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Abstract

Intra-cellular cargo transport onmicrotubule filaments is predominantly carried
out by molecular motors such as kinesins and dyneins. In this thesis, we explore
the dynamical properties of cargo transport using Brownian dynamics simulations
and specifically look at the effect of the unique detachment characteristics of
dynein observed in experiments. Dynein motors show a catch-bond behavior
in their detachment rates. We model this behavior and incorporate the same in
our simulations. We first look at unidirectional cargo transport in the presence
of dynein motors alone. The effective unbinding rate and effective velocity of
cargo in the presence of collective motors show behavior similar to that of a
single motor. Next, we look at the competition between two sets of motors in
bidirectional transport of cargo. We show that in the presence of a dynein catch
bond, the transport properties exhibit non-monotonic features, which helps us to
understand a paradox in bidirectional transport.

xvii





Chapter 1

Motor Proteins: An Introduction

A cell is the basic building block of any living organism and is a very complex
system in itself. It consists of several organelles; some of them are membrane-
bound, while others lack a membrane. The complexity of cells and their organelles
increase as we go from unicellular organisms to multi-cellular organisms or from
prokaryotes to eukaryotes. Cells come together to form a tissue; several tissues join
to form an organ, and so on. Each of their functions, down to the organelle-level,
is highly specific and regulated. Such a complicated system requires regulated
transport of materials from one part to another to maintain its stability. This task,
within the cells, is carried out mostly by molecular motors, which are present
inside the cytoplasm of the cell and move on the cytoskeletal tracks, either uni-
directionally or bi-directionally, to transport cargo fromone part to another [10, 24].

1.1 Cytoskeletal system

The cytoskeletal system of a cell is responsible for giving it shape and maintaining
its structure. In a typical eukaryotic cell, the cytoskeletal system consists of
actin filaments, microtubule filaments, and intermediate filaments, laid in the
cytoplasm of the cell. Actin filaments (or microfilaments) are polymers of ’actin’
proteins. Along with Myosin motors, these actin filaments generate contractile
forces, leading to muscle contraction [3]. Intermediate filaments are mostly known
to form cell-cell junctions, apart from providing structural stability to the cell [6].
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Microtubule filaments are polymers of tubulin proteins, majorly known for carrying
out intracellular transport in association with molecular motors. Three families of
molecular motors are known to be associated with these filaments, which play a
pivotal role in the transportation of cellular cargo [22].

1.2 Molecular Motors

Molecular motors are proteins, associated with the cytoskeletal system of the
cell, that carry out mechanical work by deriving energy from ATP hydrolysis [9].
These motors are mostly responsible for intracellular transport of sub-cellular
cargo like mRNA particles, organelles, virus particles, etc. and require a polar
track for their movement [25]. Three families of molecular motors are known:
kinesins, dyneins, and myosins. Myosins move on actin, whereas kinesin and
dynein move on microtubule filaments to transport cargo. There are no known
non-polar molecular machines that move on intermediate filaments. These motor
families are known to travel predominantly in one direction, either plus-end (mostly
towards the cell periphery) or minus-end (mostly towards the nucleus), depending
on the polarity of the structural network [10]. The information on the polarity of
actin and microtubule filaments is provided by the uniform molecular orientation
of their subunit proteins. These motors move by generating a force large enough to
transport cargo through viscous cytoplasm. Each of these motor proteins has two
motor domains, which need to be highly coordinated in order to have a regulated
transport of cargo. The importance of cargo transport by molecular motors can
be understood by the fact that mutations in these molecular motors lead to several
diseases [21].

1.2.1 Myosin motors

Myosins are a family of molecular motors which are known to take part in cellular
transportation with the help of actin filaments [3].
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Figure 1.1: Structure of different families of motor proteins. Taken from [7].

1.2.2 Kinesin motors

Kinesins are a family of molecular motors that mostly take part in plus-end directed
transport of intracellular cargo bymoving along themicrotubule filaments. Kinesin
motor proteins form tetramers, with two Kinesin heavy chains (KHC) and two
Kinesin light chains (KLC), forming two ’motor’ domains, a stalk, and a ’tail’
domain [8]. The tail domain is mostly distinct in different types of Kinesin
motors suggesting their functional diversity. Tails attach to the cargo with the help
of a receptor, while the motor domains move on the cytoskeletal filament [24].
These motors carry out mechanical work with a thermodynamic efficiency of
∼40-60% [9].
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1.2.3 Dynein motors

Cytoplasmic Dyneins are the only family out of the three families of molecular
motors that take part inminus-end directedmotion along themicrotubules. Dynein
motor proteins are formed of two heavy polypeptide chains, two intermediate
polypeptide chains, four intermediate light chains, and several light polypeptide
chains. The heavy chains form the ’head-like’ structure for movement along the
microtubules [7, 11]. There is another protein complex Dynactin which binds
with Dynein motors and regulates its activity [7, 23]. Apart from the transport of
cellular cargoes, Dyneins also play a crucial role in cell division [10].

