact with an MT. This result suggests the motor numbers of this dynein could have
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a role to play during S. cerevisiae mitosis in pulling MTs in vivo. The native yeast
cytoplasmic dynein is localized to the daughter cell during mitosis [Markus and Lee,
2011] as part of the machinery that positions the nucleus to the bud neck between the
daughter and mother cells [Adames and Cooper, 2000a; Hoepfner et al., 2000a; Shaw
et al., 1997]. During the G2/M to anaphase transition, astral MTs emanating from SPB
embedded in the nucleus, are thought to ‘search’ and are ‘captured’ by dynein motors
localized to the bud-cell cortex which then ‘reel in’ the nucleus [Adames and Cooper,
2000a]. The captured MTs are then transported in a manner reminiscent of a gliding
assay, with both MT lengths and motor numbers changing in time. The reported number
of dyneins present on cortical foci in budding yeast 62 dimers [Markus et al., 2011].
A transition in the directionality of MT transport is observed when ~10 motors are
expected to interact with an MT. We speculate that the number dependence of random
to directed MT transport, could affect the ‘search and orientation’ of the nucleus (Fig-
ure 3.8). Since the process involves collective motor transport, a transition to directed
transport with increasing motor numbers might improve the accuracy and reduce the
time taken for spindle alignment during division, while maintaining a constant velocity.
Our experimental and theoretical observations suggest that the mechanics of the yeast
dynein, might be adapted to ensure robust positioning of the nucleus in anaphase. Further

quantitative analysis of yeast nuclear migration will be required to test this hypothesis.

The transport velocity and 2D directionality undergo a steep increase both in sim-
ulation and experiment with increasing motor numbers. Modeling can explain such
threshold dependent behavior as an emergent property of the collective effect of motor
detachment dependence on the direction of the load force and a 2D ‘search’ by MTs
for motors. This number-dependence of directionality of MT transport, arising from
the coordination of multiple S. cerevisiae dyneins at a low density comparable to the in
vivo scenario, could help us better understand the ‘search and capture’ of astral MTs in

mitosis during nuclear positioning
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Implications for dynein number
dependent transitions on spindle pole
body transport via microtubules in

yeast mitosis.
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Contributions: The time-lapse movies for the growing yeast cells were acquired by Dr.
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4.1 Introduction

Saccharomyces cerevisiae has been used as a model organism for decades to understand
the role of protein networks and cell cycle regulators. It undergoes closed mitosis leading
to formation of spindle inside the nucleus with intact nuclear membrane. The site for
cytokinesis in S.cerevisiae is pre-determined at the position where bud emerges. This
necessitates the positioning of nucleus between the mother cell and bud neck in order
to ensure equal segregation of chromosomes. Spindle pole body (SPB) involved in the
formation of spindle is embedded within the nuclear envelope [Byers and Goetsch, 1975].
This leads to the formation of two kinds of microtubules- (i) nuclear MTs, nucleated
from the spindle pole body (SPB) inside the nucleus and (i1) cytoplasmic or Astral MTs,
nucleated from the SPB in the cytoplasm.

While nuclear MTs are involved in spindle formation within the nucleus, astral MTs
bind to cortically anchored dynein motors on the bud crotex [Adames and Cooper, 2000a;
Hoepfner et al., 2000b; Lee et al., 2003; Palmer et al., 1992; Shaw et al., 1997]. The
function of dynein in budding yeast is limited to cortical pulling of MTs, unlike in higher
eukaryotes where they are also involved in cargo trafficking [Fagarasanu and Rachubin-
ski, 2007]. During S. cerevisiae mitosis, dynein is targeted to the daughter cell cortex
[Markus and Lee, 2011] through a complex network of transport, anchoring and regula-
tory co-factors [Moore et al., 2009]. Dynein based pulling is known to cause microtubule
sliding along the cortex, eventually leading to nucleus positioning. The null mutants of
dynein show cells defective in spindle positioning at the onset of anaphase [Eshel et al.,
1993; Lietal., 1993]. A recent study has shown that dynein regulates the plus end dynam-
ics of the microtubules by increasing the frequency of catastrophes as it slides along the
MTs [Estrem et al., 2017] . Inhibiting depolymerization of the filaments worsens spindle
movement by dyneins and forms cells with abberant spindles. This indicates both- motor

numbers and lengths of microtubule, play role during nucleus positioning at the bud neck.

During the ‘search and capture’ of yeast nuclear MTs in mitosis, both motor numbers
and MT lengths are changing while the nucleus is being ‘reeled in’ to the bud neck.
In the previous chapter, the effect of increasing dynein numbers and MT lengths on

directed transport of filaments is shown using a minimal gliding assay system. To
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test the relevance of such a qualitative change in directionality of transport in in vivo
system, the dynamics of nuclear positioning are examined here in S. cerevisiae mitosis
using a previously described strain with a fluorescently tagged SPB (Spc42-3xmCherry)
and GFP labelled tubulin [Caydasi and Pereira, 2009]. The directionality of nuclear
transport is assessed by tracking spindle pole body during cell growth. In order to
validate the qualitative differences in x-y trajectories of SPB movement during various
cell cycle stages, quantitations to measure directed transport are performed based on
mean square displacements and tortuosity analysis. The results obtained are compared
to the observations from our in vitro gliding assays where the same cytoplasmic yeast
dynein immobilized on glass surface has been used to assess the number and length
effects on transport directionality. Based on our findings, we propose a general ‘search
and orient” mechanism of organelle positioning by MT asters. To further test this, ex-vivo
reconstitution of nucleus transport with intacts SPB’s is being optimized with the aim of

developing a novel nuclear transport assay.

4.2 Materials and Methods

4.2.1 Image analysis of yeast time series

The yeast movies analyzed here were acquired by Dr. Saravanan Palani, Warwick Medical
School, University of Warwick, UK using a spinning disk confocal microscope (Andor
Revolution XD imaging system, equipped with a 100x oil immersion 1.45 NA Nikon
Plan Apo lambda objective, a Confocal Yokogawa CSU-X1 unit, an Andor sCMOS
ZYLA detector, and Andor iQ software). Image time series of yeast cells were contrast
adjusted, denoised using a median filter (radius-1 pixel), and histogram normalized
using Image J ver 1.45s. Stackreg plugin with rigid body transformation was used to
align stacks of images. The Spc42-3xmcherry (SPB component) channel was tracked
using FIESTA ver.1.04 reported previously[Ruhnow et al., 2011] in MATLAB R2015b
(Mathworks Inc., USA) on a Linux platform.. The maximal search radius was set to 50
nm/s, with only those molecules considered for further analysis which persisted for 50 or
more frames. The x-y co-ordinates of the tracks obtained using Fiesta were processed
in Matlab (Mathswork Inc, US) for further data analysis. These tracks were analyzed

using matlab scripts to obtain x-y trajectories, MSD estimations and tortuosity estimates
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as described in the previous chapter (Chapter 3, Methods section 3.2 on page 39 ).
DIC channel was visualized to categorize the cells in either pre-budding or budding
stages. Further, in budding stages the analysis was considered with the cells where SPB

movement to mother and bud cells was unambiguous with track length > 50 time frames.

4.2.2 Isolation of yeast nuclei

Yeast strains were grown on yeast peptone dextrose (YPD) medium at 30°C. The lop
phase cells were harvested at 3000xg and resuspended in lysis buffer (Sorbitol- 1.2M,
sucrose- 2M, potassium phosphate- 20 mM, MgCl,- 0.5mM). These were flash frozen in
liquid nitrogen and lysed with mortar pestle. Lysis was monitored using a bright field
microscope. The lysed slurry was thawed at 4°C and different fractions were collected to
obtain nuclei.

Alternatively, the cell lysis was also carried out enzymatically using lyticase (Sigma
Aldrich, Bangalore, India). The cells were first grown to log phase and harvested at
3o000xg for 5 min at room temperature (RT). The cells were washed in distilled water,
harvested and resuspended in buffer 1 (0.1 M Tris- HCl, 10 mM DTT). These were
incubated at 30°C, for 30 mins with shaking at 100 rpm, harvested at 3000xg and
resuspended in lysis buffer. Lyticase was added to the cell pellet resuspended in buffer
2 and cells were further incubated at 30°C for 1 hour, 150 rpm. Spheroplast formation
was monitored on a bright field microscope and the pellet obtained at the end of the
incubation was resuspended in lysis buffer. Spheroplast were lysed either using osmotic
shock (1:2 in water, 1:4 in water ) or homogenized using pestle in a microfuge tube to

obtain nuclei from the cells.

4.2.3 Isolation of centrosomes

Centrosomes were isolated using Drosphila embryos and Jurkat cells as described previ-
ously by [Moritz and Alberts, 1998], and [Jakobsen et al., 2013] respectively. In brief,
Jurkat cells were grown in ATCC modified RPMI 1640 medium (ThermoFisher Scientific,
New York) supplemented with 10 % heat inactivated fetal bovine Serum (ThermoFisher
Scientific, US) and 100 units/ml Penicillin-Streptomycin solution (ThermoFisher Scien-

tific, US) to a density of 5 x 10° cells. They were treated with nocodazole (60 ng/ml)
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(Sigma Aldrich, Bangalore, India) and cytochalasin-D (1 pg/ml) (Sigma Aldrich, India)
for 1 hr at 37°C. Cells were lysed, pelleted, filtered using medical gauze and treated
with DNase at 4°C. The lysate was loaded on a sucrose gradient - 3 ml 40%, 3 ml 50%
and 5 ml 70% and centrifuged at 116,000 X g for 75 min at 4°C. 0.5 ml fractions were
collected using a peristaltic pump and flash frozen. The fractions were loaded on a 10%

SDS-Page gel to confirm the presence of centrosomes.

Drosophila embryos were washed, dechorionated using 50% bleach and lysed by
homogenizing them with a pestle in a microfuge tube. The lysate was then processed on
a sucrose gradient in a similar manner and the fractions were flash frozen and stored at
-80°C.

4.2.4 Activity testing of centrosomes to nucleate microtubules

The fractions collected on a sucrose gradient were tested for their ability to form asters
by either of the two methods (i) formation of asters in solution, (ii) nucleation of asters
on glass.

The In-solution assays involved incubation of 20 ul of centrosomal fractions with 20

UM of goat brain tubulin (1:10 labelled:unlabelled) and 1 mM GTP in BRB-80 buffer
(80 mM PIPES, 1 mM MgCl,, 1 mM EGTA) in a microfuge tube. The nucleation
temperature for the centrosomes obtained from jurkat cell lines was 37°C and drosophila
embryos was 29°C, and was set using a heating block (Thermo mixer, Eppendorf) . The
incubation time was varied from 5-30 mins followed by fixing in 1 % glutaraldehyde
(Sigma Aldrich, Bangalore, India).
On-glass nucleation assays were done by incubating 20 ut1 of centrosomal fraction on acid-
washed (1 N HCI) glass coverslips. The centrosomes were incubated on the glass surface
followed by incubation with 20 uM of goat brain tubulin (1:10 labelled:unlabelled) and
1 mM GTP for 10-30 mins and fixed with 1 % glutaraldehyde. Aster formation was
checked using a Zeiss upright fluorescence system with 40 X objective (N.A- 0.75) with
Dsred filters (excitation/emission- 550/570).
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4.3 Results

4.3.1 Random to directed movement of spindle pole body during

S.cerevisiae mitosis

(a) (b)

Figure 4.1: Visualizing the movement of spindle pole body as yeast cell undergoes
budding. (a) A montage representing growing yeast cells with GFP labeled microtubules
(green) and Spc42-3x mCherry (red) labeled spindle pole body (SPB, red) during nuclear
positioning. Scale bar - 5 um, Time stamp- min. (b) SPB is projected in time over the
first frame of the corresponding montage to indicate movement in various stages of cells.
Scale bar - 5 um

During S.cerevisiae mitosis, the spindle pole body (SPB) associated with the nucleus
undergoes duplication and begins to move towards opposite ends of the nucleus at the
time of budding (as can be seen in the DIC channel later). The one which moves towards
the mother cell is referred here as SPB-M and the other that moves towards the bud cell
is referred as SPB-B. A montage corresponding to the image time series as the cells
undergo mitosis is shown in (Figure 4.1(a)). The time projection of the Spc42-mCherry
SPB channel indicates the movement of the SPB in different cells (Figure 4.1(b)). For
our analyses, SPB movement is considered prior to spindle elongation in order to avoid

the complexities in interpretation due to MT pushing forces.
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The motility of SPB-GFP puncta in yeast cells is followed using single particle
tracking (Figure 4.2(a)) and XY trajectories are traced. XY tracks shown in (Figure 4.2)
are normalized with respect to their origin and are observed for the SPB’s before and after
duplication, as the cell proceeds to bud. The XY movement of SPB’s appears to be ran-
dom (Figure 4.2(b)) prior to budding and SPB duplication. It seems to become directed
after SPB duplication as seen for SPB-M (Figure 4.2(c)) and SPB-B (Figure 4.2(d)). In
order to validate the qualitative trends, the randomness in transport is quantitated using

the fits to mean square displacements (MSD) as described in the previous chapter.

4.3.2 MSD profiles suggests diffusive SPB movement is highest prior
to budding

The MSD profiles of the SPB tracks are fit to two different models to evaluate the degree
of diffusion in SPB motion as the cell undergoes budding. (i) Anomalous diffusion
model assumes that the inherent nature of transport is diffusive. Anomaly parameter
obtained from fit, & < 1 indicates diffusive movement. ii) Diffusion with transport model
assumes that an active component is driving transport and separates the directed and
diffusive component . The equations for both the models are described in the Meth-

ods section of Chapter 3, MSD and diffusivity analysis 3.2 on page 42 and 3.3 on page 42.

The fits in our results show linear profiles for the MSD curves of the SPBs prior to

duplication indicating diffusive movements (Figure 4.3(a)). On the other hand, MSD fits
to SPBs after duplication moving to mother cell showed sub-diffusive profiles indicating
confined diffusion (Figure 4.3(b)), and the bud cell showed super-diffusive profiles
indicating active transport (Figure 4.3(c)). Box plots of diffusivity (D.sr) obtained
using anomalous diffusion model for the three categories of SPBs show lowest values of
diffusion profiles of the SPB moving towards bud (SPB-B) (Figure 4.3(d)).
Measures of anomaly & obtained by fitting anomalous diffusion model to MSD profiles
show o < 1 for SPB-M and SPB-prior whereas SPB-B has an o > 1, further confirming
the observations that SPB moving towards the bud has directed movement (Figure 4.4(a)
and (¢)).
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0
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(c) SPB-M (d) SPB-B

Figure 4.2: Stage dependence of spindle pole body (SPB) movement during trans-
port of nucleus. (a) SPB tracks are overlaid on the centroids of SPB (green) tracked
using FIESTA. Colors are changed for better visual representation- MTs (red), SPB
(green). Cyan: Spb tracks in pre-budding cells prior to SPB duplication. Blue: Spb tracks
in budding cells after spb duplication. Scale: 5 um. (b)-(d) XY trajectories of SPB
movement are plotted for the cells (b) prior to SPB separation before budding and, after
SPB separation at the time of budding as the SPB moves either in the (c) mother cell or
(d) bud cell. Each XY track is represented in different color. The merged image represent
first and last frames of the time-series with DIC (grey) images, Spc42-3xmCherry (red)
and GFP-Tubl (green) channels. Scale: 2 um.
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The transport velocity is the highest for the SPBs moving towards bud indicative
of directed movements towards bud (Figure 4.4(b) and (d)). In order to estimate the
directionality of transport independent of the potential fitting artefacts, tortuosity- an

altrnative measure of directionality is estimated.
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Figure 4.3: MSD analysis and estimation of effective diffusion. MSD profiles for the
SPBs (a) Prior to budding (Pre-budding), and after budding as they move to (b) mother
cell, or (c) bud cell. The fits to the MSD profiles from anomalous diffusion model (red)
and diffusion with drift model (blue) are overlaid on the experimental data (black) from
single representative tracks.(d) Box plot represents the diffusivity of the SPB movement
estimated by fitting MSD profiles to anomalous diffusion model. Median - red line,

Mean- circle, outliers- plus sign.
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Figure 4.4: Estimation of anomaly parameter and drift velocity (a) The box plot
shows the measures of (a) anomaly of diffusion ,c and (b) drift velocity of SPB transport
estimated by fitting MSD profiles. Bars indicate the medians values for (a) anomaly of
diffusion ,o and (b) drift velocity from the box plots. Median - red line, Mean- asterisk,
outliers- plus sign.
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4.3.3 Directionality increase correlates with prolonged contacts of

astral MTs along cortex

Tortuosity () is a measure of directionality, estimated using the ratio of displacement
to path length. Quantification of the SPB movement prior to separation shows a mean
directionality () of 0.0478 +0.0238. After separation, the SPB-M shows a mean Y
of 0.073 £0.0420, while the SPB in the bud (SPB-B) has a mean x of 0.138 +0.050.
This indicates that the tortuosity or directionality of the SPB’s after duplication (SPB-M
and SPB-B) increases as compared to pre-separated SPB (Figure 4.5(a)). The montages
represent the time projections of the Spc42-mCherry SPB channel (red) and MTs (green)
on the first frame of the DIC image (Figure 4.5(b)). It shows SPB and MT profiles for
the different stages assessed. It suggests that microtubules emanating from the SPB
moving towards the bud (SPB-B) have prolonged contacts along the cortex as compared
to other two SPB’s . This is further highlighted in the representative images of the cells
(Figure 4.5(c)) prior to budding and (Figure 4.5(d)) after budding where the MTs are
color coded in time for comparable time frames. The prolonged contact of MTs along
the bud cortex with an evident sliding behavior and the increase in directionality for the
SPB moving towards the bud seems co-related. Since, it is known that dynein drives
microtubule sliding along the cortex, such a change in directionality of the SPB moving
towards the bud is indicative of a dynein number dependent transition. This is similar
to the motor number and length dependent transitions observed in the directionality of

linear filament transport in our gliding assay (previous chapter).

Real time quantification of dynein motor numbers is complex as the cell is dynami-
cally varying motors along the cortex. In order to overcome the complexity of in vivo
measurements for dynein numbers and issues relating to microscopy, the potential to
measure transport of nuclei using an ex vivo reconstitution system with intact SPBs and

astral MTs gliding on immobilized dyneins motors is tested.
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Figure 4.5: Quantitating the change in directionality of SPB transport during dif-
ferent stages. The box-plot compares the (a) directionality of SPB transport before SPB
separation (n = 20), and after SPB separation in the mother cell SPB-M (n = 20) and
in the bud cell SPB-B (n = 16). Scale bar: 2 um. Stage dependent SPB movement
analyzed during yeast nuclear positioning in S.cerevisiae are represented schematically.
(b) Images of yeast cells imaged in DIC (gray) from a single time-point are overlaid
with time-projected images of SPBs (Spc42-3xmCherry, red) and tubulin (GFP-Tubl,
green), together with the XY tracks of SPB movement (blue lines).(c)-(d) MTs color
coded in time (colorbar) are overlaid on the initial frame of the representative images of
the pre-budding cells and budding cells, respectively, to observe the cortical interactions.
Frame number- Time duration in minutes, Scale bar: 2 um.
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4.3.4 Extracting nuclei with intact SPBs for building an ex vivo or-

ganelle gliding assay

In order to obtain nuclei with intact SPB’s, the yeast strains grown to logarithmic phase
are lysed in liquid nitrogen based using mortar pestle as described in Methods subsec-
tion 4.2.2. Most of the cells remained unlysed when seen in bright field microscopy
(Figure 4.6(a)). In order to enhance the efficiency of nuclei release from intact cells, an
alternative method of enzymatic lysis with lyticase was adopted based on the previous
reports [Kiseleva et al., 2007; Mann and Jeffery, 1986].

Lyticase is an enzyme involved in the breakage of peptidoglycan linkages of yeast

cell wall forming spheroplasts (cells without cell wall).

The cells treated with lyticase for 20 mins show spheroplasts formation as seen in the
DIC channel (Figure 4.6(b), top panel). In order to release nucleus from spheroplast,
lysis is carried out using two different methods- i) Osmotic shock in water and ii)
homogenization using pestle. Both the methods released few nuclei with intact SPB’s as
seen in the dual channel images with GFP-SPB and DIC (Figure 4.6(b), bottom panel)
floating outside the cell. The process of obtaining increased numbers of intact nuclei
with SPB’s requires further optimization.

