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B.4

Tubulins coverd by cargoes. (a) 7 tubulin dimers locatettont of

the bound cargo (depicted with the gray circle) are not atséel to the
unbound kinesins. Likewise, 7 tubulin dimers behind thejcaare in-
accessible to the unbound kinesins. (b) 3 tubulin dimeratémt right
of the cargo and 3 tubulin dimers located left of the cargoiaaeces-
sible to unbound kinesins. Thus, unbound kinesins canmak foi these
105 (7x241) x (3 x 2+ 1)) tubulins around the bound cargo.
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ABSTRACT

Dynamics of Intracellular Nano-Transport by Kinesins WagicNam Chair: Bogdan
|. Epureanu Transport in neurons is realized by motor pnstghinesins) which walk along
intracellular tracks. In this dissertation, a new phydiased mathematical model of ki-
nesin is developed to capture the long range transport. tiyealechanical transport is
necessary for neurons to maintain their normal functioresgrBdation of this transport is
believed to result in neurodegenerative diseases suchzagifler’s disease. One possi-
ble cause for the degradation is the presence of moleculesimmn the intracellular tracks
which can interfere with the motion of kinesin. Hence, a gaale and quantitative study
about the effects of obstacles on the intracellular trarispgperformed using the new
model.

To address the limitations of previous models which arebdisteed fromnvitro exper-
iments, the newly developed model considers various metbkrinesins in cells; walking
on the track, unbinding from the track, thermally fluctugtmotion (when they are not
bound on the track), and binding again to the track. The t&ffetviscoelasticity of the
fluid where the transport takes place are incorporated rgartodel with the generalized
Langevin equation to consider the effect of polymers irdogtlular fluids. The collective
transport (where several kinesins transport a cargo tegeth considered with the new
model also. The characteristics of this collective tramspoe captured with the metrics
proposed in this study. Also, the binding of obstacles sicchkaa proteins on the track

are considered by using the chemical kinetics between tatieips and the tracks. The
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interference between kinesins and tau proteins is quahtiffecomparing the model pre-
dictions with the experimental results.

The effects of obstacles on the transport are investigaitbdwonte Carlo simulations.
Kinesins unbind from the track when they encounter clusittsu proteins. However, ki-
nesins can bind to other locations of the track in a very divoe, especially the kinesins
which are attached to small cargoes. Due to this behavierdétrease in the average
velocity is not considerable until the tracks are crowdethwarge numbers of obstacles.
Despite the small change in the average velocity, kinesitiandgs modified by the obsta-
cles. The transport of the cargo is delayed in front (upsetjeaf clusters of tau proteins,
and the transport is likely to be fast behind (downstreamXthsters.

This change in the kinesin motion caused by obstacles caxpbaited in several ways.
First, it is difficult to detect the number of tracks and theoaimt of tau clusters on a track
in the cell. However, the condition of the track can be estatidy observing the behavior
of kinesins using fluorescently labeled cargoes; Secorddépendency of the regional
delays on the concentration of tau proteins is much strathgerthe change in the average
velocity due to the presence of obstacles. For example, wenelocity decreases by
5% in the presence of 2M tau proteins, the regional delays increase 2.8 fold. Ripall
observing the regional delays requires only a relatively jpwecision (i.e., Jum) which
is much longer than the step size of kinesins (8 nm). Theseftie predicted behavior
of kinesins near obstacles and the proposed method to ¢barachat behavior open the

door to an easier means to estimate the state of health aftgport system in neuron.
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CHAPTER|

Introduction

Cells need various intracellular movements to performrttasiks. In the presence of
spatial concentration gradients, diffusion can be usedatwsport particles. However, if
processes in cells demand relatively large forces or mstiath high velocity, more pow-
erful methods are required. To satisfy these demands, ustisnolecular motors which
use energy generated in cellular organelle such as mitaclzorMolecular motors have
important roles in various processes such as muscle ctintracell division, intracellular
transport, operation of flagella and cilia, and DNA metatnli3-6]. The cytoskeletal
motors (e.g., kinesin and dynein) move along microtubuld$9) to transport various
vesicles, organelles and cytoskeletal polymers [7—9] tdwlze cell membrane or nucleus.
Transport along MTs is essential for cells to sustain themal function, especially in
the brain. In a neuron, cytoskeletal motors transport wsricargoes to and from synapses
via MTs in axons. Thus, neural functions are abnormal if tkenal transport system
deficient.