Dynein shows an extremely interesting behavior in its detachment characteris-
tics. Detachment rates ofmolecular motors from their filament tracks aremeasured
using bead assay experiments [14]. In these experiments, cytoskeletal filaments
are extracted in-vitro and are attached to a substrate. The bead held by optical
tweezers is brought close to the surface-bound cytoskeletal filaments. Molecular
motors attach to the filament, and load forces are applied via the bead on the
molecular motors in a direction opposite to their direction of movement on the
filament track. At a particular load force, the motor stalls. If forces are applied
above the stall force, then the motor protein detaches from the filament. Thus the
detachment rates are measured. For kinesins, the detachment rate increases as the
external load force is increased: a characteristic feature of most bonds. This is
called the slip bond. On the other hand, for dyneins, the detachment rate initially
increases and then beyond a critical force, the detachment rate starts decreasing.
This is a characteristic of a catch bond. When large forces are applied, dynein
again starts showing the slip bond characteristics. This slip-catch-slip behavior of
the detachment rate is important to consider when we look at transport properties
of molecular motors [17].

Although the microscopic understanding of why such a behavior is seen in
dyneins is not clear, it has been speculated that there is some sort of allosteric
rearrangements that happen which leads to a lock-key system. The attachment
of the dynein to the microtubule is a receptor (R) - ligand (L) binding. Upon
increasing the load force, there is an allosteric deformation, which results in a
locking of the receptor-ligand complex [15]. This prevents detachment of the
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Figure 1.2: Dynein structure with the bead assay arrangement. The left inset
shows the receptor-ligand lock-key mechanism. Taken from [15].

motor protein giving rise to the catch bond regime.

1.3 Plan of the thesis

In this thesis, I have explored the effects of incorporating catch-bond in dynein
on transport properties of cargo in cells. Chapter 2 of the thesis will detail the
Brownian dynamics simulation technique that I have used to explore the transport
properties. Chapter 3 will talk about the results of the simulations for a cargo
carried by only dynein motors. In Chapter 4, I will extend the simulations to
that of a cargo carried by two sets of motors- kinesins and dyneins, and show
that incorporating the catch bond behavior of dynein helps to explain some of the
peculiar characteristics of cargo transport in cells. In Chapter 5, I will outline the
mean-field theory, which is used to study bidirectional transport analytically.
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Chapter 2

Model for cargo transport

As I have already mentioned, directional cargo transport in the cell happens with
the help of molecular motors. I focus on transport of cargo on microtubule (MT).
I will discuss Brownian dynamics simulations to model the transport of cargo
via multiple molecular motors. The simulations are in one dimension which
means that all the displacements, velocities and forces are directed along the MT.
Molecular motors which attach and detach from the MT do not interact with one
another. However, because of the forces that they apply on the cargo bead on
attachment, they can affect one another via the bead.

2.1 Unidirectional transport

In unidirectional transport, the cargo is carried by one set of molecular motors -
either kinesin motors or dynein motors. Since in this thesis we focus on the effect
of dynein, we look at unidirectional transport of cargo due to dynein motors only.
The details of the simulations are given below.

We consider a cargo being carried by # dynein motors. Now, each of the
molecular motors can exhibit two states in such a system, either an ’attached’
or a ’detached’ state. As the names suggest, the attached state implies that the
molecular motor is attached to the microtubule and the detached state implies that
the molecular motor is detached from the microtubule filament. A detached motor
can re-attach with a probability which is given by the attachment rate. Where it
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attaches, depends upon the region which can be explored by the molecular motor.
A motor which is attached can have 3 choices : (i) remain where it is (ii) move
on the MT (iii) detach from the MT. In this situation how do we find out what
the motor is supposed to do? We calculate the forces that the motor experiences,
which depend upon the distance between the point where the motor is attached to
the MT, and the point where it is attached to the bead. Once this is known, we
update the position and state of the attached motor.