In addition to the SPBs with intact nuclei from budding yeast, nucleators from alternate

sources were also isolated Appendix, section 5.4.
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Figure 4.6: Extraction of Yeast nuclei (a) Left: The schematic shows the method
employed to obtain yeast nuclei using liquid nitrogen based crushing of the cells in a
mortar-pestle. Right: A bright field image is shown for the cells after liquid nitrogen
based crushing on 63 X objective. Scale- 5 um. (b) DIC and fluorescent labeled GFP-
Spc-42 (SPB) images are overlaid for yeast strains that are treated with lyticase to obtain
spheroplasts (upper panel). Spheroplasts were subsequently lysed using osmotic shock
(left-1:2 in water, middle-1:4 in water) and right- homogenization using pestle.
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4.4 Discussion

The dynamics of nuclear positioning is observed in S. cerevisiae mitosis using a pre-
viously described strain [Caydasi and Pereira, 2009] with a fluorescently tagged SPB
(Spc42-3xmCherry) and GFP labeled tubulin. At the time of nuclear positioning, the
dynein motors localized to the bud-cell cortex are thought to ‘search and capture’ MTs
emanating from the nucleus, during the G2/M to anaphase transition [Baumgértner and
Toli¢, 2014]. Typically, one SPB remains in the mother cell (SPB-M), while the other
enters the bud cell (SPB-B). The observations suggests that prior to budding in the G2/M
phase transition, the SPB movement appears to be random (Figure 4.2(b)). As the cell
progresses to anaphase, SPB duplication results in the movement of the SPB-M to the
mother cell and of the SPB-B to the bud cell (Figure 4.2(c) and (d)). Quantification
of these trajectories using mean square displacement analysis confirms the qualitative
trends of directed movements observed in the XY trajectories, with a decreasing effective
diffusion co-efficient as the cell transits to anaphase (Figure 4.3). The highest values
of anomaly parameter, @ (> 1) and drift velocity for the SPBs moving towards bud
further indicates that the movements become directed for the SPB-B (Figure 4.3). The
directionality of SPB-B with a mean )y of 0.14 +0.050 measured here, is consistent with
that predicted by our in vitro and in silico work for 6 to 8 motors (previous chapter).
This value of motors is comparable to the in vivo number of cortical dyneins reported
in the bud (~6.3+2) [Markus et al., 2011], thus potentially validating our model. The
difference between the directionality of SPB motility prior to separation and SPB-B (the
SPB destined for the bud) most significant (p < 0.0001). In this analysis, SPB dynamics
are considered prior to the spindle elongation phase, as visible in the tubulin channel.
Based on the correlation of SPB-B movement with the appearance of astral-MTs, the
more directed movement of SPB-B could be attributed to MT-sliding on the motors in

the bud cortex.

Multiple studies have shown that dynein dependent spindle positioning at the onset
of anaphase increases shrinkage events at minus ends of the microtubule [Adames and
Cooper, 2000b; Carminati and Stearns, 1997; Estrem et al., 2017; Maddox et al., 2000].
This highlights that length dynamics of MT filaments play an important role in nucleus

positioning. Our analyses of the increased directionality in SPB-B combined with the
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results of in vitro gliding assays of dynein mediated transport, further suggest that motor

number dependent transitions are involved in the process.

Based on these findings, we propose a general ‘search and orient” mechanism of
organelle positioning by MT asters. The initial ‘search’ and attachment of filaments to a
few motors could provide the ‘noise’ necessary for the nucleus to be correctly oriented
along the bud-mother axis, due to the low directionality of MTs bound to a few motors.
After the ‘search and orientation’ phase, longer contacts between MTs and motors could
then result in more directed motion, which would be required for positioning the nucleus,

a form of ‘reeling in’.

Cortical dynein mediated microtubule pulling have also been shown to position spin-
dle in C.elegans embryo [Grill et al., 2001] and human cells [Kiyomitsu and Cheeseman,
2013]. In Schizosaccharomyces pombe, the combined effect of MT lengths and motor-
numbers result in nuclear oscillations [Ding et al., 1998; Svoboda et al., 1995; Yamamoto
et al., 2001a]. Different models have been proposed for spindle positioning that includes
either (i) end-on [Kozlowski et al., 2007] interactions of MTs or (ii) lateral-interactions
(sideways pulling) [Adames and Cooper, 2000a] of the MTs with these cortical anchor.
The ‘search and capture’ of MTs in spindle assembly of large cells has been shown to
involve additional directional cues such as gradients of regulatory proteins that affect
MT growth dynamics in Xenopus oocyte meiosis II [Athale et al., 2008, 2014a] or motor
gradients in mouse oocyte meiosis I [Khetan and Athale, 2016]. All these processes either
involve dynamic rearrangement of motors on the cortex or variations in microtubule
lengths. Investigating the motor number and MT length dependence on transport of such
complex assemblies might give us a perspective based on the mechanical elements of the
cell, different from the usual regulatory networks to understand the collective transport.
In this chapter, the results indicate that increased directionality of SPB transport is corre-
lated with the appearance of astral MTs that slide along the bud cortex. However, due to
the limitation in imaging for the in vivo system, umambiguous detection of lengths or
motor numbers cannot be made for a direct assessment of a motor number dependence

in nuclear transport. The future implications are discussed later in Chapter 6 .

In order to overcome the complexity of motor number measurements in an in vivo
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system, an organelle gliding assay is being optimized with intact nucleus and SPB’s
from budding yeast. This organelle gliding assay could be used in future to further
test the effect of mechanical and biochemical regulators in yeast nuclear positioning.
Additional microtubule nucleators that form radial spindle complexes in higher eukary-
otes like centrosomes of Drosophila embryos and T-lymphoblastic cell lines have also
been isolated (Figure A1). The activity of the centrosomal fractions are confirmed by
microtubule nucleations that form asters (Figure A2). Consistent nucleations to observe
radial structures reproducibly, is being optimized. This will provide insights whether the
number dependence in MT transport by dynein occurs in just linear filament transport or

it also extends to more complex spindles observed in higher eukaryotes.
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Chapter 5 Comparative kinetics of tubulin polymerization

5.1 Introduction

The role of microtubules (MTs) in cell growth and division has led to great interest in
developing methods for in vitro reconstitution of the polymerization kinetics of tubulin.
Indeed, the careful quantification of single filament observations were instrumental in
the discovery of dynamic instability of MTs [Kristofferson et al., 1986; Mitchison and
Kirschner, 1984a; O’Brien et al., 1987]. Nucleation of MTs in somatic cells of animals
is regulated by centrosomes forming radial arrays or asters [Karsenti et al., 1984]. Such
nucleators function by lowering the critical concentration for nucleation [Buendia et al.,
1992]. Despite the fact that plant cells lack centrosomes, well organized MT arrays
are formed in interphase and during mitosis. In such cells, the function of centrosomes
appears to be replaced by three pathways as reviewed by Yi and Goshima [Yi and
Goshima, 2018]: (a) nucleation from small microtubule organizing centers (MTOC:sS), (b)
MT-dependent MT nucleation and (c) altered minus-end dynamics due to either intrinsic
properties of tubulin or by the action of MT-associated proteins (MAPs). Therefore, a
better understanding of the nucleation and polymerization dynamics of plant MTs could

improve our understanding of their in vivo functions.

Plant tubulins have been previously isolated from multiple sources. Some of the
earliest reports described tubulin isolation from ‘mung’ (Azuki) bean (Vigna radiata)
[Mizuno et al., 1981]. A comparison of filament assembly and drug-binding sensitivity
of tubulins isolated from animal brain and cultured cells of multiple higher plants,
suggested plant tubulins bind less effectively to colchicine as compared to animal tubulins
[Morejohn and Fosket, 1982]. These differences in sensitivity to drug binding could be
explained by the divergence of ¢-tubulin sequences in plants from animals, as compared
to the more conserved f-tubulin sequences [Morejohn et al., 1984; Morejohn and Fosket,
1984]. Monoclonal antibodies raised against plant a-tubulin sequences cross-react with
plant but not animal tubulins, further supporting the divergence of ¢-tubulins [Mizuno
et al., 1985b]. Indeed, a divergence of a-tubulin sequences was reported even between
plants species, based on immuno-histochemistry in vitro [Mizuno et al., 1985a] and in
vivo [Mizuno et al., 1985b] and denaturing gel electrophoresis [Mizuno, 1985]. The
tubulin from plant have been shown to consist of multiple isoforms, as seen in case of

‘mung’ bean tubulin which has two major (MBT1, 2) and one minor sub-unit (MBT3).
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These were identified as one B-tubulin (MBT1) and two isotypes of ¢-tubulin (MBT2,
3) [Hussey and Gull, 1985; Mizuno et al., 1985a; Sen et al., 1987]. MT filaments from a
diverse set of plant tubulins- mung bean, pea, zucchini, cucumber seedlings and carrot
cell suspensions- were shown to require only GTP, Mg>* ions, EGTA and a crowdant for
assembly [Mizuno, 1985]. While the sequence and drug-binding comparison suggests
a divergence between plant and animal tubulins, these studies did not examine the
consequences of the differences on the kinetics of filament formation.

The purification of MAP enriched tubulins from animal brains has been based on
successive cycles of polymerization and depolymerization [Castoldi and Popov, 2003].
However, most isolation methods from plants have reported a combination of affinity
and size exclusion chromatography [Mizuno et al., 1981; Morejohn and Fosket, 1982],
or a single round of polymerization cycle after precipitating out the protein [Sen et al.,
1987]. Recent work has demonstrated the utility of affinity chromatography based on
a TOG domain (tumour overexpressed gene domain from S. cereviseae), for purifying
tubulin from diverse sources [Widlund et al., 2012]. Multiple plant tubulins have been
successfully isolated and characterized using this approach [Hotta et al., 2016]. However,
most studies on the kinetics of tubulin polymerization so far, have used MAP-enriched
animal brain tubulins [Barton and Riazi, 1980; Bonfils et al., 2007; Flyvbjerg et al.,
1996a]. A comparison of kinetic properties between MAP-enriched animal and plant
tubulins has however not been attempted so far.

Here, a plant tubulin is extracted using mung beans. This is the first study which
reports that Vigna (mung) tubulin has the lowest critical concentration of microtubule
polymerization, based on activity-based isolation of the protein from seedlings. Although
epitopes of mung tubulin proteins cross-react with goat and porcine brain tubulins
suggesting shared structures, their MT polymerization kinetics are quantitatively different.
Further tests using kinetics are performed to observe whether the phenomenological
model of nucleation dependent polymerization (NDP) used to explain animal brain MT
kinetics [Flyvbjerg et al., 1996a] also applies to mung tubulin. Based on the kinetic
results, a novel qualitative model of nucleation and filament elongation is developed, to

explain the differences in filament length distributions between plant and animal tubulins.
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5.2 Material and Methods

5.2.1 Activity-based purification of MAP enriched fraction of tubu-
lin
Tubulin was purified from germinated seedlings of Vigna radiata and brains of freshly sac-
rificed goats. Both purifications involved a temperature based polymerization-depolymerization
cycle as described previously [Castoldi and Popov, 2003]. Mung seeds were germinated
at 30°C in a commercial ‘sprouter’, a 2-chamber container to separately soak and sprout,
resulting in seedlings after 12 hour of soaking and 36 hours of germination. The manually
de-husked seeds were homogenized in a heavy duty Waring blender (Stamford, CT, USA)
and the homogenate clarified by high speed centrifugation in a Sorvall Ultracentrifuge
(Thermo Scientific, Waltham, MA, USA) at 10° g at 4°C for 40 min. The supernatant
was processed for subsequent polymerization cycles with polymerization at 37°C for
45 min, followed by centrifugation at 150,000 g at 32°C for 45 min and the pellet was
subjected to depolymerization cycle at 4°C and centrifuged at 76,000 g for 30 min. This
cycle was repeated and the final pellet was depolymerized and resuspended in BRB 80
buffer (80 mM Pipes, | mM EGTA, 1 mM MgCl,). Goat brains from freshly sacrificed
animals were cleaned to remove blood clots, homogenized, centrifuged to clarify and
the same polymerization-depolymerization cycles in high-molarity PIPES buffer were

followed as before.

5.2.2 Fitting and scaling of tubulin polymerization kinetics

The polymerization kinetics of tubulins from different sources were measured by light
scattering experiments at 340 nm using a 96-well plate platereader (Varioskan, Thermo
Scientific, USA). Plant tubulin concentrations of 0.25 uM, 0.5 uM and 0.75 uM diluted
with BRB-80 buffer were incubated with 1 mM GTP, 10% glycerol and 3 mM MgCl,
at 37°C. Absorbance was measured at 340 nm every 10 s for a period of 90 min to
obtain the kinetic curves. Similarly, porcine brain tubulin at 15 uM, 20 uM and 30 uM
concentrations were incubated with 1 mM GTP, 60% glycerol and 5 mM MgCl, at 37°C.
Kinetic curves were obtained by measuring the absorbance at 340 nm every 10 s for 60

mins.

77



Chapter 5 Comparative kinetics of tubulin polymerization

In order to estimate the polymerization rate, the polymerization kinetics were fit to a

model based on the logistic function:

_ PO'Pmax
P0+(Pmax_P())‘e_M

P(t) (5.1)
where F is the initial polymer mass (absorbance units), P, is the maximal polymer
mass (absorbance units), r is the polymerization rate (1/min) and t is time in minutes.
To examine the nucleation limitation of the mung bean tubulin polymerization ki-
netics, the curves were rescaled in three steps as described previously [Flyvbjerg et al.,
1996a]: (a) converting the time-dependent absorbance A; into relative absorbance A,,;,
(b) estimating the half-maximal time of the kinetics 71 /,, and (c) Rescaling the time # /5.
The relative absorbance was estimated by scaling for the difference between the initial
Ap and maximal values A,,,, using the expression:
Arel = % (5.2)
max — A0
In addition to this scaling of the absorbance, a second scaling is performed for the time
based on previous work [Flyvbjerg et al., 1996a; Sabareesan and Udgaonkar, 2014], to
estimate the half-maximal time #; ,. This estimate was obtained by fitting individual

curves to a four parameter kinetic model as follows:

Smax - S()

=St

(5.3)

where S, is the initial polymer mass, Sy is the maximum polymer mass, 71, is the
half maximal time of polymerization kinetics, t is the time in minutes and 7 is the

characteristic time constant.

5.2.3 Immunoblotting

The presence of tubulin was detected with anti-tubulin antibodies on a western blot by
running the proteins on a 10% SDS Page gel (Mini Protean, BioRad, USA), transferred
in methanol containing transfer buffer to a polyvinylidene fluoride (PVDF) membrane
(Immobilion-E , GE Healthcare, USA). The PVDF membrane was blocked with 5% milk
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powder in TBS-T buffer (w/v) for 1 hour at room temperature, followed by overnight
incubation with primary antibody at 4 °C . The primary antibodies used were either
a polyclonal rabbit anti-Arabidopsis a-tubulin antibody (1:5000 dilution)(AS10 680,
Agrisera, Sweden) or an anti-Saccharomyces cerevisiae o-tubulin (414-422 a.a.) antibody
(1:500 dilution) raised in a rat (Ab6161, Abcam, Cambridge, U.K.). Membranes washed
in TBS-T buffer (4 washes, each for 15 mins) were incubated with HRP-conjugated
secondary antibodies at a dilution of 1:10,000 for 1 hour at room temperature and
developed with a chemiluminescent reagent. HRP-conjugated goat anti-rabbit 1gG
(H&L) (AS09 602 antibody (Agrisera, Sweden) secondary antibody was developed using
ECL SuperBright Reagents (Agrisera, Sweden) whereas HRP goat anti-rat secondary
antibody was developed using SuperSignal West Femto Maximum Sensitivity Substrate
(Thermo Fisher, USA). Blots were imaged using a chemimuminescence imaging system
(G-Box, Syngene, Frederick, MD, USA. Dot blot were performed in a similar way
after blotting concentrated proteins on a nitrocellulose membrane (Thermo Fisher, USA)

beginning with passivation in milk-powder.

5.2.4 Immunofluorescence microscopy of tubulin filaments

Goat brain tubulin (20 uM) was incubated with BRB-80 buffer containing 10 % glycerol
at 37°C for 15 min. Taxol buffer (20 uM) was added to the filaments for stabilization,
which were used for immuno-fluorescence staining. Filaments stuck passively on the
coverslips were incubated with FITC- anti o tubulin antibody at room temperature for
12 hours. Mung tubulin filaments were prepared similarly at a concentration of 1.5
uUM. The filaments were incubated with a polyclonal, rabbit, anti-arabidopsis alpha
tubulin antibody at room temperature for 12 hours followed by staining with Alexa 568
conjugated- anti rabbit antibody for 1 hours. Coverslips were washed with BRB-80
buffer (2 x 10 min each) and mounted on 60 % glycerol.

Filaments were observed on upright epifluorescence microscope, Zeiss Axiovert Z1 with
a 40X lens with 0.75 NA (Carl Zeiss GmbH, Germany) combined with filter sets for
rhodamine (520-540 nm excitation and 580-600 nm emission) or FITC (470-490 nm

excitation and 510-520 nm emission) for fluorescence.
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5.2.5 Visualizing microtubules in atomic force microscopy

MT filaments were prepared using goat and mung tubulin. For the goat sample, 20 uM of
unlabelled tubulin was mixed with 5 uM of tubulin tagged with 5,6-carboxy tetramethyl
rhodamine (Sigma-Aldrich, India) in BRB-80 buffer containing 10 % glycerol, 1 mM
GTP and 5 mM MgCl, at 37°C for 30 min. Taxol buffer (20 uM) was added to the
filaments for stabilization. Mung filaments were similarly prepared with unlabelled
tubulin (1.5 uM), and the concentration of MgCl, was varied: 1 and 2 mM. The AFM
imaging was performed using a JPK Nanowizard 2 (JPK Instruments AG, Berlin, Ger-
many). Filament samples were incubated for 5 to 10 min on freshly cleaved mica (18
mm diameter,Electron Microscopy Sciences,U.S.A.), followed by rinsing with Milli-Q
water. Taxol stabilized microtubules prepared as described in the previous section, were
imaged in contact mode using a silicon cantilever of tip radius 10 nm (stiffness 1.7 N/m).
Images of 1024x1024 pixels were acquired at a resonance frequency of 80 kHz with a
scan rate of 0.7-1 Hz. The images were processed in the JPK software (JPK Instruments
AG, Berlin, Germany).

5.3 Results

5.3.1 Activity based purification of mung bean tubulin

Seedlings are expected to be enriched for tubulin due to rapid growth and have therefore
been successfully used in the past as a source for tubulin isolation. One such source for
tubulin purification has been seedlings of the legume Vigna sp. (mung bean) [Mizuno
et al., 1981, 1985a; Sen et al., 1987].
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Figure 5.1: Antibody recognition of activity-based isolation of Mung bean tubulin
(a) The sprouted beans of Vigna radiata (mung) were the starting material for (b)
polymerization and de-polymerization (activity) based isolation of MTs. (c) A dot blot
with 2 g porcine (P), 1.26 ug goat (G), two independently isolated mung tubulin samples
(M1 and M2) and 2 pg BSA was hybridized with polyclonal, anti-Arabidopsis ¢-tubulin
and detected by HRP conjugated anti-rabbit secondary antibodies and developer. (d)
Tubulins from porcine (P: 5 ug), goat (G: 5 ug) and mung (M1: 5 ug), alongwith BSA
(5 ng) were separated on a 10% SDS-PAGE gel stained with Comassie brilliant blue
(CBB). (e) Western blotting of the separated proteins was performed with a polyclonal
anti-Arabidopsis ¢-tubulin primary antibody followed by an HRP-conjugated anti-rabbit
secondary antibody and developed. L: molecular weight ladder, mass: kilodaltons.

Mung bean seeds are germinated at 30°C for 48 hours in a commercial sprouter in

two steps- soaking and sprouting, as described in detail in the Material and Methods
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section, resulting in standardized conditions for seedling growth (Figure 5.1(a)). The
seedlings were homogenized and the tubulin enriched fraction was isolated using a
modification of the method reported for brain tubulin isolation [Castoldi and Popov,
2003], as schematically depicted in Figure 5.1(b). The successive rounds of temperature-
based polymerization and depolymerization were concluded with flash freezing the
cold-depolymerized sample.