This dissertation focuses on transport by kinesin-1 (reteto simply as kinesin)
among the superfamily of kinesin [8—10]. The structure ofesin is shown in [11, 12].
Kinesins have two identical heads which are 7 nm long, angldhe connected to individ-

ual neck linkers (NLs) which are composed of 14-amino aoctdss [11, 12]. The length



of the NLs is about 3 nm, and they are coiled together at th& fi; 14]. The cargo
linker has one end connected to the neck, and has a long adfiballzoiled-coil structure
with a length of about 100 nm. The other end of the cargo lihlkera domain which binds
to cargoes. Kinesins walk with their two heads in a hand oaadHashion [15, 16]. The
step size is about 16 nm. Thus, their cargoes proceed 8 nnigefl6—21]. At every
step, chemical energy obtained from the hydrolysis of orenaslin triphosphate (ATP)
molecule is used [17, 22, 23]. Due to advances in motilitagsslaser trapping systems,
and optical technology, the motion of a single molecule camibserved experimentally
invitro [16, 18, 24-27]. The maximum velocity of this molecular mdapproximately
800 nm/s, and the velocity varies with the external load afld éoncentration [25,27-29].
Single kinesins stall when the resisting load is about 7 g 28, 29]. The run length of
kinesins (which is the walking distance of kinesins befdreytdetach from the MT) is
about 1um [25,30]. It is observed that the run length decreases as#uslincrease [25].
Several models have been proposed to predict the transgp@otimed by kinesins. The
walking motion of a kinesin molecule was described by cogrsid) the mechanochemical
cycle of kinesins [31-40]. To calculate the period of thedlsiim step, these models assume
that the mechanochemical cycle consists of several stahes), the effect of the load on
the transition between these states is taken into accogaptore the effect of the load on
the walking velocity. Also, the detachment of kinesins frdra MTs and its dependency
on the load were considered by using measured run length87238]. In these mod-
els, the increase in the probability of detachment from thlewas considered using the
Boltzmann’s relation which can predict the changes in thidpbility as a function of the
energy generated by the force [41]. Klumpp et al. [42] detigquations for the velocity
and run length of kinesins which considers detachment aadrahent of kinesins to the

MTs as well as the walking motion. However, their equatioresanly applicable when



the interference between kinesins is negligible. The &ffetthe interaction between ki-
nesins were modeled with the mean-field method when the wwhfrthe kinesin traffic is
considerable [43—45]. Despite their abilities to predia spatial distribution of kinesins,
existing models over simplify the physics of the motion afdsin near other kinesins. In
addition, the transport by kinesins was observed to be at@owvhen neurons generate
excessive tau proteins [46,46-50], and previous modelsa@rable to capture the effects
of tau proteins on the intracellular transport.

Thus, the goal of this dissertation is to develop a model Wwiscable to capture the
complex intracellular transport by considering severatdes. Each of these factors are

described in a chapter, as follows:

e The transient dynamics of kinesins has to be captured wlegratte walking on the

track because the force acting on kinesins continuoushgvaver time (Chapter

.

e The effect of high viscoelasticity of cellular fluid on the tiom of the cargo needs to
be considered because changes in the motion of the cargtsatie mechanochem-

ical cycle of kinesins (Chapter Ill).

e The binding and unbinding of kinesins to MTs has to be comsiéo predict the

collective transport performed by several kinesins (Céal).

e New stochastic metrics are required to characterize thardigs of collective trans-

port realized by coupled kinesins (Chapter V).

e The interference between kinesins or between a kinesin #rat motor proteins
can be important when a large number of motor proteins sharsame MT. Exper-

imental observations have shown that kinesins tend to waflgehe axial direction



of MTs in the absence of obstacles. A model for the motion@glbe tangential di-
rection is required to study the ability of kinesins to bygpabstacles, other kinesins

or other motor proteins (Chapter VI).

e The effects of tau proteins bound on the MTs on the motion nésin have to be
investigated. A model which can capture the stochasticibgndf tau proteins on

the outer surface of MTs is needed also (Chapter VII).

New characteristics of the transport are predicted by ugiaghew model. More specif-
ically, in chapter Il, the new mechanistic model for walkimgption of kinesins is intro-
duced. The fundamental idea on the effect of the force onlieenccal reaction and the
kinesin structure of the model are based on the previous améstic model proposed in
our group [40,51]. In addition to the previous model, chahldnetics is improved to
capture the instant of transitions between mechanochéstatas of kinesins. This aug-
mentation is necessary to calculate the unbinding proibaloit kinesin from the track
because the unbinding probabilities are different at etatie sAlso, the stochastic back-
ward steps are included in the new model because kinesimsfleyuent backward steps
for considerable resisting loads larger than 5 pN [27, 28k, the new parameter values
are obtained to consider the effect of backward steps onvliage walking velocity of
kinesins.