In a time step, once we have found the position and state of all the # motors,
we update them simultaneously and find out the resultant position of the bead
depending on the force it experiences. When there is no load force acting on
the cargo bead, the molecular motors which are all of one type (dynein in our
case) move the cargo bead in one direction. We apply a load force � in the
direction opposite to the motion of the molecular motors. The molecular motors
are modelled as elastic springs. The rest length of the spring is ;0 and the spring
constant is : . Once the molecular motors are stretched beyond their natural length,
only then they start generating restoring force. The algorithm for the update
process is the following :

1. Initial condition : The simulations are started at C = 0 by keeping all the
# motors in the attached state and by keeping the cargo bead at the origin.
All the motors are clustered and attached to the bead at the same point.
Each motor is permanently attached to the cargo on one side and to the
microtubule filament within its rest length (in either direction) on the other
side. Once the motor positions on the MT are fixed, we calculate the forces
on the cargo bead due to the motors and the load force and determine the
initial position of the bead.

2. A small time step is defined and at every time step, the state of the molecular
motors and cargo is updated till a maximum time C<. At a given time, this
is what is done :

(a) For C > C<, go to (3).

(b) Go to a motor and check if it is in the attached state or in the detached
state.
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(c) If detached, it is checked whether the motor will get attached to the MT
or remain detached. The probability for the attachment of the motor
is given by %0 = cΔC, where c is the attachment rate of the molecular
motor. If the motor gets attached to the MT, it is positioned within
its rest length on either side of the cargo and its state and position are
updated.

(d) If attached, we first check the load force on the motor, which is cal-
culated as the usual spring force �; = :Δ;. Here, Δ; is the extension
experienced by the motor beyond the rest length. We, then, check if
the motor will get detached from the MT with a probability %3 = nΔC,
where n is the detachment rate. We will discuss the form of the de-
tachment rate for dynein motors later. The detachment probability of
the molecular motors, as mentioned earlier, depends on the load force
experienced by them. If the motor gets detached, the state of the motor
is updated.

(e) However, if the motor doesn’t get detached from the MT, we check if
the motor would take a step. The probability of taking a step is given
as %BC4? = :BC4?ΔC. The discussion for :BC4? is given later. If the motor
takes a step, its position is updated from G8 to G8 + 3 where 3 is the
step length of the motor. This is in accordance with experiments on
molecular motors.

(f) Update the position and states of all the # motors in one step.

(g) Update the cargo bead position as follows : As the extension in the
molecular motors go beyond their rest length, restoring force comes
into the picture and exerts a force on the cargo. Towards the end of
each time step, the force exerted on the cargo by each of the motors
is calculated and the total force on the cargo is given by �C>C = Σ�8.
The cargo not only experiences the restoring forces from the motors
attached to it, but also the viscous and thermal forces. The viscosity
of the medium is taken to be b and the diffusion constant is given as
� = :�)/Z where the friction constant Z is defined as Z = 6cbf.
Here, f is the size of the cargo bead. The velocity with which the
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cargo moves is given as E2 = �C>C
Z
. Considering thermal noise ([) in

the Langevin equation for an over-damped system, the position of the
cargo is given as:

G (C + ΔC) = G (C) + E2ΔC + [ (2.1)

The statistical properties of the noise is such that 〈[ (C)〉 = 0 and
〈[ (C) [ (C′)〉 = 2�X (C − C′).

3. Find the total distance travelled by the cargo.

Choosing :BC4?

In order to find out :BC4?, we first have to choose a force-velocity relation for
molecular motors. A good approximation is one which assumes a linear decrease
in the velocity of a motor with the force that is applied against its movement.
Therefore,

E(�) = E0

(
1 − �8

�B

)
(2.2)

where E0 is the unloaded velocity and �B is the stall force of the motor, the force
which brings the motor to a halt. Since the motor makes a step 3, therefore,
:BC4? = E(�)/3, for backward loads �8 < �B. For �8 > �B, %BC4? = 0. On the other
hand, in presence of forward loads, we have �8 = 0.

Model for the detachment rate of dynein

As we mentioned in the introduction, there are two kinds of possible scenarios
when we think of the detachment of molecular motors from the filament. The
probability of the detachment can increase exponentially with increasing load :
this is called the slip bond. We can model this bond by the following expression
: n = n0 exp(�/�3) where n0 is the unloaded detachment rate and �3 is the
detachment force which sets a scale. This expression is obtained from the idea of
barrier crossing.