Dot blots analysis of independent isolates of mung protein (M1, M2) tested for
polyclonal anti-Arabidopsis o-tubulin antibody binding, confirmed that the sample
contained tubulin ( Figure 5.1(c)). The same antibody also recognized goat and porcine
brain tubulin, suggesting the epitopes recognize in plants are conserved in animals. A
western blot on an SDS-PAGE gel further confirmed the identity of the bands at the
expected molecular weights (Figure 5.1(d)-(e))

a- tubulin

Saccharomyces TBA1 0.189
Vigna TBA1 0.02
Arabidopsis TBA1 0.053
Gallus TBA1 0.005

SusTBA1 0.004

Capra TBA 0

Rattus TBA1 0

B- tubulin

Saccharomyces TBB 0.186
Vigna TBB1 0.033

—: Arabidopsis TBB5 0.041

GallusTBBS5 0.052

[~ CapraTBB 0
b Rattus TBB50

SusTBB5 0

Figure 5.2: Phylogenetic tree of related a- and B-tubulins. The phylogenetic tree
based on protein sequence differences between the (fop) o1- and (bottom) B-tubulins
from S. cerevisiae, Arabidopsis, Gallus (chicken), Rattus (rat), Sus (pig) and Capra (goat)
are compared to Vigna (mung bean). The tree was generated using Clustal Omega.

The specificity of the results of the dot-blot were confirmed by the lack binding in
the BSA and EGFP controls. Taken together, this confirms the presence of tubulin in the
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purified sample. Despite the fact that dot blot was loaded with a comparable mass of
proteins, the anti-Arabidopsis a-tubulin antibody signal was seen to be stronger for goat
and pig tubulin, as compared to mung bean tubulin. This could be potentially explained
by differences in the proportion of tubulin in the samples, since a phylogenetic tree
based on sequence comparison suggests mung and Arabidopsis tubulins are more closely
related to each other than to animal tubulins (Figure 5.2).

In order to quantify the kinetic activity of isolated mung bean tubulin and com-
pare it with the more commonly used brain tubulins, bulk polymerization kinetics by

spectrophotometry have been perfomed.

5.3.2 Activity testing of plant and animal tubulin by bulk polymer-
ization

The polymerization kinetics of mung bean tubulin have been measured using bulk
densitometry for increasing tubulin concentrations in order to estimate c*, similar to
previous work for estimating the c* of animal tubulin [Bonfils et al., 2007]. Based on
reports that MgCl, plays a role in modulating the polymerization rates [Martin et al., 1987;
Schilstra et al., 1991], a range of MgCl, and EGTA concentrations are tested, in order to
optimally capture the early kinetics of polymerization for mung bean tubulin (Figure 5.3).
The initial lag phase is reduced and eventually eliminated when the concentration of
MgCl; is increased from 1 to 3 mM ( Figure 5.3(a)-(c)), suggesting a potential role in
nucleation. This is in contrast to the kinetics of brain tubulin obtained from porcine and
goat, where saturation is not observed even in the presence of comparatively higher salt
concentrations, 5 mM MgCl, at 10 % glycerol (Figure 5.4(a) and (b)). In order obtain
the saturation kinetics of the brain tubulins, crowding is increased to 25 % glycerol
(Figure 5.4(c) and (d)). These bulk kinetics were then compared to estimate the critical

concentrations.
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Figure 5.3: Effect of co-factors on mung tubulin concentration-dependent polymer-
ization kinetics. The activity of purified tubulin was tested by measuring the absorbance
at 340 nm for increasing mung bean tubulin concentrations in the presence of (a)-(c) 1
mM EGTA containing buffer with (a) 1, (b) 2 and (c) 3 mM MgCl, and compared to the
results of (d), (e) 1.6 mM EGTA with (d) 2 and (e) 3 mM MgCl,. Mung bean tubulin
concentration was varied between 0.125 and 1 uM with 3 replicates each (indicated by

shades of the same color).

84



Chapter 5 Comparative kinetics of tubulin polymerization

40 M 40 uM
04
10 pM |

A340 nm

M . 10 uM
0 4000 a000 % 4000 8000
Time (s) Time (s)
(a) 10 % glycerol (b) 10 % glycerol
0.30
40 pM
E 30 uM
20.15 f\
< 20 uM
NNNNN - 10 uM
0O 3000 6000 0 3000 6000
Time (s) Time (s)
(c) 25 % glycerol (d) 25 % glycerol

Figure 5.4: Bulk kinetics of brain tubulin in the presence of crowdants The activity
of porcine brain tubulin was tested by measuring the absorbance at 340 nm for increasing
tubulin concentrations in the presence of (a) 10 % and (c) 25 % glycerol. This is compared
to activity of purified tubulin from goat brain in a similar crowdant concentration of (b)
10 % and (d) 25 % glycerol. Brain tubulin concentration was varied between 10 and 40
uM with 3 replicates each (indicated by shades of the same color).

5.3.3 Comparative Kinetics of mung bean tubulin quantified by the

critical concentration

The polymerization kinetics of plant tubulin isolated from Arabidopsis cell suspension
cultures were reported to be rapid at single filament level from previous work, with a
minimal tubulin concentration of 7 uM required for filament nucleation [Hotta et al.,
2016]. This lower limit of monomer concentration above which polymers form is referred

to as the critical concentration (c*).
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The polymerization rate, r (min~!) and maximal polymer mass, P, (arbitrary
units) for increasing concentrations of tubulin were obtained by fitting the kinetic curves
to a model based on the logistic Equation 5.1, (5.5(a)-(f)). The data of r and P,
as a function of tubulin concentration was used to infer the c* values. The critical
concentration decreases with increasing MgCl, concentration and increases with an
increase in EGTA concentration. The estimates of ¢* based on r ranged from 0.03 to
0.421 uM (Table 5.1). The negative values are suggestive of the fact that excess MgCl,
(3 mM) resulted in extremely rapid the kinetics. While the estimates based on P,
and r for the same conditions are observed to be comparable, the saturation polymer
mass is a more unambiguous variable to estimate, as compared to the initial kinetic rate.
Increasing EGTA concentrations resulted in increased c*, potentially due to chelation
of ions, consistent with the previously described role for Mg?* ions in early nucleation
[Martin et al., 1987; Schilstra et al., 1991] and subsequent elongation.

The kinetics of both animal brain tubulins followed the three phases of growth- lag,
elongation and saturation as seen for porcine (5.6(a)) and goat tubulins (5.6(b)). The
critical concentration of goat brain tubulin is 4 uM based on polymerization rate (r)
(5.6(c)) and 3 uM based on the maximal polymer mass (P,,,,) ( Figure 5.6(d)), the
first report to our knowledge from this species. Similar estimates for the porcine brain
tubulin c* are found to be 4 and 3.6 4= 4uM, by the two methods respectively (Table 5.1),
comparable to previous reports of ~10 uM, that were based on maximal steady state
absorbance [Bonfils et al., 2007]. Thus, these observation demonstrates that both sources
of brain tubulin exhibit comparable kinetics of bulk polymerization. Interestingly, the
critical concentration of of mung tubulin is 50 to 100 fold smaller than goat and porcine
brain tubulin, based on similar methods of isolation and kinetic estimations.

The mung bean tubulin critical concentration reported here, is the lowest reported so
far (Table 5.1), as compared to non-plant sources such as yeast, bovine brain, porcine
brain and C.elegans [Bonfils et al., 2007; Chaaban et al., 2018; Davis et al., 1993]. It is
even lower than the ¢* of another plant tubulin, from Arabidopsis tubulin (11 uM) [Mao
et al., 2005] (Table 5.2).
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Figure 5.5: Estimating the critical concentration (c*) of polymerization of mung
tubulin. Absorbance at 340 nm over time was used to measure the kinetics of mung
tubulin polymerizationin in presence of (a)-(c) 1 mM MgCl, and (d)-(f) 2 mM MgCl,
over a range of tubulin concentrations (C) and the fit (black line) of the mean (grey
area: *s.d., n=3) data (-o0-) to a saturation model (Equation 5.1) was used to estimate
the fit parameter of polymerization rate (r). (g)-(h) The straight line fit to the plot of (g)
the polymerization rate, r (min~!) and, (h) maximal polymerization values (P,y) as a
function of concentration (M) is used to estimate the critical concentrations (c*) for
varying MgCl, concentrations. MgCl, concentration: 3 mM (red), 2 mM black, 1 mM
(green). Solid lines indicate EGTA concentration of 1 mM in the buffer and dotted lines

indicate 1.6 mM EGTA.
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The sigmoid profile of scattering based measurements for mung bean tubulin kinetics
across the range of concentrations, is suggestive of a common process underlying it,
similar to that reported for animal brain tubulins. In addition, an increase in tubulin
concentration resulted in a reduced ‘lag’, increased slope of the ‘growth phase’ and higher
saturation value for increasing the monomer concentration (Figure 5.5), demonstrating
that monomer concentrations affect nucleation and polymerization rates.

This would suggest that the kinetics of mung tubulin polymerization may follow
nucleation dependent polymerization (NDP), as described previously by Flyvbjerg et al.
and successfully applied to animal brain MTs [Flyvbjerg et al., 1996a].

Tubulin source [MgCl;] (mM) [EGTA] (mM) | Critical concentration, c* [uM]]

r Prnax

1 1 0.42 0.09

2 1 0.018 0.03

Mung bean seedlings 2 1.5 0.45 0.31
3 1 NA NA
” 3 1.5 0.189 0.044

Goat brain 5 1 4 3
Porcine brain 5 1 4 3.6

Table 5.1: The critical concentration (c*) estimates of mung bean seedlings are compared
to animal brain tubulin from goats isolated by the same method and commercially
purified porcine brain tubulin. The c* estimates for mung tubulin vary based on MgCl,
and EGTA concentrations. Estimation of c* is based on either polymerization rates (r) or
the maximal polymer mass (P,.x). NA- Not applicable due to poor fits.
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Tubulin source | ¢* (uM) Reference
S.cerevisiae 1.8 [Bode et al., 2003; Davis et al., 1993]
Porcine brain 5 [Walker et al., 1988]
Bovine brain 5.6 [Davis et al., 1993]
Arabidopsis 11 [Mao et al., 2005]
Lily pollen 12 [XU et al., 2005]

Table 5.2: The critical concentration of polymerization for various sources of tubulin are
reported in the table.
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Figure 5.6: Critical concentration of porcine and goat brain tubulin polymerization.
The 340 nm absorbance (mean +s.d.: shaded grey area, n=3) were measured to estimate
polymerization kinetics of tubulin for a range of tubulin concentrations (20, 25 and 30
uM) from (a) porcine and (b) goat brains in presence of 25 % glycerol and 5 mM MgCl,.
The fit to the saturation model (Equation 5.3, colored lines) was used to estimate r and
Pax. Gray area indicates standard deviation, experimental values are indicated by black
lines, and the fits are indicated by the colored lines for the respective concentrations
(red: 20 uM, green: 25 uM and blue: 30 uM) (c)-(d) The critical concentration (c*) is
estimated from the x-intercepts of the linear fits to porcine (red) and goat (black) brain
tubulin kinetics from either (c) r or (d) P4 as a function of tubulin concentration.The
dashed lines indicate the uncertainty in the slopes and the intercepts as determined from
the 95 % confidence interval.
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5.3.4 Nucleation dependent polymerization of mung bean tubulin

Nucleation-dependent polymerization (NDP) has been shown to be the predominant
mechanism driving in vitro animal tubulin polymerization, as determined by a scaling
approach to kinetics [Flyvbjerg et al., 1996a]. In order to test this approach, the poly-
merization kinetic curves were fit to a saturation model (Equation 5.2), to estimate the

half-maximal time of the rapid polymerization phase, 7, , (Figure 5.7).
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Figure 5.7: Estimating the 7, , of mung tubulin polymerization kinetics. The poly-
merization kinetics of mung tubulin are measured based on absorbance at 340 nm (black
circles) for concentrations (a) 0.25 uM, (b) 0.65 uM and (c) 0.75 uM tubulin in presence
of 2 mM MgCl,. The experimental data was fit to a saturation function (black line) based
on Equation 5.3, to estimate the value of 7, ;. Shaded gray region: standard deviation.

Most of the kinetic curves of mung tubulin with 1, 2 and 3 mM MgCl; collapse onto a
single curve ( Figure 5.8(a)-(c)). The re-scaled plots of the lower tubulin concentrations
deviate from the trend since they do not saturate leading to under-estimation of 7y ),
values. Animal brain tubulin kinetic curves fall on the same curve as seen in case of
purified goat (Figure 5.8(d)) and commercial porcine tubulins (Figure 5.8(e)), consistent
with previous reports [Flyvbjerg et al., 1996a]. The qualitatively similar behaviour
of both mung and animal tubulins demonstrate that the mechanism is qualitatively
conserved between mung and brain tubulins. However, quantitatively, mung bean tubulin
polymerizes at a critical concentration more than an order of magnitude lower than
animal brain tubulins. It is for the first time that such phenomenological analysis of
plant tubulin polymerization kinetics has been performed which confirms similar kinetic
processes drive both sources of tubulin.

Taken together, the nucleation limitation and extremely low threshold concentration
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of mung tubulin for polymerization suggest nucleation might dominate over elongation
of filaments, resulting in multiple small filaments at steady state, as compared to the

lengths of animal tubulin. In order to test this, filaments were visualized in microsocpe.
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Figure 5.8: Nucleation dependent polymerization of tubulin from multiple species.
(a)-(c) The relative absorbance of mung tubulin is plotted as a function of scaled time (the
ratio of time 7, and the half-maximal time, #; /) in presence of increasing concentrations
of MgCl,- (a) 1, (b) 2 and (c) 3 mM. Mung tubulin concentration ranges between 0.25
and 0.85 uM. The rescaling parameters were obtained from fitting Equation 5.2 to the
unscaled polymerization kinetics data (Figure 5.3). A similar transformation is performed
for the polymerization kinetic curves of (d) goat brain tubulin (20, 25 and 30 uM) and
(e) porcine brain tubulin (20, 25 and 30 uM) in presence of 5 mM MgCl,.

5.3.5 Mung tubulin polymerization is dominated by short filaments

as compared to animal brain tubulin

The comparative study reveals that the kinetics of mung bean and animal brain tubulin

polymerization are both nucleation dependent, while quantitative differences are seen
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in critical concentrations. Based on the simplest models of polymerization kinetics, the
steady state filament length of a tubulin species is expected to depend on both nucleation
of ‘ends’ and their elongation [Edelstein-Keshet, 1998].
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Figure 5.9: MT filament length distributions of mung bean and pig brain tubulin.
Microtubules stained with (a) FITC- anti o tubulin antibody for goat brain tubulin and
(b) Alexa 568 conjugated- anti rabbit ¢ tubulin antibody for mung tubulin are observed
in epifluorescence. Scale bar: 5 uM. (c) The AFM images of (left) goat brain tubulin
and (right) mung tubulin filaments acquired in imaging mode using air-dried samples.
The colour represents the height of the sample (colourbar) in nanometers (nm). A the
cross-section of representative goat and mung MTs (blue line in AFM images) is used to
plot the height profile of a filament. Scale bar: 1 um.

Hence, to test whether the difference in critical concentrations would affect filament

lengths, taxol stabilized MT filaments were assembled from goat brain and mung bean
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Figure 5.10: Comparing MT length distributions. The frequency distrubution of MT
lengths of (a) goat and (b) mung bean tubulin (grey bars) fit to a log-normal distribution
(red line). u: arithmetic mean, (;: log-normal estimate of the mean. N (number of
filaments) for goat brain tubulin is 80 and mung tubulin is 65.

tubulin and immuno-stained them as described in detail in the Material and Methods
section. Goat brain MTs with a mean length 10+5.4 um, were almost ten-fold longer
than mung bean (1.8+0.76 um) filaments ( Figure 5.9(a)-(b), Figure 5.10). The short
mung filaments (I um and less in length) at times appear ellipsoid, since the lengths
and widths are within the diffraction limit of fluorescence light microscopy. In order
to unambiguously confirm the presence of filament and confirm the morphology and
lengths, an independent label free method is used- atomic force microscopy (AFM) in
imaging mode. Steady-state MT filaments of mung tubulin were indeed visible with
lengths < 1 um and height profiles comparable to the longer goat MTs (Figure 5.9(c)
and Figure 5.11), thus confirming the bonafide filamentous nature of mung MTs.

5.3.6 A model for filament length distribution resulting from a com-

petition between rapid nucleation and filament elongation

Based on these differences in ¢* and filament lengths, a qualitative model is formulated to
better understand these results from comparative kinetics and microscopy. The monomer

pool in a given sample is subject to depletion by two competing processes: (a) nucleation
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and (b) end-growth (elongation) of previously nucleated oligomers (Figure 5.12). The
monomers are expected to rapidly assemble into oligomers (nucleation), by virtue of a
lower c* (as seen in mung bean tubulin). This is expected to result in a smaller pool of
monomers available for end-growth of the oligomers, resulting in many short filaments,
as seen in AFM images with sub-micron structures that have comparable height profiles
to long filaments (Figure 5.11). The smaller indentations in the height profiles (< 8 nm)
might represent the oligomeric tubulin assembly, protofilament structures or dimeric
tubulins. On the other hand, a higher critical concentration (as seen with animal tubulin)
will result in slow oligomer formation (nucleation) kinetics, resulting in a relatively fewer
ends with a larger pool of free dimers, that elongate by end-growth producing fewer but

longer filaments.
Thus, the filament length distribution of mung tubulin appears to be determined by

the rapid nucleation kinetics owing to low critical concentrations, which out-competes

filament elongation for the same monomer pool.

95



Chapter 5 Comparative kinetics of tubulin polymerization

200 ' 200
Offset (nm)

€
£
= 3
<
2
[5]
T 4
0 150 300
Offset (nm)
. 6
£
£
_-5) 2
[
T
2 . . . \
0 400 800
Offset (nm)
3
£
=
2
[
T

200 800
Offset (nm)

Figure 5.11: AFM Composite of Mung bean tubulin filaments. The images (left)
represent mung bean tubulin filaments observed in the field of view. The zoomed view
of the filaments (center) are represent for the selected filaments (white box on the left
images) with the corresponding height profiles on the right (blue lines on zoomed images).
Scale bars are indicated in the respective figures.
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Figure 5.12: Schematic interpretation of the effect of c* on microtubule lengths. The
transition between (i) free monomers, (ii) nucleation by oligomers and (iii) end-based
filament growth for tubulin from (a) animal brain and (b) mung bean is represented. The
c¢* of animal (goat and porcine) brain tubulin is higher than that of mung bean tubulin.
Hence, we expect (a) brain MTs to be longer due to a slower transition of (i) a dimer
pool to oligomers leading to the formation of (ii) fewer nuclei with sufficient pool of
monomers for (iii) ‘end growth’ (elongation). (b) Mung bean tubulin with a lower c*,
is expected to result in (1) a rapid transition of free tubulin dimers into oligomers. (i1)
The oligomers that will serve as nucleators for filament ‘end growth’ however will have
fewer dimers, resulting in (iii) many short filaments at steady state. The circles represent
monomers of o- (blue circles) and B-tubulin (green circles).
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5.4 Discussion

Studies of tubulin polymerization kinetics have largely focussed on isolates from animal-
brains. In vitro studies on plant tubulins have been based on isolation from either
seedlings or cell suspensions from multiple higher plants. However, these studies have
focussed on either identification of the tubulin and microtubule associated proteins
(MAPs) or filament assembly, with kinetics used only to demonstrate activity. Here, for
the first time, systematic quantification of the concentration dependent polymerization
kinetics of plant tubulin using mung bean has been shown. The tubulin is isolated from
mung seedlings by a method comparable to that used for animal brain tubulins. Mung
bean tubulin’s critical concentration of polymerization is lower than any previously
reported value of c* for tubulins, and is approximately hundred-fold smaller than goat
and porcine brain tubulin values. Despite this quantitative difference, a qualitative
similarity exists in the nucleation-dependence of polymerization of mung bean and
animal brain tubulins. The assembly of MT filaments at steady state demonstrates mung
tubulin forms many but ~10 fold shorter MTs than goat tubulin. A simple model of
competition for dimers between nucleation and elongation explains mung bean MT
filament polymerization is dominated by nucleation, in contrast to brain tubulin.