In chapter lll, the effects of fluids on kinesins are constder In vitro motion of
cargoes moved by kinesins is different from the observedaetlular transport [52, 53].
Although several biological hypotheses have been propmsexplain this difference [54],
their respective models are not fully verified. The effectellular fluid can be an expla-
nation for the different motions. The viscoelasticity oétbellular fluid is considerably

higher compared to the fluids used farvitro experiments because various polymers and



proteins are present inside the cellular fluid. The kinesith iss cargo have to navigate
through complex structures formed by these particles. daysthat motion, a large cargo
(i.e., radius of Jum) is used. The effects of the complex structures are captyrednod-
ified model of viscoelasticity of the cytoplasm. Becauseekins are very small compared
to the large cargo, the effect of the fluid on the walking motd kinesin itself (i.e., dif-
fusion of its heads) can be assumed to be negligible. Thetsftd highly viscous fluids
on the transport by a single kinesin are predicted. Alsoeffext of viscoelasticity of the
fluid is considered by using subdiffusion. The generalizaddevin equation on fractional
Brownian motion is incorporated into the model also.

In chapter 1V, the binding and unbinding of kinesin to a MT eaptured to predict the
collective transport by several kinesins. While a singlgekin molecule is able to walk
about 1m along a MT in the absence of external loads [25, 30, 55, 56gdins perform
much longer range transport in cells [7—9]. The binding amsirnding of kinesins to MTs
are important mechanisms involved in this long transpote Tinbinding probabilities
corresponding to each mechanochemical state of kinesinargidered. The statistical
characterization of the instants and locations of bindiregaptured by computing the
probability of unbound kinesin being at given locationgslpredicted that the number of
kinesins attached on the cargo changes the velocity andengtH of the cargo (which is
the distance of cargoes before all kinesins of the cargaesklé&om the MT). In addition,
the studies on the effect of force on the unbinding probdsliof each state of kinesins
reveal that the kinesins behave at times like anchors él®gst do not move but remain
bound on the MT) when large resisting forces act on them.

In chapter V, metrics developed in this thesis to charaz#etthe coordinated trans-
port of several kinesins are introduced. Since the cheméadtions fueling molecular

motors are stochastic processes, the movements of coupksirks are not perfectly syn-



chronized. Thus, the method used in a previous study [51]adified to measure the

level of (stochastic) synchronization of coupled kinesing predict the difference in the
work each kinesin performs, the forces acting on each kins compared. If a kinesin
molecule is very close to the cargo, the cargo linker whichneets the kinesin and the
cargo becomes slack. Then, the kinesin is not able to suppgrtoad from the cargo.

Thus, the probability that the cargo linker becomes sla@tds obtained. These metrics
can be extended to characterize collective work done byr gifttgeins such as dyneins
which walk along MT.

In chapter VI, the two dimensional motion of kinesins (al@xggal and tangential di-
rections of MTs) is studied to predict the transport whertadties are located on the MTs.
Most previous studies consider the motion of kinesin wheroat every binding site is ac-
cessible. However, this assumption is not applicable taaalular transport by kinesins
because other molecular motors or other types of proteimalsa attach to binding sites of
MTs [43,50,57—-61]. The motion of a kinesin head is realizgd lbonformational change
in the structure of the kinesin molecule and by the diffusidthe head [40, 62—-65]. A
novel model is developed to account for the diffusion of tmekin head in the absence of
obstacles prior to examining the effects of obstacles. Terdene the direction of the next
step a kinesin takes when encountering an obstacle, thielmodsiders the extension in
the NLs [66] and the dynamic behavior of the coiled-coil stawe of the neck [67]. It is
revealed that the unfolding of the neck and the binding otib&d with tilted posture are
required to obtain probabilities of side walk of kinesin quarable to those measured in
previous experiments [68]. Then, the interactions betwaeesins and several molecular
motors (i.e., static motors, motors walking to the plus-ehiTs, and motors walking to
the minus-end of MTs) are characterized by using the model.

In chapter VII, the degradation of transport by tau protésngvestigated. If neurons



generate excessive tau proteins, these proteins arereldisia the surface of MTs [58,
69]. These clusters of tau can disturb the motion of the mpitoteins. A new model is

developed to characterize the effect of tau proteins andityesf MTs in the axons on the
transport performed by kinesins. Several types of motidrisn@sins and their cargoes
(i.e., walking on the MTs, unbinding from the MTs, Browniaoton in the axon, binding

to the MTs) are considered because the cargoes transpgrgddbe kinesins have been
observed to have these various motions when transported abons or dendrites [45].
Also, the binding of tau proteins on the MT surface and thenftion of tau clusters are
considered by assuming that the affinity between free tatiejm®in the fluid and a binding
site of a MT depends on the number of tau molecules which aeady bound at that site.
Then, transport velocities are obtained for various dessdf MTs and concentrations of
tau. Also, new metrics are developed to characterize themabdelay (or traffic jam)

near tau clusters (predicted from the model).