However dynein detachment characteristics suggests that it behaves as a catch-
bond. In this case, the detachment rate decreases with increasing force. How
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Figure 2.1: Schematic of conformation change in receptor-ligand binding giving
rise to catch bond in dynein. Taken from [17].

can such behavior be modelled? There are several models which can capture this
behavior [1, 2, 4, 18, 19]. Here I discuss three of them :

• Two pathway model : In this model, two paths are considered. One is the
catch path which acts against the load force and another is the slip path which
acts in favor to the load force. Therefore, there are two exponential forms
one increasing with load and another decreasing with load. The detachment
rate is then written as

n (�) = n1
0 exp

(
�

�1
3

)
+ n2

0 exp

(
− �
�2
3

)
(2.3)

where n1
0 , n

2
0 are bare dissociation rates while �

1
3
, �2

3
set the force scales. We

can get a catch-slip transition by tuning n1
0 , n

2
0 .

• Bond deformation model : In this model, it is assumed that there is a bond
deformation energy given as

�3 (�) = U[1 − exp(− �
�0
)], (2.4)
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Figure 2.2: Dynein unbinding rate from experiments [13] (points) and fitting (solid
line) to the TFBD model [17].

where U is strength of the deformation energy and �0 is a force scale. This
can be tuned in such as way that we can go from a slip to a catch like
situation. The deformation rate is given as n (�) = n B0 exp(−�3 (�)/:�)).

• Threshold bond deformation model (TFBD) : In this model, it is realized
that the dynein motor first shows a increase in detachment rate for small
forces. Then after a critical force of ∼ 2pN, the rate starts decreasing which
is catch bond. Then at large forces again the detachment rate increases. All
of this can be taken into the bond deformation model picture by assuming
that the deformation energy is of the following form :

�3 (�) = Θ(� − �B)U
[
1 − exp

(
−� − �B

�0

)]
, (2.5)

The unbinding rate is then given as

n (�) = n0 exp
(
−�3 (�)
:�)

+ �

�3

)
(2.6)

where exp( �
�3
) is the usual slip part. This model captures the slip-catch-

slip behavior of dynein very well (see Fig. 2.2). We use this model in our
simulations.
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2.2 Bidirectional transport

To model the transport of a cargo under the influence of both kinesin and dynein
motors on a MT track, we have two sets of motors attached to the cargo bead in our
simulations. The parameters are given as ±, with + denoting kinesin parameters
and − denoting dynein parameters. The set of parameters used in the simulation
are given below. Note that the Brownian dynamics simulations proceed in exactly
the sameway as before. Starting with #+ kinesin and #− dyneinmotors, we run the
simulations and the states and positions of all the motor proteins (both kinesin and
dynein) are updated at the same time. Then the cargo position is updated according
to the forces. Note that in this system since the two sets of motor proteins move
in opposite direction on the MT track, there is always a load force acting on one
set of motor proteins due to another even in the absence of an external load force.
Further, the spring rest lengths of the kinesin and dynein are chosen differently.
For kinesin, ;0 = 100nm and for dynein, ;0 = 50nm. The spring constant of both
motors is : = 0.32pN/nm.

Parameters Kinesins Dyneins
�B± 6?# 1?# (Weak)

7?# (Strong)
�3± 3?# 0.67 pN
c0± 5/B42 1/B42
n0± 1/B42 (0.1 − 10)/B42
E�± 0.65`</B42 0.65`</B42
E�± 1=</B42 1=</B42

Table 2.1: Parameter values for single-motor dynamics used in simulations. Taken
from [20].
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Chapter 3

Unidirectional Transport

In this chapter we present the results of simulations carried out for unidirectional
transport. As we have mentioned, during unidirectional transport, only dynein
motors attach to the cargo. Therefore, we switch off the kinesin motor part of the
simulation. Since the dynein motors pull the cargo predominantly in one direction,
left to itself, the cargo will show a uniform processivity in one direction. To see
the effect of load force on the collective dynamics of the dynein motors, a force
is applied to the cargo in the direction opposite to the direction of movement of
the dynein motors. We study the transport properties of the cargo as a function of
the force applied. The simulations are allowed to run for a long time till the cargo
detaches from the filament. We average the results over 1000 initial conditions.

3.1 Results for a single dynein motor

In Fig. 3.1, we look at how the average unbinding rate of a cargo in the presence
of a single dynein motor changes as the load force on the system is varied. We
observe that the results obtained are exactly as expected. We see that initially the
unbinding rate increases as the load force is increased. The rate increases till a
critical value is reached. Beyond this point, we observe that the unbinding rate
starts decreasing with increasing force, till a very large force is applied. Then
the unbinding rate again starts to increase in an exponential manner. This plot
indicates that dynein motors exhibit catch-bond behavior in a certain force range,
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Figure 3.1: Simulation results showing dynein motor average unbinding rate as a
function of load force.

thereby depicting slip-catch-slip kind of behaviour.