Mung bean or Vigna tubulin isotypes of a- and -subunits were first isolated using
chromatography [Mizuno, 1985] and identified from whole cell lysates using 2D gel
electrophoresis [Hussey and Gull, 1985]. In a subsequent study, two major bands (MBT1
and 2) and a minor band of intermediate size (MBT3) were shown to correspond to
B-tubulin isoform, MBT1, and two isoforms of ¢-tubulin, MBT2, 3 [Mizuno et al.,
1985b]. Although, here temperature based polymerization-depolymerization cycles for
tubulin isolation is used in contrast to the approach taken by previous studies [Mizuno,
1985; Sen et al., 1987], the isolates reproduce the same electrophoretic pattern on SDS-
PAGE reported previously of three bands, two major and one minor (Figure 5.1 (d)).
A polyclonal anti-Arabidopsis o-tubulin antibody binds to two bands (Figure 5.1(e)),
consistent with previous reports of two «-tubulin isoforms in mung tubulin isolates.
Interestingly, the plant antibody also recognizes goat and porcine brain tubulins. This
further confirms that tubulin epitopes are conserved across plants an animals, consistent
with the high degree (80-90%) homology between a- and -tubulin accross eukaryotes

[Breviario et al., 2013]. However, at a functional level, MT organization is distinct
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between plants and animals, as seen with plant MT cortical arrays [Allard et al., 2010;
de Keijzer et al., 2014; Elliott and Shaw, 2018] that regulate cell wall synthesis [Oda,
2015], that do not form in animal cells. On the other hand, MTs in animal cell are
nucleated by centrosomes, that are absent in plant cells [Yi and Goshima, 2018]. There-
fore, our findings of a dramatically lower critical concentration of mung tubulin, despite
the conservation of sequence, suggests the kinetic divergence plays a functional role of
increased nucleation in the absence of well-defined centrosomes. This kinetic divergence
could originate from the divergence of o tubulins of higher plants, yeasts and ferns from
their animal counterparts, in contrast to the conserved 3 tubulins, as reported previously
[Morejohn and Fosket, 1982]. This has been thought of as one reason why plant MTs are
less sensitive to anti-MT drugs such as colchicine as compared to animal MTs [Morejohn
and Fosket, 1984]. The apparent correlation between kinetics and drug-sensitivity could
in future be addressed by structural and genetic approaches and may have implications
for an improved understanding of tubulin-modifications in drug cancer resistance.

The polymerization kinetics of MTs measured by scattering [Shelanski et al., 1973]
have been widely used to study the kinetic mechanisms [Barton and Riazi, 1980; Fly-
vbjerg et al., 1996a] and understand the effect of modulators of MT dynamics such as
cellular MAPs [Bonfils et al., 2007; Duan et al., 2017] and drugs [Prinz, 2002]. The
observation of dynamic instability of MTs based on single filament kinetics [Kristof-
ferson et al., 1986; Mitchison and Kirschner, 1984a], has been explained by multiple
models [Brun et al., 2009; Odde et al., 1995; Sept et al., 2003]. Most recently, a novel
model has predicted the co-existence of two polymerization rates at the critical concen-
tration that could explain dynamic instability [Aparna et al., 2017]. Two different critical
concentrations of polymerization, one for nucleation and the other for the initiation
of filament elongation have been reported in single filament experiments with bovine
tubulin [Wieczorek et al., 2015a]. Thus, studying the kinetics of alternatives to animal
brain tubulins, could bring us closer to potentially testing the model predictions. Indeed,
the recently developed TOG-affinity based method for tubulin purification [Widlund
et al., 2012] that has been demonstrated to work for multiple plant systems [Hotta et al.,
2016], will accelerate our understanding of the general principles of MT polymerization
kinetics and dynamic instability.

Theoretical models of nucleation dependent polymerization (NDP) of protein-based

polymeric filaments have been developed to better understand the microscopic events

99



Chapter 5 Comparative kinetics of tubulin polymerization

driving the kinetics [Bishop and Ferrone, 1984; Ferrone et al., 1985]. Early models
of diffusion limited growth of microtubules demonstrated how dynamic instability,
specifically catastrophe frequencies were regulated in the mitotic to interphase transition
of MTs and therefore determined the ‘bounded’ and ‘unbounded’ states of growth
respectively [Dogterom and Leibler, 1993; Verde et al., 1992]. More recent kinetic
models have addressed the role of monomer concentrations on off-rates to explain
experimental data [Gardner et al., 2014]. However, most of these assumed a centrosomal
nucleation or minus-end immobilization for their models, and were based on animal
brain tubulin kinetics. Models of plant MT length distributions have described the
role of severing proteins in affecting the qualitative nature of MT length distributions
[Tindemans and Mulder, 2010], considered important for the cortical aligment of plant
MTs at interphase [Deinum et al., 2017]. The lengths of filaments in our samples are
however unlikely to be the result of severing by katanins, due to the need for dense
MT networks for the activity [Fan et al., 2018] and the absence of prominent katanin-
like proteins in our electrophoresis profile. As a result, a simple model of competition
between nucleation and elongation, could explain the observed MT length distributions.
Direct single filament dynamics in microscopy, could resolve the question of whether a
simple competition between nucleation and end-growth indeed is sufficient to explain
the observed differences between mung bean and animal tubulin MT lengths.

While plants lack centrosomes, it does not prevent them from forming complex MT
networks [Elliott and Shaw, 2018]. MT associated proteins (MAP) factor interactions
are thought to play the role of regulating minus-end dynamics [Yi and Goshima, 2018].
Indeed, TPX2 a prominent mitotic MAP is known to drive centrosome-independent MT
nucleation [Gruss et al., 2002] by stabilizing transient tubulin-tubulin interactions [Reid
et al., 2016a]. However, our observations of MT nucleation at lower than previously
recorded critical concentrations, suggests that along with MAPs, intrinsic nucleation
rates of plant tubulins could have evolved to overcome the limitations of the absence of
centrosomes.

Thus, the successful purification of a plant tubulin from mung bean (Vigna sp.) is
demonstrated here with the lowest reported critical concentration of polymerization.
Mung tubulin polymerization shows nucleation dependence, similar to goat and porcine
brain tubulin. The shared kinetic mechanism could be the result of conserved protein

sequence and epitopes. Despite this conservation, the filament length distributions appear
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to be dramatically affected by the quantitative differences in critical concentrations.
These results are consistent with a qualitative model of a competition for monomers
between nucleation and filament elongation, suggesting mung tubulin polymerization is
dominated by nucleation. The comparative immuno-staining, polymerization kinetics
and microscopy suggests that while the animal brain tubulins share conserved features
with Vigna tubulin, the kinetics have evolutionary diverged, to address the functional

requirement of rapid nucleation of MT’s in plants.
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The work that I performed during my Ph.D involved quantitative image analysis of large
volumes of data for understanding the collective behavior of yeast dyneins in microtubule
transport and their in vivo implications in Saccharomyces cerevisiae nucleus positioning
along with comparing the polymerization kinetics of tubulin from two very different
sources. Here, I will be discussing the ongoing work and future implications for each of

these results that are not discussed in the previous chapters.

Calibrated fluorescence microscopy for protein density estima-
tion
The calibration experiments were performed to estimate the mechanical stability of the
acquisition system and the tracking algorithm used. Estimation of protein molecules
using a EGFP dilution series as a calibration standard in epi-fluorescence microscopy
Chapter 2, Section 2.3.5 on page 28 is comparable to previously reported methods
of counting number of protein molecules in vivo using fluorescently tagged proteins
[Joglekar et al., 2008; Swedlow et al., 2002b]. Additionally, immuno-staining has been
used to independently validate the estimates from calibrated microscopy, in the case
of cytoskeletal proteins in fission yeast [Wu and Pollard, 2005]. In fact, wide-field
fluorescence based quantification is preferred over confocal microscopy in images with a
low background and high signal-to-noise ratio [Cox and Sheppard, 2004; Murray et al.,
2007; Pawley, 2006; Swedlow et al., 2002b]. In future, it would be useful to immobilize

known amounts of protein on the surface, potentially employing conjugated lipids as
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described for kinesin [Grover et al., 2016], to achieve improved density control.

The density estimates obtained from EGFP calibration are used to evaluate the num-
ber dependence of motors in microtubule transport properties- mean square displacement
(MSD), speeds, velocity and directionality. A threshold motor number dependent transi-
tion from low to high values is observed for velocity and 2D directionality Chapter 3,
Section 3.3.3 on page 49 and 3.3.4 on page 50. While the trends here are observed for
homogeneous distribution of surface immobilized dynein, it would be interesting to ob-
serve a switch to directional transport on a micro-patterned surface with a precise control
over the immobilized motor numbers. A DNA-origami based motor immobilization can
serve as one of the approaches to precisely control motor numbers and spacing. Further,
experiments with dyneins immobilized on a lipid bilayer can provide mechanistic insights

into the functioning of in vivo system that recapitulates cortically anchored motors.

Number dependent switch in directionality for in vivo transport
Simulations with an asymmetric load dependent detachment in this study indicated that
even when 50 % of the motors are inactive, the switch to directional transport occurs at
the same threshold motor number [Jain et al., 2019]. It would be interesting to see the
results of these predictions experimentally either by using genetic mutants or chemicals
that disrupt dynein activity such as ciliobrevin. The results from these experiments might
also be important from the view of in vivo functioning of this yeast dynein because a
number dependent transition might imply a functional team with minimal number of
motors. Single molecule studies on yeast dynein have shown that a dimeric motor can
step in the presence of one inactive head, indicating that one active head is sufficient to
drive the load dependent stepping by this motor [Cleary et al., 2014]. However, this has
been shown in a motility assay where motor steps on a static filament, the reverse is yet

to be seen.

In order to validate number dependent transitions in directed motility of filaments
by this dynein in vivo , SPB movement are quantified during Saccharomyces cerevisiae
nuclear positioning Chapter 4. The SPB nucleates astral MTs that are captured and
transported by cortical dyneins in a manner similar to a gliding assay, with changes in

MT lengths and motor numbers as the time progresses. A threshold number-dependent
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transition in nuclear transport might improve the accuracy and reduce the time taken
for spindle alignment during division. In fact, it has been shown for C. elegans zygote
that a threshold number of active force generators results in spindle oscillations during
asymmetric cell division [Pecreaux et al., 2006b]. Also, a comprehensive model for
nuclear positioning in budding yeasts predicts that timely alignment results with an
increase in cytoplasmic MTs or cortical dyneins [Sutradhar et al., 2015].

Our work indicates a directional movement of bud SPB, for the stage where MTs are
known to slide along the cortically anchored dyneins. In fact, the increase in directional-
ity value for the SPB to ~ 0.4 Chapter 4, Section 4.3.3 on page 67 corresponds to the
one where number of immobilized motors encountering a filament is ~8-10 in a gliding
assay Chapter 3, Section 3.3.4 on page 50. To address the complexity of in vivo mea-
surements and issues relating to microscopy, we are in the process of optimizing a novel
ex vivo nuclear transport assay with intact SPBs and astral MTs gliding on immobilized
dyneins motors. Currently, the conditions are optimized for obtaining yeast spheroplasts
with labeled SPB strains. This ‘organelle gliding assay’ could be used in future to further
test the effect of mechanical and biochemical regulators in yeast nuclear positioning.
Additional microtubule nucleators that form radial complexes from alternative sources
like centrosomes of Drosophila embryos and T-lymphoblastic cell lines have also been
isolated. This will provide insights into whether the number dependence in MT transport
by dynein occurs in just linear filament transport, or whether it also extends to more
complex spindles. This finding implies multi-motor transport at the cellular level might

be regulated by a simple modulation of number of motors.

Plant tubulins: Kinetics, dynamics and structure
Along with the collective behavior of dyneins in MT transport, the thesis work also
comprised kinetic evaluation and comparison of tubulin polymerization between a plant
source and the more routinely used animal source- brains Chapter 5. The kinetics
indicate that the critical concentration of tubulin isolated from mung is approximately
50-fold lower than that of mammalian tubulin. Tubulin isolation from plant source is
based on the protocols similar to the one adopted for mammalian brain tubulin. It is
biochemically active fraction enriched with MAPs (microtubule associated proteins). It
would be interesting to assess the intrinsic dynamics with pure tubulin fractions isolated
using TOG based columns that are known to get rid of MAPS. Single filament dynamics

104



Chapter 6 Conclusion and Outlook

with labeled tubulin or label free imaging can provide further insights about the polymer-
ization dynamics at varying tubulin concentration. Nucleation dependent polymerization
(NDP) confirms that mung tubulin polymerization is limited by nucleation, similar to
porcine and goat tubulins. However, the nucleation might be much faster leading to the
formation of multiple nuclei and hence short filaments. Immuno-fluorescence and AFM
imaging confirms that the distribution of filament lengths for mung tubulin is dominated
by very short filaments. However, more precise dynamics with respect to catastrophe’s,
growth and shrinkage rates can be deciphered from single filament polymerization assays.
Further, spectroscopy measurements can be performed to identify the kinetic rates of
the initial nucleations stages and verify the conceptual model discussed in the previous

chapter.

Previous reports have shown a lower c* for yeast and C.elegans tubulins along with a
reduction in the number of protofilaments required to assemble a MT filament [Chalfie
and Thomson, 1982; Davis and Gull, 1983; Howes et al., 2018]. In order to evaluate the
filament structure and the relation of protofilament number to a lower critical concentra-
tion of mung tubulin, electron microscopy (EM) and cryo-EM visualizations need to be
performed. Currently, our understanding about the polymerization of tubulin comes from
mammalian brain, partly due to high yields during purification. Expanding the horizons
to other sources might provide insights about the dynamic nature of the filaments that
are not yet known. It will be interesting to examine the polymerization kinetics and
dynamics of the isolated tubulin in the presence of nucleators. It will also help understand
the common mechanisms by which these polymers display drug resistance, template
independent nucleation and regulation of dynamic instability despite a high sequence

conservation.

Collectively, MT polymerization dynamics, motor localization and self-organized
clustering drives MT aster transport in yeasts, animal somatic cells, oocytes and single
cell embryos. The ‘switch-like’ change in transport directionality as a function of
MT lengths and motor numbers shown here, could constitute a general ‘search and
orient’ mechanism of organelle positioning. On the other hand, the critical concentration
dependent filament length distributions provides evolutionary insights about the MT

dynamics across different species. The role of MT polymerization kinetics and motor
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collective mechanics on transport could in future be used to better understand their role in
spindle pole body (SPB) and centrosome positioning both in vitro and in vivo, in future.
This can help us unify the collective effects of motor numbers, MT length dynamics and

complex geometry in organelle positioning and transport in eukaryotic cells.
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Appendix

Part A

Centrosomes nucleate microtubules actively to form asters in an in

vitro reconstitution

Treated Jurkat Cells/
Drosophila embryos lysed .
MW l"'

Filter l (kDa)
80 v",

Drosophila embryos Jurkat Cells

by
=

—>60
56 56
Lysate + sucrose gradient 50 50
=) 43
| 3mi40% o
— 3 ml 50% —————36
J 5ml 70% -
o
%a g 12% Resolving gel
Collect fractions
(a) (b) (c)

Figure Al: Centrosome Isolation using sucrose gradients (a) The schematic indicate
the steps carried out to isolate centrosomes using Jurkat cell lysates and Drosophila
embryos on a 40-70 % sucrose gradient. The two gel images indicate the purified
centrosomal fraction from (b) Drosphila embryos and (c) Jurkat cell lystes on a 12 %
SDS Page gel. MW indicates molecular weight of the ladder in kilo Dalton (kDa).

Centrosomes nucleate microtubules in higher eukaryotes and form complex radial
structures- asters. Centrosomal proteins were purified on sucrose gradients from two

different sources - Jurkat cells (T lymphoblastic cell lines) and Drosophila embryos
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(Figure Al(a)).

A prominent band observed at 47 kDa, indicative of gamma tubulin (major cen-
trosomal protein) confirms the presence of centrosomes in the purified fractions on
a 12 % SDS-Page gel (Figure A1(b)-(c)). The band profile on the SDS Page gel is
qualitatively comparable to the previous descriptions [Jakobsen et al., 2013; Moritz and
Alberts, 1998]. Each of these fractions are tested for their activity to form asters by
nucleating microtubules as described in the Methods subsection 4.2.4. Epifluorescence
microscopy images of the asters confirms the activity of the centrosomes isolated from
both the sources (Figure A2(a)-(b)). However, nucleation of microtubules from these

fractions is inconsistent leading to a need for further optimizations.

(a) b)

Figure A2: Nucleation of Centrosomes Asters obtained from microtubules nucleated
with (a) Jurkat cells and (b) Drosophila embryos in the presence of rhodamine labelled
goat tubulin (1 ©M) and unlabelled goat tubulin (20 uM) with 1 mM GTP. Scale: 10 um
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Part B

Estimating protein concentration of mung tubulin

The protein concentration was estimated by Bradford assay using two independent stan-
dard measurements. Absorbance measurements were made at 595 nm for a range of BSA
concentrations and fit it to a straight line (Figure A3). The concentration of the tubulin
sample (mung) was then estimated to be 3.2 uM using the approximate molecular weight
of the dimer to be 100,000 g/mol.

For comparison, the concentration was also estimated by absorbance measurements
at 280 nm using molar extinction coefficients of & and 8 tubulin based on number of
aromating amino acids. The number of aromatic amino acids in mung beta tubulin
(accession number -AOAOL9TSL6) is 5 (tryptophan) and 16 (tyrosine). Based on this
the molar extincion coefficient for beta tubulin is calculated to be 51,340 M—! cm™!.
Similarly, the number of tryptophan (3) and tyrosine (18) residues for alpha tubulin
sequence gives a molar extinction of 44,070 M~! cm~!. Using the averaged molar
extinction coefficients for o and B mung tubulins, the estimated protein concentration
for mung tubulin at 280 nm is 4.5 uM. This is close to the concentration obtained using
Bradford assay (3.2 uM).

However, I have chosen to work with the concentration obtained using Bradford assay,
as the absorbance at 280 nm might be influenced by the presence of nucleotides in the

sample (GTP in this case).
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A 595 nm

0 \ \ ‘
0 200 400 600 800 1000 1200

Concentration (ug/ml)

Mung (undiluted) =0.144 (conc. 361 ug/ml)

Mung (1:2 diluted)=0.072 (conc. 360 ug/ml )

Figure A3: The figure represents the standard curve using BSA (brown line, 0-1000
wg/ml). The straight line fit is indicated with black line. The equation used to calculate
the concentrations of the unknown protein is indicated in the legend.
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Part C

Atomic force microscopy and aggregation of mung tubulin

The height profiles of the taxol stabilized mung filaments are as expected for micorutbules
and are similar to the goat brain microtubules (Figure A4). In the absence of GTP,
the filamentous structures are not observed and passive aggregation is observed with
pronounced heights (Figure AS). This indicates that the filament assembly is activley
driven in the presence of GTP. The kinetics measured at 340 nm show polymerization in
the presence of GTP and MgCl, but not in the absence of GTP and MgCl, (Figure A6).
This further indicates that the sample contains tubulin which undergoes polymerization

and it is not just passive aggregation.

Figure A4: The images represent mung bean tubulin polymerized in the presence of GTP.
The corresponding height profiles of the images are indicated by the bar on the right of
each image. The height profiles for the topmost image is indicated across the line drawn
on the image.
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7
Offset (um)

Figure AS: The image (left) represents aggregates of mung bean tubulin formed in the
absence of GTP, with the bar indicating the height of the image. The height profile is

indicated for the line selected in the image (image).

(114 GTP,MgCl, — - GTP, MgCl,
0.3}

o~
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E L
$ 0.15:/
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Figure A6: The figure represents the polymerization kinetics of mung tubulin measured
at 340 nm in the presence (dots) and absence (solid line) of 2 mM MgCl,, 1 mM GTP
with 10 % glycerol. Tubulin concentration compared are 0.5 uM (red) and 0.75 uM

(blue)
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Teams of cortically anchored dyneins pulling at microtubules (MTs) are known to be essential
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for aster, spindle and nuclear positioning during cell division and fertilization. While the single-
molecule basis of dynein processivity is now better understood, the effect of increasing numbers

of motors on transport is not clear. Here, we examine the collective transport properties of a
Saccharomyces cerevisiae cytoplasmic dynein fragment, widely used as a minimal of model, by a
combination of quantitative MT gliding assays and stochastic simulations. We find both MT lengths
and motor densities qualitatively affect the degree of randomness of MT transport. However,
directionality and velocity of MTs increase above a threshold number of motors (N) interacting
with a filament. To better understand this behavior, we simulate a gliding assay based on a
model of uniformly distributed immobilized motors transporting semi-flexible MTs. Each dynein
dimer is modeled as an effective stochastic stepper with asymmetric force dependent detachment
dynamics, based on single-molecule experiments. Simulations predict increasing numbers of
motors (N) result in a threshold dependent transition in directionality and transport velocity and
a monotonic decrease in effective diffusivity. Thus both experiment and theory show qualitative
agreement in the emergence of coordination in transport above a threshold number of motor
heads. We hypothesize that the phase-transition like property of this dynein could play a role
in vivo during yeast mitosis, when this dynein localizes to the cortex and pulls astral MTs of
increasing lengths, resulting in correct positioning and orientation of the nucleus at the bud-neck.