CHAPTER I

Mechanistic model of kinesin

2.1 Summary

In this chapter, a mechanistic model for the walking motibkinesin is introduced.
The model considers the chemical reaction and the mecHhalyicamics together with the
chemical cycle. The effects of force on the chemical reactiod on the backward steps
are also incorporated into the model. Then, the values ofetmatameters which enable

the model to predict the experimentally measured veloc#yohtained.

2.2 Mechnochemical cycle of kinesin

A kinesin molecule is assumed to be composed of two headd\twpand one neck.
Each head is connected to the neck by a NL, and the cargo editokthe neck via a cargo
linker as shown in Fig. 2.1. Kinesin walks toward the plug-@fa MT by a repeated

mechanochemical cycle, as depicted in Fig. 2.2.

2.3 Dynamics of kinesin and its cargo

Kinesins are considered with rigid or elastic componentads and necks of kinesins
and their cargo are assumed to be rigid spheres. NLs are addorbe a linearly elastic

element. The cargo linkers are also assumed to have tethavibe They resist tensile
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Figure 2.1: Kinesin and MT. The MT is composed of two tubulins., « and tubulins).
The heads of kinesin only bind tubulin. The plus and minus signs denote
the polarity of the MT.

forces, but do not carry compressive loads. Thus, the dyssiminot linear. The forces
between the neck and the cargo are determined by three dasésraction between the
cargo and the kinesin molecule. Fig. 2.3 shows those cases.

When one or more kinesins transport a cargo, the féicacting on the cargo is ob-
tained by adding every forcey;, ; generated by each kinesirand the external load’,
as

N
F.=-F,+ ) Fn (2.1)

i=1

The sign ofF}, is plus when it is toward the minus-end of the MH, is expressed with
minus because the positive direction is considered towsedinus-end of MT. Since
the Reynolds number regarding the motion of the cargo is serall, the position of the

cargoz,. can be determined using Stokes’ law as

xe(t) = 2.(0) + 67;’ 7 /0 F.(7)dr. (2.2)

wherer, is the radius of the cargo, amddenotes the viscosity of the fluid. Note that this
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Figure 2.2: The mechanochemical cycle of kinesin. (a), (b Adinding to the leading
head results in a conformational change in the molecule. tiidikng head
moves to the next binding site by relaxing the stresses ddnsthe conforma-
tional change and by Brownian motion. (b), (c) The free heamhgly binds to
the new binding site by dissociating adenosine diphosAd®). (d) ATP is
hydrolyzed into ADP and phosphate. Then, the trailing hesmbinme weakly
bound after releasing phosphate. The cycle repeats staviih (a).

equation is only valid for a kinesin moving in purely viscdlusds. Thus it is modified to
describe the transport in viscoelastic fluids in Section 2.2

Because the cargo linker is a long and slender coiled-auitsire, the ability of the
cargo linker to support forces is assumed to be negligiblennits two end points are
close to each other. Thus, forces are not transferred thrthag cargo linker when the
distance between the cargo and the neck is smaller than 100Nwte that this is the
distance between the ends of the cargo linker. The samendestaneasured along the MT
is smaller due to geometric effects (2 or 3 dimension). Theevaf the distance between
the end points along the MT where loads start to be transfasremaller than 100 nm
and is denoted by... When the radius of the cargo is 50 nm, the valud.pfcan be
calculated as 94 nm using the geometric relation suggestéel et al. [26]. Thus, the

force transferred to the neck of th& kinesin via its cargo linker is obtained as
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Figure 2.3: Interactions between the cargo and a kines)rilHa kinesin pulls the cargo.
(b) The cargo pulls the kinesin. (c) The cargo linker is slack

(

Kc(In,i — Te — Lc) if Tni Z Te + Lc>
Fkin,i - Kc(In,i — Tc + Lc) if L S Te — Lc> (23)

0 otherwise

\

where K. is the stiffness of the cargo linker:,, ; is the position of the neck of théh
kinesin.