3.2 Results for multiple dynein motors

We look at the variation in average number of attached motors as the load force on
the system is changed, in Fig. 3.2. Here, we have a system with five dynein motors.
We see that the number of attached motors on an average decreases initially till
the load force becomes equal to the stall force. The results obtained in Fig. 3.1
support this observation. As the unbinding rate increases with increasing force, it
is expected that more andmoremotors would get detached from theMT filament in
this regime, just as we observed. As the load force is increased beyond the critical
value where the catch-bond steps in, the average number of motors attached to
the microtubule increases depending on the value of the binding rate. The higher
the binding rate, the more the number of motors get attached to the filament.
This is the regime where catch-bond is active and lower number of motors detach
from the filament in this regime. As the load force is increased further, motors
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Figure 3.2: Average number of attached dynein motors (for a system with 5 dynein
motors) as a function of load force for different rates of attachment of the motors.

start detaching from the filament as the unbinding rate again starts to increase
with increasing force. Hence, these results also suggest that dynein motors bind
to the microtubule in a slip-catch-slip type of behaviour, depending on the force
experienced by the motor.

Fig. 3.3 shows the results of average cargo velocity as a function of load force.
As expected from the model, we observe an almost linear decrease in the cargo
velocity as the load force on the system increases.
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Figure 3.3: Average cargo velocity (in `<B−1) as a function of force.

18



Chapter 4

Bidirectional Transport

Intracellular transport of a variety of cargo like organelles, nucleic acids, secretory
vesicles, proteins, etc. is known to happen bi-directionally with the help of
opposite-polarity molecular motors. This means that multiple motors take part
in the transport of a single cargo, and instead of moving directly in one direction
from the source to the sink, the molecular motors transport the cargo in a series
of starts, reversal of directions and stops. The direction of the travel of cargo
determines the dominating side of motors. Since the transport inside the cells is
highly regulated, it seems that cells can control the ’net’ transport of cargo. A
few models have been proposed to explain the bi-directional motion of the cargo;
namely ’Tug-of-War Model’, ’Exclusionary Presence Model’ and ’Co-ordination
Model’. The tug-of-war model is one of the most popularly studied model among
these.

4.1 Tug-of-War Model

As the name suggests, this model results in a tug-of-war like situation between the
plus-end Kinesin motors and the minus-end Dynein motors. This means that the
opposite polarity motors are attached to the cargo at the same time and both the
sides of the motors try to pull away the cargo along with it. As a result of this,
the instantaneously stronger side of motors take the cargo along with them. This
unregulated stochastic pulling of cargo leads to frequent switching of the direction
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Figure 4.1: Different proposed models of intracellular bi-directional transport
(Taken from [5]): (a) Tug-of-war Model; (b) Exclusionary Presence Model; (c)
Co-ordination Model

of the transport of cargo. However, the ’net’ transport direction within the cell is
regulated by controlling the number of motors attached to the cargo. Hence, if a
system follows this model, one would predict that in the absence of an opposing
force for one direction (achieved by inhibiting the activity of the opposite side
motors), there would be an enhancement of motility of cargo in that direction.

4.2 Paradox of co-dependence

According to the Tug-of-War model, if you switch off the activity of one type of
motors, the cargo processivity increases in the other direction. However, it has
been experimentally observed that turning off the activity of Kinesin motors did
not lead to an enhancement of the cargo movement towards one end, which is
opposite to what is expected from the tug-of-war model! This can imply that some
sort of internal co-ordination mechanism exists, which results in an overall decline
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in the motility of the cargo in one direction when the activity of the motors on the
other side is inhibited [20]. This is counter-intuitive and the behaviour depicted
by the system is referred to as the ’Paradox of Co-dependence’.

We put the catch bond behavior of dynein in the tug-of-war picture and try to see
what happens from the brownian dynamics simulation. Within amean field picture
and stochastic Gillespie type simulations it has been predicted that using the catch
bond can explain the above paradox [20]. However, in both these approaches it
is assumed that the load is shared equally amongst the molecular motors. In our
brownian dynamics simulations, we do not make such assumption. Some initial
results of such simulation have been shown to agree with the predictions from
mean field. Here, we do extensive simulations to see if the behavior across the
parameter space can be observed.