1 Introduction

Microtubule (MT) transport by molecular motors plays a vital
role in regulating cell physiology and mechanics as seen in eu-
karyotic cell division!” polarization® and migration®. While
single-molecule in vitro assays have increasingly provided a de-
tailed understanding of the mechanochemistry of kinesins®"Z and
dyneins®11Q cellular processes typically involve multiple mo-
tors acting together. Transport processes involving many mo-
tors acting together have been well studied in vesicle trans-
port where motors work in teams to carry cargoes on immo-
bile filaments" 112, However, filament transport by immobilized
motors, has also been reported in physiologically relevant pro-
cesses such as such as spindle assembly?1314 neuronal axon de-
velopment218] Caenorhabditis elegans fertilization 1218
oocyte maturation?, nuclear oscillations in Schizosaccharonyces
pombe20722 and mitotic nuclear positioning in Saccharomyces
cerevisiae*. The regulation of the number of motors (N) trans-

, mouse
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porting MTs and their localization result in spindle oscillations in
S. pombe2224125l and C. elegans2®. Thus, understanding the effect
numbers of motors (N) on collective transport properties could
provide insights into MT transport in vivo.

Dyneins play an important role during the in vivo transport
of filaments. However, they are relatively less well understood
at a single molecule level compared to kinesins, due to their
greater structural complexity2Z. One such well studied dynein
is the highly processive yeast cytoplasmic non-essential dynein.
At a single molecule level it has been shown to stochastically step
backwards and forwards with variable step sizes ranging from 8
to 32 nm in the absence of load? and increasing in backward
steps under load%8. The processivity of the dimeric motor has
been attributed to a lack of inter head co-ordination and asyn-
chronous stepping when the two motor domains are close to
22130 while coordinated stepping can arise with in-
creasing inter-head separation through linker tension gated re-
lease of the motor from MTs=L. Load sharing between the heads
allows dynein to step processively even under large loads®2. Ad-
ditionally, single molecule detachment rates for this yeast dynein
have asymmetric force dependence - assisting forces increase de-
tachment, while hindering forces result in persistent binding=13.

each other

Journal Name, [year], [vol.], 1@ |1
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The effect of single-molecule dynamics on multi-molecular trans-
port by teams of this dynein is not apparent from current the-
oretical models of collective transport that are based on ‘loose
coupling’ of motors3473€ fluctuation based load-sharing=7/38
and negative cooperativity of detachment324%, A mathematical
model specific to the yeast dynein would thus help better under-
stand the in vivo role of this ‘model’ dynein.

The collective transport velocity of the yeast cytoplasmic
dynein has been shown to be comparable to the single molecule
velocity in experiments?. While a DNA-origami cargo has been
used to precisely control the effect of increasing dynein team sizes
on run lengths and times*L, it involved maximally 7 motors mov-
ing a cargo on static MTs. Studying the number dependence of
MT transport by anchored motors over a wider range, could be
more representative of the in vivo scenario during S. cerevisiae
mitosis, where increasing lengths of astral MT are thought to
‘glide’ on cortically anchored dyneins, driving nuclear position-
ing23k42-44 At the same time, the astral MTs act as tracks trans-
porting more dynein to the cortex, increasing the local density42.
Thus, ‘search and capture’ of astral MTs in nuclear positioning in-
volves changes in motor numbers and MT lengths. This suggests,
a minimal system which quantitatively address the role of MT
lengths and motor numbers, could improve our understanding of
nuclear positioning in vivo.

Here, we use a combination of a quantitative gliding assay with
a computational model of single motor mechanics to address the
effect of statistics, i.e. motor numbers (N) of the widely used trun-
cated fragment of the S. cerevisiae dynein on MT transport in four
steps. (i) First, we quantify the motor density on the surface dur-
ing a gliding assay. (ii) We then examine the effect of variations in
filament length and motor density on MT transport velocity and
directionality. We demonstrate that while both motor density and
MT lengths affect velocity and directionality of filament transport,
the effects can be best understood in terms of numbers of motors
(N). (iii) In order to develop a quantitative understanding of the
effect of motor numbers (N) on filament motility seen in experi-
ments, we simulate a gliding assay based on a stochastic model of
discrete, independent, immobilized, Hookean spring-like motors
that bind to and transport semi-flexible MT filaments. The detach-
ment of the motors from MTs is load-dependent and asymmetric
for forward and backward loads. The stochastic motor stepping
and attachment-detachment dynamics collectively give rise to MT
transport velocity, diffusivity and directionality statistics that vary
with MT lengths and motor densities. (iv) Finally, we compare
MT transport diffusivity, velocity and directionality between ex-
periment and theory and examine the effects of length, motor
density and numbers of motors (N) that an MT encounters.

2 Model

2.1 Model of dynein driven collective MT transport

A gliding assay simulation was developed within the framework
of a stochastic, discrete particle based simulator Cytosim, that
has been extensively used to model collective cytoskeleton-motor
mechanics4¢51 In the simulation, motors are assumed to be im-
mobilized on a surface by their stalks and the heads can bind MTs

View Article Online
DOI: 10.1039/C8SM01434E

Molecules Forces
Dynein I Mowor &= MT < F,
. domain
same Lo, T Cownt <F,
( 3) T Tai-GFP g < F Fi
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Fig. 1 Dynein collective transport. The molecular components of the
in vitro reconstituted MT-transport by a truncated minimal form of the S.
cerevisiae dynein motor on a glass coverslip (c.s.) surface in experiment
are schematically represented. A stochastic mechanochemical model to
represent key aspects of the system is developed, where motors attach to
MTs at a rate r, if they are within an attachment distance d,,, and detach
at arate r4. Single motors step along the MT with an instantaneous veloc-
ity v; and multiple motors transport MTs with an effective mean effective
velocity (v.ss) (black arrows represent the direction of movement). A drag
force F; (magenta arrow) acts on the MTs due to their motion through the
medium with viscosity 1. The motors are modeled as Hookean springs
with a stiffness k,,. Motor stepping along MTs produces a parallel force
Fj in forward (blue arrow) and backward (red arrow) directions, affecting
the motor detachment rate (inset).

based on stochastic attachment-detachment kinetics. The aver-
age effective velocity of MT transport (< v.ry >) results from a
combination of (i) attachment and detachment dynamics of indi-
vidual motors, (ii) stochastic stepping of individual motors at a
velocity v; where i is the index of motors, (iii) the passive stretch
force experienced by a static motor bound to a filament, due to
the transport of the filament by other motors and (iv) the thermal
and drag forces due to the medium (Figure[1).

2.2 Attachment-detachment kinetics

Free motors stochastically bind MTs within a distance of attach-
ment, d, if a random number is less than the probability of at-
tachment given by the attachment rate, r, (Figure [I). Motors
that were already attached are tested for motor detachment by
estimating the component of the force acting on the motor along
the MT, i.e. the parallel component of the force, Fj (Figure @).
When the parallel force acts in the same direction as the direction
of motor-motion, towards the minus-end of the MT, it is referred
to as the forward force Fy,,, and backward force (F,) when it
acts opposite to the direction of motor-motion towards the plus-
end of the MT, as previously described®133, Based on measure-
ments of the force-dependent detachment dynamics of individual
yeast dynein motors=122 we have implemented a novel model
parametrized from experiments where the rate of detachment
(rg) changes asymmetrically, depending on the direction of the
load force. Thus, r,; with increasing load force has two different
forms for forward and backward loads respectively. (i) For a back-
ward load, detachment depends on a saturation function (Figure

Page 2 of 12


http://dx.doi.org/10.1039/C8SM01434E

Page 3 of 12

Published on 08 January 2019. Downloaded by Indian Institute of Science Education & Research Pune on 1/16/2019 6:37:09 PM.

Unbind
from MT

Bind
MT

Step on MT
ox ,
pr=f( F|. 1)

(@)

30 o Forward (Nicholas et. al. 2015)
+ Backward (Nicholas et. al. 2015)

_ 20}
k23
=10l 0
e -
e
e R
|F” (pN)l

Fig. 2 Motor model. @The flow diagram represents the algorithmic
sequence of the stochastic model of the motor. The model determines
the attachment of free motors, detachment of bound motors, followed
by stepping rate and step size. The model description includes detailed
expressions for each of the variables. |@|The experimentally measured
detachment rate (r;) with an increase in the parallel load force (F) in
forward (0) and backward (+) directions is taken from a previous single-
molecule study on yeast dynein®®2 and fit by custom functions (Equation
, that depend on forward (blue) and backward (red) load forces.

2(b)), dependent on the magnitude of the parallel force, |Fj, as:
ra(F)) =a+(b—a)-e <l o))

with parameters a = 2.3159, b = 0.0400, ¢ = 0.8414. (ii) The
forward load dependence is determined by a piecewise function
determined by a threshold force Fr = 3.51728 pN: below the
threshold force (0 < |FH| < Fr) detachment saturates according
to Equation [1] with a = 7.2768, b = 0.0400, ¢ = 0.6426 (R =
0.90), and above the threshold (\FH\ > Fr) detachment is linear,
ra(|F))) =m-|Fj| +¢, withm = 3.5814, ¢ = -6.4016 (R? = 1) as
seen in Figure A load free motor detaches according to a
basal detachment rate ().
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2.3 Motor stepping

Motors are modeled to step stochastically, with the probability
dependent on the rate of stepping and time interval

Pstep = 1 7e_r.vtep'5f (2)

where the stepping rate ryep is 8 s~! taken from the wild-type
yeast dynein construct®! and & is the time interval between sim-
ulation steps. The motor was simulated to take discrete steps of
size 8x, with the force-dependent step-sizes based on the predom-
inant peak reported in experiments228l a5 follows:

8 Jif By < F
5x(t) _ nm, 1 I < 3)
4 nm, ifFH > F

where Fj is the stall force of the dynein motor and Fj is the mag-
nitude of the parallel force. The direction of stepping is stochastic
and force dependent (both direction and magnitude), determined
by probability of forward (p,) and backward (pj,) stepping, where
pp+py = 1. The magnitude of the backward force (Fj,q) reduces
the likelihood of forward stepping. We model it using multiple
thresholds (f; to f4) which are inferred from single molecule level
force experiments with this yeast dynein® as follows:

0.80 if Fpuer < fi

0.74 if fl < Fback < f2

0.66 if fr < Fpuet < f3

Py = . @
0.60 if f3 < Fpuer < fa

0.48 if f4 < Fpaex < Fy

0.25 if Fpuex > Fy

where fj = 0pN, f», = 1pN, f3 = 3pNand f4 = 4 pN.

Thus, the detachment and stepping behavior of the simulated
motors depend on the magnitude and direction of load forces act-
ing on the motors along the MT (Fj) to which they are bound
(Figure [2[(b)), resulting in mechanical coupling during collective
transport.

Filament transport

The transport of filaments is modeled by numerical integration
of a constrained Langevin equation as previously described47:57
and briefly summarized here. Filaments are divided into i points
separated by rigid segments of 0.5 um (smaller by orders of mag-
nitude than the persistence length). The net force acting on a
single MT is calculated by summing all points of each filament
and solving a Langevin equation of motion with deterministic and
stochastic components to determine the position (¥) based on:

di = ;- F(%,1) - dt +dBy(1) (5)

where the deterministic terms are y;: the mobility constant of the
" point and F(%,¢): the matrix of forces acting on every point
at time t. The stochastic term is represented by dB; resulting
from random Brownian motion. The mobility (u) is calculated
for a whole filament based on the drag force (F;) assuming a
cylindrical geometry and simplifying the drag term as an average

1@|3
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Symbol Parameter Value Reference
MT and motor mechanics
K MT bending modulus 2x1072 N-m? o
5 MT diameter 25%x107° m -
ki Motor stiffness 2x 1074 N/m This
study
d, Attachment distance 2x108 m -
Ta Attachment rate 55! -
r Basal detachment rate 0.04 57! 0
Vo Basal motor velocity 1.02x 1077 m/s .
Fy Stall force 48x10712N
28155
P Motor density 10°" to 10> This
motors/ im =2 study
Simulation parameters
ot Simulation time step 0.01s This
study
Lpox Simulation box length 50 um This
study
kg-T  Thermal energy 407x 1072 N. -
m
n Viscosity (10 % glycerol)  1.3x 1073 Pa-s -

Table 1 Simulation parameters of MTs, dynein and the environment.

between the longitudinal and transverse components (a two-fold
difference) and is given by:

w=1log(L/8)/3-n-n-L (6)

where L is the MT length, § is the diameter of the rod and n
is the viscosity of the fluid and the mobility of each point in a
filament is approximated as u; = u/p for p points per filament.
The Brownian term dB; = 3 - 0, with 6, a uniform random number
between 0 and 1 and the diffusive step size is B = v/2DT, where
D is the diffusion coefficient and 7 the time step of integration.
The value of D is determined by the Stokes-Einstein relation as
D = uikpT.

The parameters of the system are taken from experimental re-
ports and in the case of motor density varied over a range (Table

1).
3 Experimental Procedures

3.1 Dynein purification and MT filament polymerization

The truncated minimal dynein construct (331 kDa) from the S.
cerevisiae VY208 strain, was purified as previously described? by
growth, lysis and affinity purification with IgG beads, released
using a TEV protease cleavage of the ZZ-tag and flash frozen at

View Article Online
DOI: 10.1039/C8SM01434E

-80°C. The ATPase activity of dynein was assayed in the presence
of 1 mM Mg-ATP and 15 uM of pre-assembled goat brain MTs
based on malachite green absorbance at 660 nm, as previously de-
scribed8. To obtain fluorescently labelled microtubule filaments
rhodamine-labelled bovine (0.8 pg/ul) and unlabelled porcine
tubulin (3.3 ug/ul) (Cytoskeleton Inc., Denver, USA) were incu-
bated in BRB80 buffer (80 mM PIPES, 1 mM MgCl,, 1 mM EGTA)
at 37°C for 15 minutes followed by adding 20 uM taxol contain-
ing BRB8O.

3.2 Gliding assay

Double-backed tape based flow chambers were prepared similar
to those described previously2 to create a chamber with a vol-
ume of ~ 16 ul using glass slides and 22 x 22 mm coverslips (Mi-
cro Aid, Pune, India) that were cleaned with acteone, ethanol,
water, KOH and water. Motors were perfused (50 ul of 0.06
ug/ml dynein) through one end of the chamber in lots ~15 ul
each, incubated for 5 minutes at room temperature. Blocking
solution containing 0.5 mg/ml BSA (Sigma Aldrich, Mumbai, In-
dia) was flowed in, followed by the addition of 10 ul of MT fil-
aments (labelled, taxol-stabilized) and the slide incubated for 5
minutes. A wash buffer (also used as lysis buffer- 30 mM HEPES
(pH 7.2), 50 mM potassium acetate, 2 mM magnesium acetate, 1
mM EGTA, 10% glycerol, 1 mM DTT, 1 mg/ml casein) was used
to remove unbound motors and MTs. Motility buffer (wash buffer
supplemented with 1 mM ATP) with 1x Anti-fade (Cytoskeleton
Inc., USA) was perfused to observe MT gliding. For the low den-
sity experiments, before adding motors, anti-GFP antibody (0.2
ug /ul) (Sigma Aldrich, Mumbai, India) was perfused through
one end of the flow chamber and incubated for 5 mins followed
by the addition of blocking solution, motors, MTs, wash- and
motility-buffer, as described above. The flow chamber was then
imaged on an upright microscope.

3.3 Microscopy

The samples were imaged at room temperature (= 22°C) using a
fluorescent upright microscope, Zeiss Axio Imager Z1 (Carl Zeiss,
Germany) with an EC Plan-Neofluar 40x (NA - 0.75) lens, a mer-
cury short arc lamp (X-Cite Series 120, Lumen Dynamics Inc.,
Canada) and filter sets for rhodamine (520 nm/540 nm excita-
tion and 580 nm/600 nm emission). Images were acquired every
second for 10 to 20 minutes using the Zeiss AxioCam MRm digital
camera (Carl Zeiss, Germany) with exposure time of 0.7 s.

3.4 Calibrating motor density

Motor densities were estimated as illustrated schematically (Fig-
ure a)), similar to previous reports©2el based on the follow-
ing three steps: (i) The image volume (Vj,,) was estimated by
treating the image as a rectangular cuboid, as a result of which
Vimg = Aimg % h, wWith A;,,.: area of the rectangular image, h: height
of the image. The area was estimated from x- and y-size of the im-
age (1388 x 1040 pixels) scaled to length units (1 pixel = 0.154
pm) resulting in Ay, = 3.4234 x 10* um?. The height 7 was
estimated from the point spread function (PSF) was estimated
by analyzing the intensity profile of a z-stack of images of 200
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nm diameter FITC labelled fluorescent beads (Invitrogen, Ther-
moFisher Scientific) and fitting the intensity profile as a function
of z-position to a Gaussian (Figure(b)) using the CurveFitter tool
in ImageJ®®2 based on the equation:

V= a+ (b—a)-l—n7)/2e %

where a and b are scaling factors (a: background grey-value in-
tensity in the image, b: grey-value estimate of the brightest part of
the bead), u is the mean and o is the standard deviation. By ap-
proximating the PSF by the full width at half maximum (FWHM)
which is ~ 2.35486%3 we obtain a z-height of 1.77 um. The
resulting Vine was 6.02 x 10* um?®. (ii) In a second step, a con-
centration series of affinity purified 6x-His-tagged EGFP was im-
aged in the flow chamber and the image intensity correspond-
ing to the concentration series was plotted against the number of
EGFP molecules in the image volume (Nggrp) and fit to a straight
line (Figure b)). The number of molecules of EGFP were cal-
culated as Nggrp = (¢ X Vimg)/mEGrp, Where ¢: concentration in
grams per ml, V;,,,: volume in ml and mggrp: molecular mass of
EGFP in grams. The image-intensity of the GFP-dynein samples
(low and high density), was used to estimate the corresponding
Nggrp equivalents (x-axis value) from the fit (Figure b)). To ac-
count for the 2-fold brightness of EGFP compared to GFP®4 the
Nggrp equivalents were doubled, to obtain the number of dynein
molecules in an image (Nyy,). (iii) The estimated dynein number
is assumed to be localized to a plane, since multiple washout steps
were designed to avoid bulk dynein resulting in an estimated 2D
density is pap = Nyyn/Aimg. Assuming a homogeneous distribution
of the motors, the linear density of motors p;p = \/p2p. The mean
number of motors (N) expected to interact with a microtubule of
length L can then be estimated as N = pjp x L. The number of
dimers (Ngjers) are then simply N/2. Unless explicitly stated, N
refers to individual motors from experiment in the remainder of
the text, i.e. heads or GFP-equivalents. This approach of estimat-
ing numbers of motors is similar to previous reports©>76Z,

3.5 Image and data analysis

Image time series of gliding assays were preprocessed by median
filtering using ImageJ ver.1.45s%2 and tracked using a filament
tracking tool FIESTA ver.1.04 reported previously®® in MATLAB
R2015b (Mathworks Inc., USA) on a Linux platform. The max-
imal connecting velocity was set to 1 um/s and FWHM to 500
nm. Only filaments that persisted for 10 or more frames and a
permitted angular deviation between successive frames of 1 to 5
degrees were processed. To ensure filaments of constant length
were analyzed, the frequency distribution of the change in MT
filament lengths over time (dL/dr) were fit to a Gaussian to esti-
mate the standard deviation, o, as a cutoff of change of lengths in
further analysis (Figure[S1). The analyses of motility statistics are
based on the trajectories of plus-end tips of the filaments, unless
otherwise specified.

The gliding velocity of MT filaments, (vector, v, ) (Figure
was estimated from the magnitude of the vector representing the
instantaneous displacement of filament tips at each successive
time point as a function of the time interval®®. Mean (v,ss) was
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Fig. 3 Estimating dynein density. (a) The three steps to motor density
estimation were: (i) image volume estimation, (ii) measuring the image
intensities of a dilution series of EGFP solutions and (iii) using the stan-
dard curve to quantify dynein numbers. The surface density (p2p) is then
estimated from the image area area. (b) Three representative graphs of
the z-profiles of the fluorescence intensity of 0.2 um fluorescent beads
(blue circles) were fit to a gaussian profile (red line) based on Equation
and used to estimate the PSF. The standard-curve of total EGFP flu-
orescence (mean *, £s.d. magenta, n=3) from an image (y-axis) as a
function of number of molecules (x-axis) is used to estimate the number
of GFP-dynein molecules on the surface. Slope of the linear fit: 112.7+6
based on 95% confidence interval (Table.

obtained from binning MT lengths every 1 um.