While a kinesin head waits for ATP to bind, it is assumed that whole force on
the neck is transferred to the forward head and the other Heas not have any load.
Experiments support this assumption [70, 71]. After théudibn of the free head to the
next binding site, both heads are strongly bound to the MTsTthe force on the neck is

transferred through both NLs. The force transferred by the té the neck is calculated

11



as
p

Kn<xfh,i - xn,i)
if the kinesin is in stat¢i + MT],

Tth i tTbh,:
2Kn ( fh,: 5 bh,i xn7i>

if the kinesin is in stat@<.ATP + MT],,

where K, is the stiffness of a NLxzyg, ; andzy,,; are the positions of the forward and
backward head. Botly,; and F,,; are applied at the neck. The size of the neck is
assumed negligible. Thus, these two forces have to balaree.positions of the cargo
and the necks of all kinesins are obtained at every time stdheavalues which satisfy

this force equilibrium as well as Egs. Eqg. (2.1) and Eq. (2.2)

2.4 Chemical reaction of kinesin

Each head experiences the attachment of ATP and its hydsayevery step. This

chemical reaction is described by a Michaelis-Menten kiseds

E+ S(K + ATP) =X E . S(K - ATP){ E + P(K + ADP + Pi), (2.5)

k1p

whereF, S, P and K denote enzyme, substrate, product, and kinesin, respbctivhis
chemical kinetics determines the instants when steps etkis take place.
The transition rate regarding the dissociation of an ATPetwale from the forward

head is assumed to depend on the stresses on the kinesinshead a

(e 0.

kT ’

ki = klb,O exp (2-6)

where®,. andx are constants of the model. This equation captures theHattte rate
constant;;, is minimum ¢+, = k150) when the protein is in equilibrium (i.e., whéefy, =

kD).

12



The motion of kinesin involves two time scales. The time mektbr one cycle of
the chemical process to complete is referred to as the dingdl. tThe diffusion time is
the required time for a head which just become free to stepdmext binding site by
Brownian motion and by relaxing the stresses due to the cordtional change. This
diffusion time is much shorter than the dwell tinmevitro [27]. For a higher viscous fluid,
the diffusion time increases, but the increase is not largrigh to make the diffusion
time comparable to the dwell time. Since the size of a kinesick and that of a head
are very small compared to polymers and other particles ellaitis plausible to assume
that the diffusion time is very short even in highly viscouwieonments (e.g.in vivo).
Furthermore, the cargo also experiences increased dragsfan fluids with increased
viscosity. That causes the chemical reaction to slow dowor. nano-size particles, the
viscosity that the particles experience increases expialigrover their sizes [72,73]. As
the cargo is larger than the kinesin heads and neck, thet effabe high viscosity on
the chemical reaction is stronger than its effect on thaugién time. The supplementary
material of Gennerich and Schild [74] provides further evide of this assumption using
the experimental data of Kural et al. [52]. Thus, we can asstimt diffusion occurs
approximately instantaneously.

The dwell time is calculated by using the rate of chemicattiea or by capturing the

transition between chemical states of kinesin.

2.4.1 Average rate of chemical reaction
By using single molecule Michaelis-Menten equations [TB4, average rate of these
two reactions can be calculated as

dp | 2kyy[ATP]

dt Ky + [ATP)’ 2.7)
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wherek ,; = % The variable is a state variable whose time rate of change captures
the average velocity of the chemical process.The valyelscomes 1 (or -1) when the
chemical reaction is complete. Thenstarts to decrease (or increase) to reach -1 (or 1).
The values of 1 and -1 are not physical but just referenceegala capture the instants
when a cycle of the chemical reaction completes. A more lget@xplanation is given

in [40].
2.4.2 Stochastic rate of chemical reaction

To capture the stochastically changing dwell time of king#ie probability distribu-

tion of the dwell time can be calculated as

k1kot[ATP _
f(t) = PR e o 28)

whereA = \/(k’lf[ATP] + k1 + kgf)2/4 — k‘lfk‘gf[ATP] andB = —(k‘lf[ATP] + ki +

k2r)/2. The cumulative distribution is then obtained by integratEq. (2.8) to obtain

N k‘lfk‘gf[ATP] 6(A+B)t G(B_A)t 2A

o(t) 24 A+ B B-A A —pJ (2.9)

The instantaneous chemical reaction rate is determinedhdyuinctionc(t) and a uni-
formly distributed random variable;. Our stochastic model requires one random variable
for each step of the kinesin. One can obtain the instantawoall time, T, by satisfying

the following relation,

c(T,) = wy, (2.10)

wherej is the index for the step. When the load is constant, the dive#l of each step
can simply be calculated from Eq. (2.10). In the collectiamsport, however;(t) keeps
changing due to the varying load on each kinesin. The chérstiate variablep enables

the capture of this varying chemical rate. Using the insta@bus dwell time obtained
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from Eg. (2.10), the instantaneous rate of the chemicaé statiable is calculated for
every time step as
dp 2

=t (2.11)

The factor of 2 is included becauge&varies between -1 and 1.