Figure 4.2: Average processivity as we change the number of kinesin motors for
�B− = 1 pN; n0− = 1.0/sec; #− = 4.
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4.3 Results and Discussion

In this chapter, we look at the results obtained from the simulations carried out.
All the systems are averaged over 100 trajectories. The system is allowed to run,
at least, till C = 104B42 or till all the motors get detached from the microtubule
filament, whichever happens first.

4.4 The Average Cargo Processivity

The average cargo processivity is the average distance travelled by a cargo along the
microtubule filament before all the motors get detached from the microtubule. We
look at how the average processivity of the system evolves on changing various pa-
rameters of the system, like the number of motors, the dynein catch-bond strength,
the size of the cargo bead etc, while keeping the other parameters constant.

Figure 4.3: Cargo processivity as we change the number of kinesin motors for
�B− = 1?#; n0− = 0.1/sec, #− = 4.
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Figure 4.4: Average processivity as we change the number of kinesin motors for
�B− = 7?#; n0− = 10.0/sec, #− = 4.

4.4.1 Changing the number of molecular motors

Here, we change the number of one type of molecular motors, while keeping the
number of other type of motors constant, to look at how the cargo processivity of
the system varies. We also change the values of other parameters like the strength
of the catch-bond, the size of the cargo bead, the dynein motor properties etc. to
make a comparison.

In Fig. 4.2, we see that till ∼ 5 Kinesin motors, no significant motion in the cargo is
observed. After that, we see a dip in average processivity indicating the activation
of catch-bond regime. The system stays in the catch-bond regime as far as the
number of kinesin motors do not overshoot and hence, start dominating. Also, the
larger the cargo size, the greater is the amount of opposing force required to get
the system out of the catch-bond regime.

In Fig. 4.3, we observe that the catch-bond gets activated even for lower number
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Figure 4.5: Average Processivity as a function of #+, for (a.) #− = 4; (b.) #− = 9
for different dynein motor parameters.

of kinesin motors. This is achieved at lower bare unbinding rates. This indicates
that the weaker the dynein motors, the faster the catch-bond regime gets activated.
This can be supported by the fact that weaker dynein motors have lower stall force
value and hence require lower opposing force for the catch-bond to get activated.
As in the previous case, kinesin motors tend to dominate as their numbers increase.
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Figure 4.6: Average Processivity as a function of #−, for (a.) #+ = 4; (b.) #+ = 9
for different dynein motor parameters.

Further, changing the size of the cargo has a similar effect to that observed for the
higher unbinding rate.

In Fig. 4.4, the catch-bond never seems to get activated. This can be due to
the higher value of the dynein stall force. So, a much greater opposing force
is required to get the catch-bond regime activated. It seems that by the time
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the desired opposing force value is reached, the number of kinesin motors start
dominating. Here, the effect of cargo size is not prominent.

In Fig. 4.5 and Fig. 4.6, we see that for �B− = 1 and U = 40, the system behaves
significantly different from the rest of the values of these variables. For low stall
force of dynein, catch bond is turned on and we see a non-monotonic variation.
For �B− = 7, even when the catch bond is turned on, it is never really activated
before getting unbound. The behavior therefore is close to what is observed for
U = 0 which essentially means that there is no catch-bond.

Figure 4.7: Phase diagram for average processivity in the #+ − #− plane with
�B− = 1?# and n0− = 1/B42.

In Fig. 4.7 we construct the phase diagram for the average processivity in the
#+ − #− plane for low stall force of dynein where the catch-bond behavior is
robust. As we can see from the contour plot, there is a distinct regime where
the cargo predominantly moves in the negative direction although the number of
kinesin motors are increased. This is the counter intuitive phenomenon that is
paradox of codependence.
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Figure 4.8: Average processivity for varying values of �B− as a function of
n0− (#+ = 6; #− = 2).

In Fig. 4.8, we plot the change of processivity as we changed the bare unbinding
rate of dynein. Unbinding rates can be controlled in experiments. For low stall
forces, the average processivity increases with n0− and saturates. With increasing
stall forces, the saturation regime is changed. As the dynein stall force increases,
the average processivity first increases rapidly and then, fluctuates around the same
values ∼ 500.