The measure of directionality of motility ()) from experiment
and simulation was calculated from individual trajectories as the
ratio of the magnitude of start to end displacement to the path
length of a trajectory as previously described®?. To avoid sam-
pling static filaments, trajectories with displacements less than a
cutoff distance of 1 pixel (154 nm) were ignored. To improve
our statistics, trajectories of motile filaments which were static
between successive frames, were linearly interpolated, until the
filament moved a distance greater than the cutoff. Mean direc-
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tionality was estimated for bin-width of MT lengths of 1 ym and
reported for that average length. To obtain a y value as a func-
tion of motors, the same approach was taken as before (product
of mean linear density and length).

All further data analysis was performed using MATLAB R2014b
(Mathworks Inc., USA).

3.6 MSD and diffusivity analysis

The mean square displacement (MSD) is calculated from the
2D positional coordinate of the filament (r) as previously de-
scribed 11692170l g increasing each time interval (6t) and averaged
based on the expression:

MSD(31) = Ie(r) 1+ 80) gy ®

where ¢ is the time point, T is the total time and N is the to-
tal number of displacements in a time interval. The analysis
used 0t <0.75 x T, based on previous reports for improved statis-
ticsZ%7L, If the net displacement of a trajectory was 154 nm or
less (equivalent to a pixel in these experiments), those trajectories
were ignored, assuming the filament did not move.

Experimental MSD profiles were averaged by pooling length
classes ranging from 0.5 to 12.5 pum in bins of 3 um with the
mean of that bin representative of the length (Figure@. Both ex-
periment and simulation data were fit to two models of effective
diffusion: (a) anomalous diffusion and (b) diffusion with trans-
port. The anomalous diffusion model allows us to test whether
MT length or density resulted in any deviation from diffusive be-
haviour (super- or sub-diffusive)21Z273 while the transport ve-
locity can be extracted from the diffusion-transport model27074|
The (a) anomalous diffusion model is:

MSD=4.D -t%+¢ 9

where D' is the anomalous diffusion coefficient, ¢ is time, & is
the anomaly parameter and c; is the error in detection. The (b)
diffusion with transport model is:

MSD=4-Deff-t+(V-t)2+Cz (10)

where D, is the effective diffusion coefficient, ¢ is time, v is the
transport velocity and ¢; is the error in detection.

Simulations

2D simulations were performed using Cytosim#Z, an agent-based
simulation engine written in C++. MT and motor dynamics and
48121169l iy 3 square simulation
box of length L, with periodic boundary conditions. The inte-
gration time was chosen to be smaller than the fastest time-scale.
The system consists of MT filaments of a fixed length (L) and a
fixed number of motors determined by the density (p,p). Both
filaments and motors were randomly distributed in simulation
space at the time of initialization.

mechanics were modeled as before
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4 Results and Discussion

4.1 Estimating the density of dynein in a gliding assay

We have used a quantitative gliding assay to examine whether
increasing numbers of dynein motors interfere or ‘co-operate’
with one another in collective transport. The truncated mini-
mal S. cerevisiae cytoplasmic non-essential dynein (Dyn 331 kDa)
described previously2=2%41l was surface immobilized and image
time-series of the transport of rhodamine-labelled MT filaments
were acquired in epifluorescence microscopy. To understand the
dependence of transport on the motor numbers, two variables
were analyzed: (a) the motor density and (b) MT lengths. The
motor density was estimated using calibrated epifluorescence mi-
croscopy as described in the Experimental Procedures and in Fig-
ure a). The z-profile of sub-micron fluorescent beads was used
to estimate the point spread function, PSF (Figure b)) and ar-
rive at the volume of the image cuboid (Figure a))in order to
convert from EGFP concentration to molecules in an image. The
resulting calibration curve of intensity with EGFP molecules was
used to estimate a dynein density of 6.8 motors/um? and 72.4
motors/um? for the low- and high-density experiments respec-
tively (Figure b)). Using a 95% confidence interval, we infer a
maximal error of 10% in 2D and 4% in 1D density estimates (Ta-
ble [S1)), which translates to an uncertainty of £0.04 motors/um
of MT lengths. MT lengths were estimated using nanometer-
precision single filament tracking.

L<2pm 5 2<L<5um
i 5

0 5 5 0
X (um) X (um)
5<L=10um 2 L>10um

N\

0 20 .20 0 20
X (um) X (um)
(b)
L<2um 2<L=5um

= B0 Sk
s

0 5 0
X(Hm) X(um)
5<L<10 um 15 L>10um
= §o
- - >
0 5 B He o0 o
X(um) (d) X(um)

Fig. 4 Length dependence of MT transport. Representative time-series
of rhodamine-labelled MTs (grey-scale) gliding in presence of dyneins of
densities (a) 6.8 and (c) 72.4 motors/um? are overlaid with tracks of the
centroids (blue). XY trajectories of plus tips of filaments transported by
motors of density (b) 6.8 and (d) 72.4 motors/um? are plotted for increas-
ing MT lengths. For clarity between 5 and 15 trajectories are plotted per
length and density class. Representative time-series are seen in Video
SVZ(a)) (p2p = 6.8 motors/um?) and(pzn =72.4 motors/um?).
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Motor densities on surfaces of gliding assay have in the past
been estimated by washing out the flow chamber and SDS-PAGE
based protein estimation®ZI75, However, the indirect nature of the
method and potential losses suggest a more direct approach could
improve the reliability of the estimation. Our use of EGFP dilution
series as a a calibration standard to estimate protein concentra-
tion using epifluorescence microscopy is comparable to previously
reported methods using fluorescently tagged proteins to estimate
in vivo protein copy numbers©21, Indeed the advantages of wide
field microscopy over confocal microscopy for such copy-number
estimations have been discussed in literature®,

4.2 Motor density and MT length both affect MT transport

At alow motor density (Figure[d{(a)) the XY trajectories of MT tips
appeared random for short filaments (< L ><5 um) as compared
to long (< L >>5 um) (Figure E(b)). In contrast, in presence
of a high-density of motors (Figure [4{(c)), filament transport ap-
peared to be directionally persistent, independent of length (Fig-
ure [@(d)).

By combining dynein density and MT length measurements, we
find qualitative differences in MT tip tracks at a low density of mo-
tors (Video[SVI[(a)). Short MTs of mean length 0.68 um, swivel
and diffuse away in a few frames, when they are expected to en-
counter 1 to 2 motors (Figure m). Intermediate lengths (~3
um) of filaments are transported with intermittent changes in di-
rection, when interacting with ~7 motors (Figure and are
directionally persistent when interacting with ~10 motors (Figure
[SA®)). Thus, based on our density estimates, we find the tran-
sition of MT transport from diffusion and swiveling to transport
occurs when filaments interact with 2 or more motors on aver-
age, consistent with literature on collective motor transportZ8lZZ,
In contrast, filaments expected to encounter 5 to 6 motors due
to a higher motor density, but with the same lengths, are trans-
ported in a persistent and directional manner (Video[SV1|(b)} Fig-
ure [SA(b)). Also, even when similar numbers of motors (5 to 7)
are expected to interact with MTs at a low motor density (Figure
[S2), the MT motility appears to qualitatively different from high
density. This appears to suggests that along with N-dependence
of MT transport, subtle effects of motor density may also play a
role. The observed rapid unbinding of MTs for estimates of 1 to 2
motors and the change to processive transport at higher N serves
to validate our motor density estimate.

Since a low density of motors shows qualitative changes in
transport with length, we quantified the mean gliding velocity
((vegs)) of MT motility with increasing numbers of motors (Fig-
ure[5), obtained from binning every 1 um filament and the mean
linear motor density (p1p). Interestingly, we find the (v.ss) in-
creases five-fold when the ~8-10 motors are encountered. This
threshold could be smaller, based on the assumptions inherent in
the motor number estimation and the expectation that the num-
ber of bound motors will always be lower than those encountered,
as seen in simulations (Figure[S3). Additionally, the mean veloc-
ity of MTs for a saturating number of motors encountered is ~40
nm/s, in qualitative agreement with the reported velocity of 41
nm/s of yeast spindle translocation during mitosisZ8. Since the
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transition in velocity appears to coincide with a transition from
random to vectorial transport, we proceeded to quantify diffu-
sion and transport velocity statistics of filaments based on mean
square displacement (MSD) estimation.
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Fig. 5 Effect of motor numbers on gliding velocity. The mean gliding
velocity of filaments, (v.sr) (red circles), from experiments is plotted as
a function of the mean number of motors (N). The motor density is 6.8
motors/um?. The dashed line connected binned averages with error bars
indicating standard deviations.

4.3 Motor number dependence of diffusion and transport
velocity

We analyzed MSD statistics to understand the transition from
short filaments undergoing a mixture of ‘stop-and-go’ and swiv-
elling to directed transport of long filaments. By sampling only
those filaments in the plane of imaging, we ignore free diffusion
of MTs. An ensemble average MSD for binned mean lengths ap-
pears to confirm our impression of a transition from apparently
diffusive to directed transport (Figure[6)). We fit the MSD profiles
with two models: (i) a phenomenological anomalous diffusion
model (Equation [9) with the anomaly parameter & used to dis-
tinguish between diffusive, super- and sub-diffusive motility and
(ii) a diffusion with transport model (Equation to quantify the
random and directed components of the motility. We find trajecto-
ries of short filaments of less than 5 um in length with low motor
density deviate from both model fits, potentially due to a greater
heterogeneity in MT motility. Such filaments, even when bound
to just 1 or 2 motors, are expected to undergo frequent changes
in direction and swivel, as reported for kinesin gliding assaysZ2.
The anomaly parameter obtained from fitting the phenomenolog-
ical model is o ~ 1.5 and greater for all trajectories irrespective of
length and motor density, indicative of super-diffusive motility=L.

The fit parameters of the diffusion and transport model to ex-
perimental data, D.rs and v, both show a scatter that is higher
for short filaments at low density (Figure[S4{(a), [(b)). The spread
in experimental D, ¢y appears to decrease with increasing motors,
consistent with the higher variability expected from ‘stop-and-go’
and occasional swivelling of MTs. The nearly immobile filaments
(Desr < 107% um?/s) are ignored in this analysis, assuming these
to be artefacts due to MTs binding inactive or mis-oriented mo-
torsZZ, Thus the trend in effective diffusion from experiments
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Fig. 6 Mean square displacement (MSD) of filament transport. @
The MSD as a function of time (black) for increasing MT filament lengths
(L) ranging between 1.46 to 15.5 um are plotted. The motor density (p2p)
is 6.8 (upper panel) and 72.4 motors/um? (lower panel). Data was fit to
two models: anomalous diffusion (red, Equation [9) and diffusion with
transport (blue, Equation. Grey region: standard deviation.

with p,p of 6.8 and 72.4 motors/um? qualitatively matches the
comparable simulations densities of 10' and 10?> motors/um?
(Figure . Our observations of the reduction in mean D,y
with the number of motors (1/N dependence) resembles the in-
verse length dependence, 1/L of diffusivity of MTs transported by
kinesins reported previously2®. This suggests the motor-number
dependence of randomness in collective MT transport might be
similar for kinesin and dynein.

The transport velocity as a function of motors obtained from
fits to experimental MSD, increases from close to zero to 80 nm/s
and the low density experiments appear to approximately follow
the trend of simulations, increasing with N (Figure[S4(b)). Short
filaments of lengths < 1um undergo rapid binding-unbinding mo-
tion, filaments with lengths of ~ 2 to 5 um move with frequent
changes in direction and longer filaments (> 5 um) are trans-
ported in a directionally persistent manner (Figure [S2(a) and
SA(b)] and Video [SVI[(@)). Simulations suggest such an effect
arises from a combination of effects namely the 2D ‘search’ by
MTs for motors that depends on motor density and increased co-
ordination of multiple motors. However, at a high density the
independence of velocity with motor numbers could be explained
by saturation effects. The quantitatively lower velocity obtained
from experiments as compared to simulations, at high motor den-
sities, could result from crowding effects, as reported previously
for kinesinZ4. Such effects are not observed in simulations, since
the model does not invoke crowding effects, for simplicity.

Statistical uncertainty in estimating D,y and v from MSD fits,
suggests the need for alternative measures of directionally persis-
tent motion. We therefore use a simpler and more robust mea-
sure of directionality y, that is independent of any fitting>16| as
described in the methods section. We find the mean directional-
ity () is length dependent for low motor densities but not for
high density with a four-fold change in y seen when MT lengths
increase from 3 to 4 um at low motor densities (Figure[7(a). In-
terestingly, motility changes quantified by y correspond to three
qualitative modes of filament transport for increasing lengths at
low motor densities: (a) swivelling by short filaments (=1 pum)
when 1-2 motors are expected to interact, (b) transport and in-
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termittent changes in direction of intermediate lengths (=3 um),
when interacting with ~7 motors and (c) directionally persistent
transport of long filaments (>5 um), when interacting with ~10
motors (Figure[7(b)). When we combine this data from different
motor densities and MT lengths, in terms of expected number of
motors interacting with a filament, we find all the data falls onto
a trend of increase and saturation of )y above a threshold of 8
to 10 motors (Figure. This motor number threshold above
which transport becomes directionally persistent is based on the
expected number of motors a filament encounters, while binding-
unbinding kinetics would result in a lower number of bound mo-
tors, as predicted in simulations (Figure[S3). Hence, we proceed
to test whether a model of yeast single-molecule dynamics can re-
produce our experimental measure of directionality in collective
transport.

4.4 Model predictions of coordinated transport

0.8

0.6

0.4

0.2

Length (um) ¥ um
(a) (b

LMT = 3 pm

© (d)

Fig. 7 Length and motor-dependence of MT transport directionality
in experiment and simulation. |@|The mean directionality, y (+s.e.) of
MT transport is plotted as a function of length in presence of two differ-
ent motor densities (colors) from experiments. [(b)] Representative time-
projections of filament contours (red lines) are overlaid with trajectories
of centroids (blue *) from experiments for a low density of motors (6.8
motors/um?) for increasing lengths. The time-interval between frames is
1 s per, corresponding to Video [SVT[[a)). [(c) The value of x from exper-
iment (o—, mean +s.e.) and simulation (-, mean +s.d. from 100 MTs
each) are plotted in terms of motors encountered per filament. Colors
represent motor density in units of motors/um?. @Simulation outputs of
filaments (grey) from 10 s of simulations at 0.25 s per frame for a motor
density of 10 motors/um?. Two states of motors are indicated: bright-
green: MT-bound, dark-green: free. Corresponding Video[SV4(a){[(d)}

In order to test whether a mathematical model of single-
molecules of dynein could explain the observed collective prop-
erties in a multi-motor context, a dynein gliding assay simulation
was developed (Figure [1| and Model description). Simulations
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predict a decrease in diffusion coefficient with increasing motors
per MT (Figure[S4(a)), with MT lengths ranging from 1 to 10 um
(Video[SV3) and densities ranging from 10~" to 102 motors/um?.
The transport velocity and directionality, from the same calcula-
tions, show a threshold effect increasing abruptly when ~10 or
more motors are acting on an MT (Figure and [7(c)), an
effect also observed in experiments for ~8 to 10 motors (Figure
[7(c)). The simulations however are based on a model of a motor
as a single bead that stochastically steps along an MT, similar to
previous work 216217017476/ \vhile in experiment the yeast dynein
is dimeric. Our result would suggest that the reported uncoordi-
nated stepping of heads of this yeast dynein?2L could explain
why the transition in directionality in experiment emerges at 8 to
10 heads, comparable to the 8 to 10 motors in simulations, due
to the statistics of independent stochastic stepping and detach-
ment behaviour. Additionally, visualization of the simulation for
increasing MT lengths suggests the statistics of directionality can
be understood in terms of three qualitatively different MT motil-
ity modes, just as in experiment: swivelling and occasional free-
diffusion when filaments encounter 1-2 motors, (b) 2D ‘search’
interspersed with stretches of transport with 3-5 motors and (c)
persistent directional transport when the motors encountered ex-
ceed 5 (Figure[7(d)} Video[SV4[@){(d)).

Simulations predict that while the directionality of transport
over three orders of magnitude of motor density appears to fall
on one curve resembling saturation kinetics, the transition is not
‘smooth’ as a function of motors per MT. For instance the di-
rectionality of filaments of increasing lengths in presence of 10
motors/um? do not appear to increase above 0.4, while higher
values of directionality are only seen in case of an order of mag-
nitude higher motor density. This could be due to the fact that
increasing MT lengths for a given motor density could result in
filament bending and result in defects in motion (kinks, spiral
etc.) as previously reported for myosin and kinesin®?, thus re-
ducing directionality. Additionally, simulations also predict the
point of inflection of directionality as a function of motors (N-
dependence) will be seen even if as little as half the motors are
active (Figure, suggesting a potential experimental test of the
model.

® Dynein G2/M Anaphase
s M T
@ s Bud

—> —>

Mother cell

MT Length bound to motors

Fig. 8 Search and capture of astral MTs during nuclear positioning.
A schematic representation of a yeast nucleus (blue) positioned (dashed
arrow) by dynamic astral MTs (red) nucleated from SPBs (green) pulled
by cortical dyneins (brown) localized in the bud cell. The scale represents
the increasing length of MTs interacting with the motors.

The effect of increasing motor density on collective transport
of MTs has also been shown for kinesins in a gliding assay, when
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the motors were anchored in a lipid bilayer but not when an-
chored on glassZ#. The similarity in trends with increased density
despite the glass immobilization of dynein, could relate to the
greater flexibility inherent in dynein, thus mimicking the effects
of anchorage. This could reveal a general property of filament
transport arising from intermolecular spacing and flexibility.

We find the ensemble mean directionality of transport steeply
increases four-fold when the number of motors a filament en-
counters change from 8 to 10, in experiment. Simulations repro-
duce both the steepness of change and the N-value of the onset
based on single molecule detachment mechanics. The transition
in directionality with N~10 was observed even in the presence of
50% inactive motors that are unable to step (Figure[S5), suggest-
ing the robustness of our result to experimental artefacts such
as the active fraction of the motor. This could also serve as a
falsifiable test of our model. Our theoretical predictions explain
not just our data, but also potentially provide an explanation for
the previously reported of a sharp increase in run length and run
time with an increase in yeast dynein team sizes from 2 to 7 mo-
torsl, To test the specificity of the detachment model, we pro-
ceeded to test the effect of alternative models of detachment on
MT collective transport. The two alternative models compared
for detachment rate (r;) were: (a) constant (ry; = rg), i.e. load-
independent detachment, (b) symmetric load-dependent detach-
ment based on Kramers law®* (r; = r9 -elfi/El)| keeping all other
parameters identical to the asymmetric detachment rate model.
We find, none of the alternative models could reproduce the value
of the threshold number of motors encountered that results in a
change in y comparable to experimental data (Figure [S6). The
symmetric models tested also suggest that only a few (1-2) mo-
tors with symmetric detachment can result in directionally persis-
tent transport, while the asymmetric detachment model requires
a larger ‘team’ of motors to encounter MTs (Supplementary re-
sults). We speculate this may point to a property of this yeast
dynein to ‘switch’ from random to persistent transport of MTs
through an N-dependent (collective) mechanical coupling, rather
than a simple 2D ‘search’. This would suggest that such a mo-
tor number based threshold dependence of persistent filament
transport might differ for a full length dynein construct, due to
a quantitative difference in the load dependence as compared to
the truncated dynein used in this study, acting as a test of our
model predictions.

In our work, simulations allow us to explore a much wider
range of motor densities than either previous or our own experi-
mental data can approach. The increase in velocity and direction-
ality both saturate rapidly when more than ~20 motors interact
with an MT.

This result suggests the motor numbers of this dynein could
have a role to play during S. cerevisiae mitosis in pulling MTs
in vivo. The native yeast cytoplasmic dynein is localized to the
daughter cell during mitosis®2 as part of the machinery that po-
sitions the nucleus to the bud neck between the daughter and
mother cells234243 During the G2/M to anaphase transition,
astral MTs emanating from SPB embedded in the nucleus, are
thought to ‘search’ and are ‘captured’ by dynein motors localized
to the bud-cell cortex which then ‘reel in’ the nucleus?3. The
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captured MTs are then transported in a manner reminiscent of a
gliding assay, with both MT lengths and motor numbers changing
in time. The reported number of dyneins present on cortical foci
in budding yeast 6+2 dimersZ8., We observe a transition in the
directionality of MT transport when ~10 motors are expected to
interact with an MT. We speculate that the number dependence
of random to directed MT transport, could affect the ‘search and
orientation’ of the nucleus (Figure. Since the process involves
collective motor transport, a transition to directed transport with
increasing motor numbers might improve the accuracy and re-
duce the time taken for spindle alignment during division, while
maintaining a constant velocity. Our experimental and theoreti-
cal observations suggest that the mechanics of the yeast dynein,
might be adapted to ensure robust positioning of the nucleus in
anaphase. Further quantitative analysis of yeast nuclear migra-
tion will be required to test this hypothesis.