2.4.3 Stochastic state transition

Kinesins are assumed to have four different states per stsp@vn in Fig. 2.2. Be-
cause the interaction of kinesin molecule and the binditesf MTs are different for
each state of kinesin, the unbinding probabilities depemithe current state of the kinesin.
Thus, the current state of the kinesin has to be determinfedebealculating the unbinding
probability. The probabilities of states (i.e., [K+MTK.ATP + MT];, [K.ATP + MT]s,

and[K.ADP.Pi + MT]) are determined by the transition rates. Probabilitieisfyat

d

dtPK+MT = —kif[ATP] P ymr) + k1o P arpn),

d

EPK arp+MT]; = k1 [ATP] P i) — ks Paremr), — Kop Pk atpinvt),,  (2.12)
d

d_tP[K.ADP.Pi—i-MT] = ko PK ATP+MT]25

P atp+mT), = PR ATPAMT)

where P v, Pr.atp+mr),, Pr.arp+mr), and Pk app.pi+vt) denote the probabilities
of chemical states of kinesin shown in Fig. 2.2. Parameters ky,, and ky; are the
transition rates between the states shown in Fig. 2.2 an@25s). If thei*™® cycle starts
att;, the probability of the current state during the cycle isantéd by solving Eq. (2.12)
with the initial conditionsPik v () = 1, and Pk arpmr), (ti) = Prarpmt, (L) =
P app.pitvr)(t;) = 0. Fig. 2.4 shows the probabilities of the bound states ovee ti

The two curves in Fig. 2.4 (b) show the two probabiliti€%; i1 (2) and P v (t) +

P.arpmr, (1)

15



To determine the instants of transitions, a uniformly destted random number-()
between 0 and 1 is generated. Whep,, \i1) becomes;, the transition from [K+MT] to
[K.ATP + MT]; occurs. Then, the next transition frdid. ATP + MT], to [K.ADP.Pi + MT]

occurs wherP kvt + Pk aTp4+mT), reachesy.

1 S
2
0.8 P ) 3 R I\ P[K.ADP.Pi+N\T]
> [K.ADPPi+MT] _8 ~
= o e
3 0.6 2
3 v [KATP+MTI2 “~. .
6_9 0.4 E P[K+M E ~~~~~~
S -
0.2 [K.ATP+MT],2 £
S
t [ms] [K+MT] m
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14t[ sl
(a) Probability of states (b) Cumulative probability of states

Figure 2.4: Probability of chemical states. (a) shows thengles of the states of kinesin
over time in the absence of a load. The thin solid line is tlodability of the
state [K+MT], and the dotted line and the thick line denote pinobability of
the state$kK.ATP + MT], and[K.ADP.Pi + MT]. (b) shows the cumulative
probabilities. They are used to determine the instant ofrdresition between
states.

2.4.4 Backward step

If a large load acts on the cargo, kinesins walk toward theusyend of the MT as well
as toward the plus-end [27, 29]. For example, the backwastatility is aboutt% and
27% for resisting loads of 4 pN and 6 pN, respectively. The cyélde backward motion
is shown in Fig. 2.5. Both the forward and the backward moéienalso captured in our
model. The model parameters are obtained using experifrestdts obtained by Carter
et al. [27]. They observed that the probability of backwaeps increases exponentially

with the external load.
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a) [K+MT] b) [K. ATP+MT], c) [K. ATP+MT], d) [K. ADP.Pi+MT]

Figure 2.5: Backward step cycle is depicted. ATP binds tdebding head (a); next, the
trailing head moves forward due to the conformational cleafhg; due to the
large resisting load acting on the cargo linker, the frealltBfiuses back to its
original site; then, the head attaches to the MT by relea&DB (c), and ATP
is hydrolyzed in the other head (d).

To model this process we use the following algorithm. Whea AP is bound to
the head of a kinesin, the probability of backward stepsasponding to the force on the
kinesin is calculated. Then, a uniformly distributed ramdoumber between 0 and 1 is
generated. If the random number is larger than the prolpabiia backward step, then
the free head of the kinesin diffuses to the forward binditg Otherwise, the free head

moves to the binding site behind the fixed head.

2.5 Parameter

Experimentally obtainedn vitro steady state force-velocity curves [28] are used to
determinek, s, k150, koy, k @and .. Tab. 2.5 shows the values of the parameters of the
mechanistic model. The fit is achieved by the nonlinear isqatres fit toolbox in MAT-
LAB. Note that the rate constants of the model in the absehegternal loads are similar
to the values obtained in the experiment of ATPase [76]is defined as the experimen-
tally obtained value [77]. In this chapter, the NL is assuntedehave like a linear spring.
Thus, the value of<,, is determined so that the linear spring has the same straigyen

with the energy of the worm like chain model in [66].
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Table 2.1: The values of parameters of the mechanistic model

Parameter Value Unit
K, 0.3  pN/nm
K, 3.8 pN/nm

by 2.385 Mg
ko 32921 s
kyy ~ 98.875 57!
¢, 12114 m

K 3.302 pN/nm

Fig. 2.6 shows that the model is able to predict the veloditikimesin very well by

using the obtained parameters.