4.4.2 The strength of catch-bond

The strength of the Dynein catch-bond is one of the important factors in determin-
ing how the system evolves, especially the cargo processivity. In fig. 4.9, we look
at the average processivity of a system with #+ = 6 and #− = 2 for three different
values of U. For U = 20:�) , the average processivity of the system doesn’t vary
monotonically, as was expected. However, for U = 30:�) , the average processiv-
ity of the system remains nearly constant. For U = 40:�) , processivity decreases
in the negative direction for lower values of n0− and eventually becomes constant.
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Figure 4.9: Average processivity as a function of n0− as we change the strength of
Dynein catch-bond (#+ = 6; #− = 2).

4.5 Average no. of attached motors

We look at how the average number of kinesin and dynein motors attached to
the microtubule change with changing number of total number of molecular mo-
tors available in the system. This helps in understanding the cargo processivity
as processivity would hugely depend on the number of motors attached to the
microtubule filament.

In Fig. 4.10 and Fig. 4.11, we observe the stark variations between the values
of dynein properties when catch-bond is activated (�B− = 1;U = 40) versus when
the catch-bond regime is not active. We see in Fig. 4.10a that in the absence of
catch-bond, the average number of attached dynein motors decrease rapidly with
increasing kinesin motors and in Fig. 4.11a, we see that the average number of
attached kinesin motors increase almost linearly with increasing number of kinesin
motors in the system. These observations suggest that the average processivity
of these systems increase in the positive side when the catch-bond is inactive.
However, when the catch-bond regime is active, a higher number of dynein motors
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(a) #− = 9

(b) #+ = 4

Figure 4.10: Average number of bound Dyneins for varying number of motors in
the system.

and a lesser number of kinesin motors remain attached on an average to the
microtubule filament, leading to lower average cargo processivity as observed in
Fig. 4.5.

In Fig. 4.10b, we observe that in the absence of catch-bond (U = 0), the av-
erage number of attached dynein motors increase quite slowly with increasing
Dynein motors. Similarly, for strong dynein motors (�B− = 7;U = 40), the average
number of attached Dynein motors vary in a similar fashion. These observa-
tions suggest that the average processivity of these systems doesn’t vary a lot
when the catch-bond is inactive. However, when the catch-bond regime is active
(�B− = 1?#;U = 40:�)), the average number of attached dynein motors increase
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(a) #− = 9

(b) #+ = 4

Figure 4.11: Average number of bound Kinesins for varying number of motors in
the system.

almost linearly with increasing number of dynein motors in the system and the
number of attached kinesin motors that remain attached on an average to the micro-
tubule filament decrease almost linearly for lower values of #−. This value, then,
starts increasing slowly as the number of dynein motors increase in the system.
This means that the cargo activity would be towards the negative end as compared
to when the catch-bond is not active, as observed in Fig. 4.6.
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Chapter 5

Mean field theory

In this chapter, we discuss some analytical results that can be obtained within the
mean field approximation that the load force is equally shared among all the bound
motors. We look at a system with #+ number of kinesin motors and #− number of
dynein motors, which move on a microtubule filament on one end and are attached
to the cargo on the other side. These molecular motors attach and detach from the
microtubule with attachment rates c± and detachment rates n±. The state of the
system, at a given point of time, is characterized by the number of attached motors,
denoted by =+ and =− for kinesin and dynein motors respectively. At a given point
of time, the probability of finding the system in a state with =+ and =− attached
kinesin and dynein motors respectively can be denoted by ? (=+, =−). The Master
Equation for such a system can be written as [20, 16]:

m?(=+, =−)
mC

= ?(=+ + 1, =−)n+(=+ + 1, =−) + ?(=+, =− + 1)n−(=+, =− + 1)

+ ?(=+ − 1, =−)c+(=+ − 1, =−) + ?(=+, =− − 1)c−(=+, =− − 1)
− ?(=+, =−) [n+(=+, =−) + n−(=+, =−) + c+(=+, =−) + c−(=+, =−)]

(5.1)

In such a system, the binding rates for Kinesin and Dynein motors are given as
the following:
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c± = (#± − =±) c0± (5.2)

Hence, for the first Kinesin andDyneinmotors to be attached to themicrotubule
filament, the binding rate would be #±c0±.

The unbinding rates for these molecular motors depend on the force experi-
enced by them as well as the type of bond they form with the microtubule filament.
Since the Kinesin motors form slip-bond with the MT filament, the unbinding rate
for these motors is given as:

n+ (=+, =−) = =+n0+4G?
(
�2 (=+, =−)
=+�3+

)
(5.3)

The unbinding rate for Dynein motors is obtained from the Threshold Force
Bond Deformation (TFBD) model as, where �3 is the deformation energy:

n− (=+, =−) = =−n0−4G?
(
−�3 (�2) +

�2

=−�3−

)
(5.4)

5.1 Incorporating the catch-bond

In the equation for unbinding rate for Dynein motors (3.4), the deformation energy
term kicks in when the force experienced by the Dynein motor goes beyond the
Dynein stall force, thereby entering the catch-bond regime. �3 is modelled by the
following relation:

�3 (�2) = Θ
(
�2

=−
− �B−

)
U

[
1 − 4G?