Interestingly, the observation of a sharp transition in gliding
velocity (v.yy), transport velocity (v) and directionality (y) from
low values of (less efficient transport) to high values above a
threshold of motors, in simulations and in experiments, resem-
bles a phase-transition. Phase transitions in directional motility
of motor-driven transport, have been predicted in theory for sym-
metric and asymmetric motors©3"62, They have also been experi-
mentally demonstrated in the case of antagonistic kinesins trans-
porting anti-paralle] MT-doublets®®. We believe, a simple dynein
driven collective MT transport system could also fall into this gen-
eral category. Our finding implies cells could regulate the quali-
tative nature of multi-motor transport by simply modulating the
number of motors.

5 Conclusions

Thus, we find the velocity and directionality of MT transport by
yeast dyneins depends on both the motor density and MT length.
Simulations predict a monotonic decrease in the diffusivity of fila-
ments with increasing numbers of motors. The transport velocity
and 2D directionality undergo a steep increase both in simulation
and experiment with increasing motor numbers. Modeling can
explain such threshold dependent behavior as an emergent prop-
erty of the collective effect of motor detachment dependence on
the direction of the load force and a 2D ‘search’ by MTs for mo-
tors. This number-dependence of directionality of MT transport,
arising from the coordination of multiple S. cerevisiae dyneins at a
low density comparable to the in vivo scenario, could help us bet-
ter understand the ‘search and capture’ of astral MTs in mitosis
during nuclear positioning.
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Abstract

Kymographs or space-time plots are widely used in cell biology to reduce the dimensions of
a time-series in microscopy for both qualitative and quantitative insight into spatio-temporal
dynamics. While multiple tools forimage kymography have been described before, quantifi-
cation remains largely manual. Here, we describe a novel software tool for automated multi-
peak tracking kymography (AMTraK), which uses peak information and distance minimiza-
tion to track and automatically quantify kymographs, integrated in a GUI. The program takes
fluorescence time-series data as an input and tracks contours in the kymographs based on
intensity and gradient peaks. By integrating a branch-point detection method, it can be used
to identify merging and splitting events of tracks, important in separation and coalescence
events. In tests with synthetic images, we demonstrate sub-pixel positional accuracy of the
program. We test the program by quantifying sub-cellular dynamics in rod-shaped bacteria,
microtubule (MT) transport and vesicle dynamics. A time-series of E. coli cell division with
labeled nucleoid DNA is used to identify the time-point and rate at which the nucleoid segre-
gates. The mean velocity of microtubule (MT) gliding motility due to a recombinant kinesin
motor is estimated as 0.5 ym/s, in agreement with published values, and comparable to esti-
mates using software for nanometer precision filament-tracking. We proceed to employ
AMTraK to analyze previously published time-series microscopy data where kymographs
had been manually quantified: clathrin polymerization kinetics during vesicle formation and
anterograde and retrograde transport in axons. AMTraK analysis not only reproduces the
reported parameters, it also provides an objective and automated method for reproducible
analysis of kymographs from in vitro and in vivo fluorescence microscopy time-series of
sub-cellular dynamics.

Introduction

Kymographs, or space-time plots, have been extensively used to analyse sub-cellular micros-
copy time-lapse data with improvements in microscopy. It has been used in the past to
characterize organelle transport, cell division and molecular motor motility as reviewed by
Pereira et al. [1], and the wide-range of applications could be the result of the reduced spatial
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dimensions of complex microscopy time-series. Most often however, kymography has been
used as a qualitative readout of movement or dynamics. In studies where kymographs have
been quantified, most often this has been manual, as seen in the Multi Kymograph plugin for
Image] [2]. Most of the existing tools such as the automated kymography tool [3] and ‘guided’
kymography [1] focus on automating the process of kymograph building. Few methods for the
automated quantification of kymographs exist, such as ‘Kymomaker’ [4] and a curvelets based
tool [5]. Both these tools automate quantification, but cannot deal with merging and spitting
events. Despite the ubiquitous nature of merging and splitting events in typical sub-cellular
processes, none of the existing tools for the automated quantification of kymographs include a
feature to handle budding and coalescence.

Genome segregation is conserved across cellular systems and has been extremely well stud-
ied in the rod-shaped Gram-negative bacterium Escherichia coli [6,7]. However microscopic
analysis of DNA segregation has only recently been made possible with improvements in
microscopy and image-analysis [8—10]. Given the almost 1D geometry of segregation of the
genome along the long axis of the cell, kymography is a convenient way to analyze the process
of nucleoid DNA segregation. Recent studies using explicit 3D over time tracking have found
compaction waves are associated with E. coli genome segregation [11]. Based on a reduction in
dimensions to 1D over time, a quantitative kymograph-based analysis could be used to screen
for changes and defects in segregation, without the need for more complex datasets and their
analysis.

The process of microtubule transport by molecular motors reconstituted in vitro, referred
to as a ‘gliding assay’ has been extensively used to examine the fundamental nature of multi-
molecular transport of actin and microtubule filaments by motors [12-15]. Recent studies
have also used ‘gliding assays’ to address microtubule mechanics based on the bending of fila-
ments while undergoing transport [16]. Kymography of cytoskeletal filaments in vivo has been
used to follow actin contractility and microtubule buckling dynamics [17]. However in most
cases the use of kymography has been limited to visualizing the time-series in a single-image,
as a compact form of data representation. A general tool that could use this information to
objectively extract the measures of motility would hence be of some use to these multiple
applications.

The assembly of proteins by ‘recruitment’ to structures is fundamental in multi-protein
complex formation. The assembly of vesicles by budding off membranes and their fusion is
critical for cellular function. For the assembly of coated pits with clathrin for endocytosis the
site of assembly [18], sequence of binding events [19] and interactions of other proteins [20] is
considered to be critical. Microscopy of in vitro reconstituted membrane bilayers has become
a powerful tool to study the dynamics of protein assembly during vesicle formation [21,22].
Proteins such as epsin, which were reported to accelerate clathrin ‘recruitment’ [23] have been
examined using kymography of the fluorescently labelled clathrin and the effect of mutant
epsins on the process [24]. While such an approach lends itself to high-content screening, the
analysis of the kymograph has been manual. Many other such ‘recruiment’ dynamics studies
could benefit from an automated routine to quantify the kinetics of assembly through intensity
measurements coupled to kymography.

Neuronal vesicles are transported in axons by the action of molecular motors. Microscopy
of in vitro reconstituted [25] and the in vivo transport in cultured cells [26,27] has provided
insights into both the components and forces regulating transport. Recent technical develop-
ments have allowed whole animal in vivo microscopy of sub-cellular vesicle movements in
neurons [28]. In this and comparable studies, quantitative statistics have been obtained using
manual detection of kymographs. This is possibly due to the complex nature of the time-series
with cross-overs and the crowded in vivo environment. An approach that uses objective
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criteria and automates the process of quantification could provide valuable improvements to
our understanding of fundamental nature of vesicle transport as well as aid in the process of
modeling vesicle transport.

Here, we have developed a novel tool to automatically quantify kymographs from fluores-
cence image time-series. We proceed to demonstrate the utility of the automated multi-peak
tracking kymography (AMTraK) tool by quantifying dynamics from diverse sub-cellular fluo-
rescence microscopy data sets. These include bacterial genome-segregation, microtubule (MT)
motility of 1D filaments and 2D radial asters, membrane protein assembly dynamics and vesi-
cle transport in axons.

Algorithm and workflow

The automated multi-peak tracking kymography (AMTraK) is open source software based on
an algorithm that combines peak detection and distance minimization based linking to quantify
dynamics of fluorescence image time-series. The source code has been released with a GPL
license and can be accessed from: http://www.iiserpune.ac.in/~cathale/SupplementaryMaterial/
Amtrak html and https://github.com/athale/ AMTraK

The program has a GUI front-end and is accompanied by a detailed help file. The algorith-
mic workflow (Fig 1A) is divided broadly into three steps:

1. Making the kymograph
2. Peak detection and tracking

3. Statistics

These steps in the workflow are reflected in the graphical user interface (GUI) layout (Fig
1B). The functioning of each of these steps is briefly described as follows:

(a) Making the kymograph. The user chooses an input image time-series with the “Open
File” button. Image time-series are assumed to be uncompressed, multi-page TIF files (inde-
pendent of bit depth). The user can choose to process either the whole or a subset of frames
using the “Frame nos.” text box. For example entering “2:2:8” will now result in only frames 2,
4, 6 and 8 being processed for further analysis. The text box “Save as sub-folder” takes a num-
ber input (default “1”) indicating where the outputs will be stored (e.g.: “./amtrak-17). The
drop-down menu “Apply LOI” allows the user to either choose a line of interest (LOI) using
the mouse (“Interactive”) or apply a pre-existing LOI on a different channel (color) of the
image time-series (“From file”). Once an interactively drawn LOI is selected, it is stored in the
output sub-folder as “LOIselection.txt” (S1 Data). This LOI can subsequently be applied, to
another channel or the same region of another dataset (e.g.: microfluidics channels) using the
“From file” mode. For this, the user is required to load a separate TIF time-series using “Open
File” and change the sub-folder number in order to prevent overwriting old data. The “LOI
width (pixels)” allows a user to choose the width of the LOI, to compensate for occasional drift
of the object, in a direction orthogonal to the LOI orientation. The choice widths- 1, 3 and 5
pixels- is centered around the selected LOI pixels, similar to that implemented in the Image]
Multi Kymograph plugin [2]. The drop-down menu “Units” allows the user to select distance
and time units, and the text boxes “Scaling factor” and “Time interval” are used to provide
conversion factors per pixel and frame respectively. This results in scaling the pixels and
frame numbers to physical units. The button “Make Kymograph” produces a maximum inten-
sity projection image of the input time-series, if the user had chosen the “Interactive” mode
(default) in the “Apply LOI” menu. The user is required to select the line of interest by drag-
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Fig 1. Algorithm workflow and user-interface. (A) The workflow of the algorithm involves three steps (1) kymograph generation, (2) peak
detection and tracking and (3) quantification and the functions invoked by each part are elaborated. (B) The GUI is organized to reflect this

workflow.

doi:10.1371/journal.pone.0167620.9001

clicking the mouse. Double-clicking ends the selection, and throws a dialog box, which
prompts the user to choose to either select more LOIs or continue with the processing of the
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one already selected. This generates file one or more “LOIselection.txt” files in the sub-folders.
If the “From file” mode was selected, the program allows the user to select a pre-existing “LOI-
selection.txt” from the directory structure. The program then generates kymographs based on

these LOIs and stores the matrices corresponding to the LOIs in sub-folders numbered accord-
ing to the sequence of LOI selection (e.g.: “/amtrak-1/”, “/amtrak-2/” etc.).

(b) Peak detection and tracking. Detecting peaks: The button “Subfolder” allows the user
to choose the kymographs to be processed using “Add”, which adds the subfolders created ear-
lier to the active list. Using this feature, a user can either process a single kymograph at a time,
or process multiple kymographs using the same parameters. The kymograph is segmented
row-wise using Otsu’s method [29] and the resulting binary image is processed for “Peak
detection”. The user can choose between three alternative methods: (i) findpeaks [30] and (ii)
watershed [31] to find central peaks, while (iii) Canny edge detection [32] is useful if the edge
information is the most reliable descriptor of the dynamics. Typically findpeaks and watershed
are ideal for spherical objects.

Linking: The list of peaks P(t) for each time point ¢ is linked resulting in tracks, based on
user input parameters of “Peak search radius” (X;) and “Min. track length” (&,). Peaks are
linked if the minimal pair-wise distance dj(t,t+T) between every j™ peak in successive rows (t, t
+7) satisfies the condition min(d;(t, t+1)) < ,, iteratively for the jth peak in every subsequent
time step (t+7). If two or more peaks are equidistant, the peak that makes the largest angle (0
to ) with the existing track is chosen, similar to our previously developed branch detection
method [33]. For the peaks in t = 1, the angle criterion does not hold true and equidistant
peaks are resolved by user-input. Tracks are eliminated from further analysis if their number
of peaks linked len(P) < 2,, to avoid artifacts due to very short tracks.

Remove redundant: If the checkbox “Remove redundant tracks” is selected, each i track
with m; coordinates, is tested for intersections using the inbuilt intersect function. If the number
of common coordinates 1 satisfies the condition 1. > 1;/3, it is eliminated as a redundant
track.

Splitting and joining tracks: If the checkbox “Splitting events: Link tracks” is selected, events
where two tracks merge are identified by a two-step process. First, all peaks (I(x,t)) are evalu-
ated for the condition I(x,t) = (d'e < w;) AND (d*e < w,), where d'e is the distance on the
time-axis (t) and d*e is the distance on the spatial (x) axis. Then, a peak with the minimal
(Euclidean) distance is minimized for the distance to the end-point (e) coordinate J,,. The
time and distance thresholds are set by the user in the text box for w; (frames) and w, (pixels)
respectively.

The button “Detect Peaks” then outputs an image of the kymograph with the peaks overlaid
in color, while invoking the button “Make tracks” links the peaks based on the input parame-
ters. Lastly the button “Quantify” produces a text file corresponding to each track (S2 Data, S3
Data and S4 Data).

(c) Statistics. This section of the code produces both text-file outputs and plots of the
dynamics estimated from the kymograph. The frequency distribution of “Instantaneous Dis-
placement”, “Total Displacement”, “Instantaneous Velocity”, “Speed” and “Tortuosity” (i.e.
directionality) are plotted if the button “Plot” corresponding to these variables is pressed.
Additionally the mean and standard deviation (s.d.) of these variables are also generated in the
text boxes. Pressing the “Track Intensity” button plots the normalized (0-1) grey value inten-
sity of each track as a function of the time. The button “Track orientation” triggers a recoloring
the tracks in the kymograph based on the net direction of movement along the X-axis- blue
(-ve, left), red (+ve, right) and green (stationary, neutral).

The outputs of the analysis are stored in multiple tab-delimited text files: “LOIselection.txt”
with the LOI coordinates (S1 Data), “USER_TrackStats.txt” which reports track-wise mean
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values (S2 Data), “USER_InstStats.txt” which reports the time-dependent statistics (S3 Data),
“Tracklist.txt” which stores the grey-value intensities as a function of track number and time
(54 Data) and “Branchpoints.txt” which stores the position and time coordinates of detected
branches (S5 Data). The user-inputs to AMTraK in terms of files, directories and parameters
are all stored in “All_Parameters.txt” (S6 Data), to enable reproducible analysis.

Materials and Methods
Simulated test images

Simulated images of static beads were generated by creating 8 bit images with a black back-
ground (intensity: 0) with equally spaced single white pixels (intensity: 255) in MATLAB
(MathWorks Inc., USA). To simulate bead motion, a simple 1D random-walk was imple-
mented where each bead was moved randomly in each frame, with displacement drawn from
anormally distributed random number with mean m = 0 and standard deviation (s). The stan-
dard deviation is a measure of the mean speed of motion. Both the static and mobile bead
image time-series were filtered with a 5x5 disk filter and smoothed using a 3x3 averaging filter.
The resulting convolved circular objects (S1A Fig) have intensity profiles that resemble point
sources of fluorescence signal (S1B Fig). The time-series were saved as a multi-page TIF files.
Noise was added to individual time-series in order to simulate increasing levels of image-noise
using a Gaussian filter with increasing standard deviation (0-100) using Image] [34].

Bacterial growth and microscopy

E. coli MG1655 (CGSC, Yale, USA) expressing the pBAD24-hupA-GFP [35] were cultured in
Luria Bertani (LB) medium (HiMedia, Mumbai, India) with 100 ug/ml Ampicillin (Sigma-
Aldrich, Mumbai, India) at 37°C with shaking at 170 rpm (Forma, ThermoScientific, USA).
Nutrient ‘agar-pads’ with 0.2% arabinose (Sisco Research Labs, Mumbai, India) and 100 pg/ml
ampicillin were imaged on a glass-bottomed Petri dish (Corning, NY, USA) at 37°C using an
inverted Zeiss LSM780 confocal microscope (Carl Zeiss, Germany) with a Plan Apochromat
63x (N.A. 1.40, oil) lens in DIC and fluorescence (excitation by 405 nm diode laser with a
beam splitter MBS 405 and the emission collected between 487-582 nm) modes. Images were
corrected for drift using the rigid body transformation in the StackReg plugin [36] for Image].

Microtubule gliding assay

A 1:4 ratio of TRITC-labeled bovine and unlabeled porcine tubulin (Cytoskeleton Inc., USA)
at a concentration of 20 uM were used to prepare taxol stabilized MT-filaments in general
tubulin buffer as described by the supplier (Cytoskeleton Inc., USA). Into a double backed
tape chamber, we sequentially flowed in 4.1 pg/pl of a 67 kDa recombinant human kinesin
(Cytoskeleton Inc., USA), blocking buffer (5 mg/ml Casein) and MT filaments. The chamber
was then washed with a casein-containing buffer and the reaction was started with 1 mM ATP
with anti-fade mix (0.05 M glucose, 1% sucrose, 0.5 mg/ml catalase, 0.5 mg/ml glucose oxidase,
0.5% beta-mercaptoethanol (Cytoskeleton Inc., USA)). Time-series images were acquired
every minute for 30 minutes on an upright epifluorescence microscope with a 40x (N.A. 0.75)
EC Plan Neofluar lens mounted on a Zeiss Axio Imager.Z1 (Carl Zeiss, Germany) using filters
for excitation (563 nm) and emission (581 nm) and an MRC camera (Carl Zeiss, Germany).

Image processing

The acquired time-series and movies taken from published data were converted to uncom-
pressed TIF time-series using Image] (Schneider et al., 2012) and online converters for MOV
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files. MT-gliding assay images were de-noised using a median filter in ImageJ. For manual
analysis of kymographs of MT-gliding, a program was written in MATLAB (MathWorks Inc.,
USA) to generate a kymograph from the time-series, interactively draw a segmented line along
the edges and extract coordinates to calculate velocities. The automated multi-peak tracking
kymography (AMTraK) code was implemented in MATLAB R2014b (MathWorks Inc., USA)
in combination with the Image Processing (ver. 7.0) and Statistics (ver. 7.3) Toolboxes and
tested on Linux, Mac OSX and Windows?7 platforms. Vesicle transport image time-series in C.
elegans from supporting material of published work [28] were calibrated based on the width of
the axon from the same report.

Data analysis

All data analysis and plotting was performed using MATLAB 2014b (MathWorks Inc.,

USA). Fitting of custom functions was performed using either the Levenberg-Marquardt non-
linear least square routine or the Trust-Region method, implemented in the CurveFitting
toolbox (ver. 3.5) of MATLAB.

Results
Accuracy of detection

To test the positional detection accuracy of the algorithm, we have created simulated image
time-series of circular objects that represent typical fluorescence images of circular objects (Fig
2A), comparable to images of sub-cellular structures in pixels (SIA Fig). Since the time-series
consists of the same image, the objects are perfectly static as seen in the resulting kymograph
(Fig 2B) output from running AMTraK on the data. Intensity variations are a result of the
noise from the spatial filter (s.d. 40). The difference between the position of the detected tracks
(xp) and the simulated position (xs) is used as an estimate of the limit of accuracy in position
detection, Ax = |xs-xp|. The normalized frequency distribution of Ax can be fit to an exponen-
tial decay function to obtain a mean accuracy <Ax> = 1/b from the fit, in pixel units (Fig 2C).
For all images with noise of s.d.< 40, the mean error (from fit) in detection (Ax)<1 pixel. For
higher values appears to saturate between 2-3 pixels (Fig 2D). Using the arithmetic mean as an
estimate of the accuracy for a given noise s.d. appears to result in an underestimate that does
not change with increasing noise s.d. (Fig 2D), and hence the mean from the exponential decay
of the frequency of Ax was taken to be more representative of the central tendency. To test if
motility affected the positional accuracy, we also evaluated the positional accuracy of particles
undergoing a random walk (as described in the Materials and Methods section) with a fixed
image noise (noise s.d. 30). By increasing the s.d. of the random walk we estimated the effect of
increasing velocity on Ax (Fig 3A). The accuracy of positional detection using both the arithme-
tic and exponential mean error (<Ax >) as before, is less than 1 pixel for the chosen range of
velocities of the random walk (Fig 3B). At higher velocities, the tracking errors accumulate, sug-
gesting image noise is the major limiting factor for the positional accuracy of detection, inde-
pendent of particle motility. Thus, while AMTraK analysis can result in sub-pixel accuracy of
position detection, it is essential that the input data have low-noise. We proceeded to test our
method on the multiple experimental datasets to examine the utility of this program involving
bacterial DNA segregation, microtubule motility and vesicle assembly and transport dynamics.