2.6 Conclusions

The model presented in this chapter is used to perform tligestdiscussed in the fol-
lowing chapters. Especially, the effects of force on thewical reaction shownin Eq. (2.6)
are used to consider the effects of viscoelasticity of thiel fluhere the transport takes
place on the kinesin motion (in chapter Ill), and to prediafective transport (in chap-
ters IV and V) where the forces acting on individual kinedinstuate over time because
of the stochastic motion of kinesins. Also, the method otwekting the probability of
each state shown in EqQ. (2.12) is necessary to obtain thadinigi probability of kinesins
from the MTs (in chapter IV) because the unbinding probtiediare different over the

various states of kinesins. Both the effects of force on thentdcal reaction and on the
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Figure 2.6: Experimentally observed velocity and velopitgdicted from the model

unbinding probability are also used to predict the motiorkioksin in the presence of

obstacles (in chapters VI and VII).
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CHAPTER III

The effects of viscoelastic fluid on kinesin transport

3.1 Summary

In this chapter, the mechanistic model developed in chdpigmused to consider the
effect of viscoelasticity of the cellular fluid on the kinesnedicated transport. This vis-
coelasticity is caused by the polymers which exist in thelfldiheir interaction with the
cargo is considered by modifying the generalized Langeguagon and incorporating it

into the mechanistic model.

3.2 Background and motivation

The intracellular fluid is different from fluids used forvitro experiments. It is much
more viscous than water and also has elasticity. The larggex modulus of fluid is
expected to be a significant factor affecting the motion okkin. Holzwarth et al. [78]
calculated the required force for kinesin to pull a cargdmdytoplasm. With the complex
modulus data of a COS7 cell, they concluded that a very stiancg (~ 75 pN) is needed
to transport a bead of radius Quin. However, their results are based on the assumption
that the motion of kinesimn vivo is the same as the motian vitro. In addition, their
method applies only to steady state motion. The velocityirnésin in cellular fluids and

in artificial viscoelastic fluids is observed by [79-81]. Vhaso estimated the velocity
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in cellular fluid by using the force-velocity curve of kinaesh vitro and the viscoelastic
properties that correspond to a very low frequency motioheifcalculation showed a
good match between numerical and experimental results.eMemvthe frequency of ki-
nesin stepping is about 100 Hz, which is much higher thanrdepency they used. Also,
their method is sensitive to the selection of the value ahésethe low frequency. There-
fore, the goal of this chapter is to develop a model which [gab¢e of describing both
transient and steady state motions. The model also cosdiderviscoelasticity of fluid
so that the effects of viscosity and elasticity on kinesin ba revealed. The transient
dynamics is particularly important in a highly viscoeladtuid because kinesin requires a
relatively long time before reaching its equilibrium configtion (i.e. 8 nm advance of a
cargo takes much longer than the time in low viscous fluidusTiprevious models which
do not consider the transient motion are insufficient for eliog) the motion of kinesin in
a viscoelastic fluid.

Theoretical studies provide models for the dynamics of &spmoving in a viscoelas-
tic fluid [82—86]. One of the fundamental assumptions of ¢hesidies is that the fluid
behaves as if it contains small, linearly elastic spherestwaccount for the elasticity of
the fluid. This assumption is feasible if the sphere of irdeie very large compared to
other particles in the fluid or the particles have spheribalpgs. However, the size of
a motor protein and its cargo is comparable to other pasticighe cytoplasm and cells
have particles whose shapes are not like a sphere. Furtherparticles presenh vivo
are not purely elastic. They have viscosity as well as @i#gtiThus, their models can-
not be simply extended to the motion of kinesin in a viscdeldtuid. Hence, newly
developed analysis tools from microrheology have to be tmetthis study. Subdiffusion,
generalized Langevin equation (GLE), generalized Stokest&in relation (GSE), and

fractional Brownian motion (FBM) are some of the main cornsephich can be used to
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better understand the effect of viscoelastic fluid on theionatf kinesin [87—91].