(
−
�2
=−
− �B−
�0

)]
(5.5)

Here, the Θ function ensures that �3 comes into play only when �2 > �(−,
U determines the catch-bond strength and �0 is the force scale for deformation
energy.

In equations (3.3), (3.4) and (3.5), �2 is the co-operative force experienced
by the motors as an effect from other motor species and �3± characterizes the
detachment energy for the motor species.

Since the co-operative force has to depend on the number of motors attached
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to the microtubule filament, it is expressed as:

�2 (=+, =−) =
=+=−�(+�(−

=−�(−E0+ + =+�(+E0−
(E0+ + E0−) (5.6)

In the above equation, �(± denotes the stall forces and E0± represents the
velocity of the respective molecular motors. The velocity of the cargo, which is
expressed as:

E2 (=+, =−) =
=+�(+ − =−�(−
=−�(−
E0−
+ =+�(+

E0+

(5.7)

It is worth noting here that E2 is greater than 0 when the Kinesin motors exert
more force on the cargo than the Dynein motors, which means =+�(+ > =−�(−.
Similarly, E2 is lesser than 0 when =−�(− > =+�(+ [12].

5.2 Mean First Passage Time

Mean First Passage Time (MFPT), denoted by ) (=+, =−), is the average time taken
for a cargo to unbind from the microtubule filament to reach state (0, 0), starting
from (=+, =−) at time C = 0[12]. Since, in this system, we have two types of motors
and the cargo would get attached to the microtubule filament, if either one of the
motors gets attached to the filament. Hence, the effective unbinding rate is given
by the following relation:

n4 5 5 =
1

) (1, 0) + ) (0, 1) (5.8)

Now, we define a recursive relation for ) (=+, =−), as given below [20]:

) (=+, =−) = g(=+, =−) [1 + c+(=+, =−)) (=+ + 1, =−) + c−(=+, =−)) (=+, =− + 1)
+ n+(=+, =−)) (=+ − 1, =−) + n−(=+, =−)) (=+, =− − 1)]

(5.9)

Here, g(=+, =−) is the mean residence time defined as the time for which the
system stays in a particular state [20]. It is expressed by:
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g(=+, =−) =
1

c+(=+, =−) + c−(=+, =−) + n+(=+, =−) + n−(=+, =−)
(5.10)

It is worth noting that eq. (5.9) is not applicable when the system is in (#+, #−)
and (0, 0) states. The boundary conditions for this system are as given below:

) (#+, #−) = g(#+, #−) [1 + n+(#+, #−)) (#+ − 1, #−) + n−(#+, #−)) (#+, #− − 1)]
) (0, 0) = 0

(5.11)

Here, g(#+, #−) is given as g#+,#− =
1

n+ (#+,#−)+n− (=+,=−) .

5.3 Cargo Processivity

As we defined a recursive relation for the first passage time, similarly, we can
define a recursive relation for the average processivity of the cargo, ! (=+, =−).
It is defined as the average distance the cargo travels before all the motors it is
attached to, get detached from the microtubule. In a particular state (=+, =−), the
distance travelled by the cargo is given by W(=+, =−) = E2 (=+, =−)g(=+, =−) [20].
Here, E2 (=+, =−) is the velocity with which the cargo moves for (=+, =−) state and
g(=+, =−) is the mean residence time of the cargo in (=+, =−) state. So, we get the
relation for average processivity for the cargo as:

! (=+, =−) = W(=+, =−) [1 + c+(=+, =−)! (=+ + 1, =−) + c−(=+, =−)! (=+, =− + 1)
+ n+(=+, =−)! (=+ − 1, =−) + c−(=+, =−)! (=+, =− − 1)]

(5.12)

As earlier, here we have ! (0, 0) = 0. We average over a large number of
trajectories, so we have

〈! (=+, =−)〉=+=− =  Σ
#+
=+=0Σ

#−
=−=0! (=+, =−)

[
1 − X=++=−,0

]
(5.13)
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We have  as a normalization factor here, which is given as  =

1
(#++1) (#−+1)−1 [20].
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