Detecting splitting events in bacterial DNA-segregation

A time-series of growing E. coli is acquired in fluorescence (Movie A in S1 Video) and DIC
(Movie B in S1 Video) to follow the nucleoid segregation dynamics of HupA-GFP labeled
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Fig 2. Estimating positional accuracy. (A) A single frame of a 2D image time-series of static spheres (with a peak intensity of 1) with Gaussian noise
(mean =0, s.d. =40) is analyzed using AMTraK (B) resulting in a kymograph. (C) The frequency distribution of the error in position detection (Ax) by
AMTraK (bars) is fit by an exponential decay (red). The mean error obtained is 0.75 pixels (goodness of fit R% = 0.95) for a representative time-series with
noise s.d. = 40. (D) The mean error of detection (y-axis) from the exponential fit <Ax> = 1/b (black) is compared to the arithmetic mean (blue) in pixel units,
plotted as a function of increasing noise s.d. (x-axis). The noise generates random intensities drawn from a Gaussian distribution with mean 0 and the
specified s.d. being added to the image (based on the “Specified Noise” function in ImageJ).

doi:10.1371/journal.pone.0167620.g002

DNA (Fig 4A). Using the maximum intensity projection produced from AMTraK, the LOIs
are chosen (Fig 4B) and used to generate and analyze two kymographs (Fig 4C and 4D). The
segregation of the genome is captured by the branched structures of the tracks marked in
the kymographs. Additionally we can evaluate both the instantaneous velocity for time-
dependence (Fig 4F) and average statistics (Fig 4F). The mean nucleoid transport velocity is
0.103+0.12 um/min (arithmetic mean + standard deviation). Based on the form of the fre-
quency distribution of instantaneous velocities, we also fit an exponential decay function to
obtain the exponential mean velocity v, = 0.104 pum/min. These values of nucleoid move-
ment speed from E. coli MG1655 (wild-type) cells are comparable to a previous report in
which nucleoids were tracked in 3D over time [11]. While nucleoids form a diffraction-lim-
ited spot in microscopy images, un-branched cytoskeletal filaments form typical 1D struc-
tures and dynamics of transport on them and of the filaments themselves, are ideally suited
for kymography.
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doi:10.1371/journal.pone.0167620.g003

Microtubule transport: filament edges, centers and time-dependence of
velocity

The transport of microtubule (MT) filaments by surface-immobilized molecular motors in the
presence of ATP and buffers is referred to in the literature as ‘gliding assay’ or ‘collective trans-
port assay’. Here, we analyze the gliding motility of MT on kinesin, as described in the meth-
ods section, using AMTraK. The analysis of a representative kymograph using either peak-
(Fig 5A) or edge-detection (Fig 5B) successful traces the centroids and edges respectively. The
mean velocity estimates for collective motor transport show variations between individual fila-
ments. The centroid and edge velocity estimates of multiple MT filaments (n = 10) are strongly
correlated as evidenced by the straight line fit with slope ~ 1 (Fig 5C and 5D), as expected.
However, the linear correlation of edge-based velocities has a slope of ~0.9 (Fig 5E), suggesting
small deviations from the ideal slope, within the range of the average positional detection error
(Fig 2C). While typical kymograph analysis of cytoskeletal transport averages the edge infor-
mation (movement of the tips over time), correlating edge-velocities could potentially be used
to estimate small alterations in the filament geometry such as bending and length change. The
mean velocity of 0.5 um/min obtained from our analysis of the assay (Fig 5F) is consistent with
previous reports for the same construct [37,38]. While the transport of effectively 1D MT fila-

ments lends itself to kymography, we proceeded to investigate if 2D radial MT structures or
asters can also be analyzed by kymography.

Fusion of MT asters

In recent experiments by Foster et al. [39] they examined the spontaneous contraction dynam-
ics of radial MT arrays or asters labeled with Alexa647-tagged tubulin, in Xenopus egg extracts.
We have taken a time-series of such asters from published data (kindly shared by the author
Peter J. Foster) and analyzed coalescence events using AMTraK (Fig 6A) The projection of the
time-series for selecting the LOI enables us to reduce the complex movements of such 2D
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Fig 5. Microtubule (MT) gliding motility on kinesin motors. MTs gliding on kinesin (images acquired every 1 minute for 30
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structures to a 1D over time process. The movement of the smaller aster as it merges with the
larger one is rapid. The fluorescence intensity following the merger fluctuates, but does not
increase, which we interpret to mean tubulin density at the center of the new aster does not
increase (Fig 6B). While the coalescence appears not to result in a compaction of the aster, it
demonstrates the utility of the code for 2D MT array transport. On the other hand, intensity
measurements are expected to change during processes such as molecular ‘recruitment’ of
sub-cellular structures, so we proceed to test the tool on this process, which had previously
been studied using manual kymography.

Kinetics of clathrin assembly during in vitro vesicle formation

We proceed to quantify the assembly kinetics of clathrin on membranes from an in vitro
reconstitution assay of clathrin assembly on vesicle precursors reported previously by Holkar
et al. [24]. This process has been analyzed using kymography due to its effectively 1D spatial
extent and the multiple simultaneous events of assembly. The published time-series of fluores-
cently labeled clathrin assembly kinetics in the presence of wild-type epsin (supplementary
movie 3 in [24]) and L6W mutant epsin (supplementary movie 5 in [24]) in the form of 16 bit
TIF images were provided by the authors (Sachin Holkar, personal communication). AMTraK
was used to analyze this data without any pre-processing, resulting in tracked kymographs of
assembly kinetics with wild-type (Fig 7A) and mutant epsin (Fig 7B). The software outputs a
text-file of grey-value intensities normalized by the bit-depth (maximum normalized, between
0-1) (54 Data), which when multiplied by the bit-depth of the input images, produced inten-
sity profiles of clathrin assembly in grey-values with time in the presence of wild-type (Fig 7C,
S3A Fig) and mutant epsin (Fig 7D, S3B Fig). These intensity profiles were fit to a single phase
exponential function y = a+(b-a)*(1-e™ '), where y is the intensity which increases with time t,
and depends on three fit parameters, a, b and ¢, the same function as used by Holkar et al.
[24]. A large proportion of the assembly events were successfully tracked and most showed
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Fig 6. MT aster coalescence. (A) A time-series of MT asters undergoing fusion (time-series taken from previous work by Foster et al. [39])
was analyzed using AMTraK. The grey scale bar indicates normalized fluorescence intensity of Alexa-647 labeled tubulin. (B) The relative
intensity over time of the two coalescing asters is plotted.

doi:10.1371/journal.pone.0167620.g006
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saturation kinetics that were fit by curves with R>>0.7 (S3 Fig). While the parameters a and b
are scaling factors, ¢ determines the characteristic clathrin polymerization time, T = 1/c. In our
analysis the clathrin assembly time in presence of wild-type epsin is <t> = 71.49+44.09 s
while with mutant epsin <t> = 70.16+29.89 s. In our estimate of the mutant assembly time is
indistinguishable from wild-type, consistent with the previous report, which used manual
quantification of the kymograph [24]. We proceed to examine if our tool, which appears to
work successfully on in vitro data with low background noise, can also be used for the quantifi-
cation of in vivo dynamics inside the crowded environment of an intact cell.

Axonal vesicle transport: Characterizing directional switching

Synaptic vesicles in Caenorhabditis elegans mechanoreceptor neurons labeled with GFP-Rab3
have been recently studied by Mondal et al. in a whole-animal microfluidics device, providing
retrograde and anterograde vesicle transport statistics [28]. Such in vivo data is complex, in-
volves multiple crossovers and has many objects close to each other. AMTraK based analysis
of the published data could detect up to 17 different tracks (Fig 8A). Vesicles that were not
detected have typically low intensity or were out of focus and were not segmented. The spread
of the distribution of instantaneous velocities (left-ward: negative, anterograde; right-ward:
positive, retrograde, non-motile: paused) shows that the GFP-Rab3 vesicles are equally likely
to be anterograde and retrograde in their transport (Fig 8B). Based on the shape of the fre-
quency distribution of the non-zero velocities in anterograde (Fig 8C) and retrograde (Fig 8D)
directions, an exponential decay fit to the frequency distribution was used to estimate mean
velocities (goodness of fit, R? = 0.99). To enable comparison with the arithmetic means re-
ported in literature [28], we also estimate the average. The mean velocity from the exponential
fits of anterograde transport is 0.625 um/s (n = 425, arithmetic meanz+s.d.: 0.77+0.53 um/s)
while the mean retrograde velocity is 0.714 pm/s (n = 540, arithmetic meanz+s.d.: 0.854+0.67
um/s). In this case, both means are comparable since only non-zero values were the analyzed.
Velocities in both directions are of comparable order of magnitude to the published values
obtained by manual detection [28], but 1.5-fold lower, due to a (non-zero) threshold velocity
used by the authors to define pauses (as personally communicated by the author, Sudip Mon-
dal). Thus, AMTraK can be reliably used to quantify transport and assembly dynamics from
both in vitro and in vivo fluorescence microscopy data, as seen from the quantification, which
is consistent with literature.

Discussion

In this report, we have described a novel tool for automatic detection and quantification of
kymographs from fluorescence microscopy time-series. Using simulations we have demon-
strated sub-pixel position detection accuracy of our proposed method, in conditions of low
Gaussian noise. The program quantifies position, motility, and brightness intensity of fluores-
cence signal and fusion/splitting events. The utility of the code is tested on in vitro and in vivo
fluorescence time-series ranging from in vitro assays of MT gliding assays with kinesin, coales-
cence dynamics of MT-asters, clathrin assembly kinetics on lipid tethers to in vivo axonal syn-
aptic vesicle transport. The measures of average transport and kinetics of these diverse data
types are consistent with published data and provides opportunities for improved statistics of
individual events from a dynamic time-series, which were not as easily accessible with current
methods.

Manual quantification of kymographs [2] depends typically on reliable edge detection. As a
result, quantification varies between individuals and requires prior information or experience
[40]. Yet, manual kymography is widely reported in cell-biological literature for the analysis of
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arithmetic mean 0.854+0.67 um/s (n = 540). Arithmetic means are reported + standard deviation (s.d.). R? indicates the goodness of the fit.

doi:10.1371/journal.pone.0167620.9008

-

dynamic processes, possibly due to the heterogeneity of the data types and the absence of a sin-
gle standard method or even criterion, which to make the process less interactive. While devel-
oping AMTraK, we tested global (whole-image) methods of edge-segmentation (contour-,
watershed- and gradient-based), but found them to be inadequate for the task. Possible reasons
include the time-dependent brightness and contrast changes of the sample resulting from
either bleaching or intrinsic dynamics. We find that for some applications such as vesicle
transport and protein recruitment, the detecting and tracking peaks is ideal, while for microtu-
bule gliding assays edge detection is better. As a result our code allows the user to choose
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amongst three different methods of segmentation based on the nature of their data (a) peak
detection by findpeaks and (b) watershed and (c) edge detection using the Canny edge
detector.

Typical problems in peak or edge detection arise when the data has poor signal to noise.
This is also seen in our error analysis with increasing noise amplitude (Fig 2D). One solution
is to background subtract the image, which can be easily done in multiple tools. The occasional
loss of some particles in a time-series such as synaptic vesicles (Fig 8A), despite being visible to
the eye, results from a failure in detection or a ‘pruning’ step used to remove spurious and
redundant tracks. Such pruning however was found to be necessary to ensure robustness of the
code for handling multiple data types and is simple to trouble-shoot due to the limited number
of adjustable parameters. While intensity matching did not improve the percentage vesicles
tracked, in future additional features like those used in pattern-matching for tracking [41] could
be used further improve the detection percentages. Our test with increasing Gaussian random
image noise (Fig 2) also suggests that increases of fluorescently tagged proteins (for instance
due to expression level increases in vivo), could result in reduced spatial contrast. Such data
would then be difficult to automatically quantify using AMTraK. The data would require pre-
processing with something similar to an anisotropic diffusion filter [42] to preserve edge infor-
mation but reduce non-specific signal. In future, multiple data pre-processing routines could be
implemented in a separate module, to add to the functionality of the program.

Our quantification of the frequency distribution of synaptic vesicle transport in anterograde
and retrograde directions (Fig 8C and 8D) suggests the instantaneous velocities are exponen-
tially distributed. While the arithmetic mean suffices for comparison with experimental reports
[28], the quantification of the precise nature of the distribution of velocities could be used as a
test of theoretical models. Such a comparison has been made in previous work on synaptic vesi-
cle precursor trafficking [43]. Such models are relevant for both neurophysiology as well as
understanding of collective effects in molecular-motor driven vesicle transport in vivo [44,45].

The collective motor velocity of human kinesin driven gliding of MT's has been well charac-
terized in previous work [12,46,47]. Many of these studies have shown that the MT length and
kinesin density do not affect the mean speed. However, the time-series of individual filaments
show small time-dependent variations (Fig 4A and 4B), possibly a result of the local inhomo-
geneity of motor distributions. This information could be of some use when mixed-motor
populations are used [48]. Recent studies of filament motility have used a filament-tracking
approach based on a MATLAB program FIESTA [49], with a positional accuracy of 30 nm.
We find the distribution of time-averaged velocity of gliding calculated using AMTraK match
closely the distribution obtained from analysis using FIESTA (S2 Fig). This suggests that while
complex transport dynamics in 2D are indeed better analyzed using tracking tools, for those
data sets that are amenable to kymography analysis, AMTraK results are comparable to those
obtained from tracking tools with sub-pixel accuracy.

While the dynamics of multiple particles can be simultaneously quantified using AMTraK,
the selection of LOIs remains manual. However, once an LOI has been selected, the program
can also be used in the “From file” mode to apply a pre-existing LOI to quantify kymographs
in other channels (e.g.: bright field, fluorescence) and other fields of view with similar sample
geometries. Potentially, LOIs could be generated independent of AMTraK too, provided they
are compatible with the input format. The multiple bright-field and fluorescence correlative
analysis tools for bacterial image analysis [10,33,50,51] are an example in case. More recent
developments in image-analysis software to systematically extract data from microfluidics
experiments automatically output channel information [52], which could also form the basis
for the LOIs for multiple fields of view. These approaches could in future further increase the
throughput our analysis tool.
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Table 1. A comparison of features in kymography tools described in literature and commonly in use for cellular and sub-cellular scale images.

Feature/Tool |AMTraK | Multi-
kymograph

LOI selection Manual Manual

Multiple LOIs Yes Yes
Automated track | Yes No
detection

Quantification Yes Separate
No. of 8 1
adjustable

parameters

Splitand merge | Automatic | No
detection

Open source Yes Yes

Programming MATLAB | Imaged

language macro

Reference This [57]
report

doi:10.1371/journal.pone.0167620.t001

Makekymograph |lcy- Kymomaker | Points from Kymograph | KymographClear and
Kymograph Kymograph |mt2 KymographDirect
Tracker

Semi-automated | Manual Manual No Manual Manual

Yes Yes Yes No No No

No Semi- Yes Semi- No Yes
automated automated

No Separate No XY- No Separate

coordinates

1 7 13 - - -

No No No No No Manual

Yes Yes No Yes Yes Yes

Java (ImageJ Pluginforlcy |- Java (ImageJ | Java (Imaged | ImagedJ macro and

plugin) plugin) plugin) LabView

[58] (5] (4] (59] [60] [53]

Multiple software tools for kymography have been described in the recent past in literature
and their features are summarized in Table 1 for comparison. While most tools including this
one, require user inputs for the process of kymograph generation, only AMTraK and Kymograph
Direct [53] automates the detection and connection. However, certain features of AMTraK make
it unique, being absent in other comparable tools, such as automated branch-point detection, an
integrated quantification module and sub-pixel positional accuracy accessible with an easy to use
GUI front-end. In addition, since the code is open source and written in MATLAB, it is more
likely to be used in an existing microscopy analysis workflow, due to the increasing spread of
MATLAB as a data analysis platform in quantitative cell-biology research [54,55]. Thus, AMTraK
could serve as a tool for the rapid quantification of image time-series of transport and assembly
kinetics from microscopy. This has become particularly relevant in the context of high-content
screening [56], where the spatial interaction patterns are becoming just as important as bulk
kinetics measured in traditional high throughput screens.

We have developed an automated tool for the quantification of kymographs. Our approach
detects peak and edge information and utilizes a distance minimization approach to link them.
We demonstrate the wide utility of our tool by quantifying microtubule transport dynamics,
clathrin polymerization kinetics and vesicle transport. Combined with a user-friendly inter-
face, objective detection criteria and open source code, we believe AMTraK can be used to
extract more and reproducible statistics from microscopy of sub-cellular dynamics.

Supporting Information

S1 Data. The LOI coordinates generated are stored in the file “LOIselection.txt” when the
user chooses the “Interactive” mode of LOI selection at the stage of generating a kymo-
graph. This provides the 2D image coordinates (X and Y) in pixel units, as indicated by the
columns labels.

(TXT)

$2 Data. The average statistics for all trajectories are stored in a file “USER_TrackStats.
txt”. It reports in a column-wise manner the track number, time over which it is tracked (in
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user-provided units), speed, net-velocity (displacement/time), tortuosity (displacement/path-
length), average of instantaneous velocity and the standard deviation of the average instanta-
neous velocity. All column headers are labeled for clarity.

(TXT)

$3 Data. The instantaneous (time-dependent) statistics of each track are stored in “USER_-
InstStats.txt” with track number, time interval to the previous frame in units provided by
the user, displacement magnitude, positive/negative displacement (leftwards: negative,
rightwards: positive), instantaneous velocity (displacement/time interval), signed-velocity
(leftwards: negative, rightwards: positive), and cumulative time (adding up time intervals
in units provided by the user). All column headers are labeled for clarity.

(TXT)

S$4 Data. The file “Tracklist.txt” stores the time-dependent intensity statistics of each
track. This provides the track number, position in distance from the origin (upper-left corner)
in pixels, time-frame (frame number), normalized grey-value intensity (divided by the bit-
depth of the image) and normalized time-frame (setting the first time-frame to 0). All column
headers are labeled for clarity.

(TXT)

S5 Data. The branch-points detected by the code are stored in a file “Branchpoints.txt”
which is generated when the user chooses to detect “Splitting events” (check-box) with an
appropriate parameter choice. It contains the track-number that splits off from or joins
another track, the 1D distance (from the origin at the left edge) and it’s time point both in
terms of user-provided units. The column headers describe the variables.

(TXT)

$6 Data. User provided values are stored in “All_Parameters.txt”. This includes the name
and path of the input TIF image time-series, scaling factors (distance, time) and parameters
for the detection, tracking and splitting-events.

(TXT)

S1 Fig. The simulated image. (A) The simulated bead image used to estimate the accuracy of
the code. A profile through the image (yellow line) is used to generate (B) an intensity profile
through the three beads.

(PDF)

$2 Fig. Comparing kymography to filament tracking. The frequency distribution of instan-
taneous velocities obtained after analyzing time-series of MTs gliding on kinesin using
AMTraK (red bars) and the high-precision filament-tracking tool, FIESTA (blue bars) are
plotted.

(PDF)

S3 Fig. Kinetics of clathrin endocytosis. The fluorescence intensity in grey values (colored
circles) as a function of time in seconds estimated from multiple detected tracks after AMTraK
analysis (Fig 7A and 7B) of clathrin assembly kinetics in the presence of (A) wild-type and (B)
mutant (L6W) epsin (based on data from Holkar et al. [24]). A single-phase exponential func-
tion (the same as in Fig 7C and 7D) is used to fit the data (black line) and the parameters are
listed for each fit, with t indicating the time-constant of assembly in seconds.

(PDF)

S1 Video. Time-series of division and genome-segregation in E. coli MG1655 is followed (A)
in fluorescence with nucleoids labeled by HupA-GFP (grey) and (B) DIC is used to follow cell
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morphology. Scale bar: 4 um. Time indicated in minutes.
(ZIP)
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