The GLE is used with some modifications in this work to predet motion of a
spherical cargo in the cytoplasm. This equation is an imgaloxersion of the Langevin
equation which governs the motion of a particle in a puresgwous fluid (used fan vitro
models). Thermal fluctuations of a cargo in a purely viscousl fhave a white noise
distribution (normal diffusion) because there is no temapoorrelation in the fluctuations.
Thus, the resulting mean square displacement (MSD) of thgoda proportional tof
(time). However, the cytoplasm exhibits subdiffusion whéne MSD due to thermal
fluctuations is proportional t¢"*, wherea is a constant( < « < 1). This MSD results
in a complex modulus which has fractional slopes over fraqueon a log scale [92].
In contrast, a system composed of linear elastic and viselamsents has integer slopes.
This indicates that subdiffusion cannot be accurately nemtlas a system composed of
linear springs and dashpots. Therefore, the motion of acgarh cellular fluid has to
be described using the GLE. Note that subdiffusion resudis temporal correlations in
thermal fluctuations. This means that the system dynamigsrdis not only on current
states but also on past states. The GLE accounts for thivioelng using a convolution
term of velocities and a memory function.

To study kinesin in a viscoelastic fluid, it is necessary &otdby first measuring the
complex modulus of the fluid. Since the properties of a fluglraeasured by interactions
between the particles in the fluid and a measurement probesitle of the probe is an
important parameter. The size of kinesin cargoes is of teraf 1,,:m, so microrheology
has to be employed. In microrheology, there are two ways aismeng the complex
modulus of a fluid [93]. The active method is to apply forcesatprobe particle from
the outside of the system by using an optical trap or a maghetezer. The passive

method uses thermal fluctuations as excitation mechanistiid method, a particle that
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already exists in the fluid is used as a probe to minimize ttegvention into the original
system. The MSD of the probe particle is observed over tinmegusdeo tracking or laser
tracking systems. The GSE provides a method to calculatedhmgplex modulus from
the measured MSD by using the GLE. The Fourier transform ®GhE establishes the
relation between the complex modulus and the MSD in the Baqudomain. Finally, the
experimental MSD data is transformed to the frequency doraad substituted into the
GLE [94]. This method is limited by the distance the partisl@llowed to travel. In a
highly dense fluid, the area in which a particle can travell®rmal fluctuations is very
small compared to its size. Itis also possible that the @artiecomes trapped in networks
of long polymers and cannot escape without external forttes.reported that the MSD
of a particle in a viscoelastic fluid flattens after a long ti{8@, 94—96]. This observation
supports the idea that the particle becomes trapped by gotynThus, the features of a
motion of a particle that travels over a long distance in alftannot be found passively.
Nevertheless, this passive method is used frequently beggig less invasive compared to
the active method where the external force can have effettsity on the probe particle
but also on other particles in the fluid.

Generally, the complex modulus of a viscoelastic fluid oveqéiency can correspond
to a power law behavior, and the power can vary over the freguef excitation. In
this chapter, however, the complex modulus corresponaire power law with a con-
stant power is considered. For example, water mixed withgZml of xanthan follows
such a power law [79]. This assumption is reasonable for smetfielar fluids also. For
example, the cytoplasms of PC12 and NT2 cells have compledulae whose powers
are approximately constant over a wide range of frequerii@s97]. To simplify the
memory function in the GLE, the complex modulus is assumdtht@ a single constant

fraction number in this chapter. This assumption leads tBM #hich comes from a sin-
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gle fractional Gaussian noise [87]. The FBM provides a sempemory function which
is proportional tot~* (wherea characterizes the ratio between viscosity and elasticity)
A fluid characterized by a small has higher elasticity and lower viscosity than a fluid
characterized by a large

Two stochastic factors are inherent in the motion of kinesine comes from the
thermal fluctuations, and the other is related to the chdmeeation between ATP and the
motor heads. The model used here is deterministic and pFsyacedictions for the mean
behavior of kinesin for both transient and steady stateansti A deterministic model is
used because it has significantly higher computationaiefioy than any other stochastic

computational model.

3.3 Viscoelastic model

3.3.1 Approximate FBM

Viscoelastic effects in a subdiffusional environment an@liemented using the FBM.
Due to the small size of the kinesin molecule, direct effettthe fluid on it can be ne-
glected. However, the viscoelastic effects on the carganapertant. They are described
with the GLE. One obtains

dv.(t)
e

= ¢ /Ot ve(T)H (t — 7)dT + Fy(t) + F(t), (3.1)

whereH (t) is the memory functionf,(t) is the force caused by thermal fluctuatiogs,
is a constant which represents the intensity of the visstieléorces, andn. andv, are
the mass and velocity of the cargo. For a purely viscous ftuisithe damping coefficient
(and has a value dfrrn for a sphere of radius moving in the fluid).

Fy,(t) is related to the memory function By Fy, (t) Fy, (t') >= kgT'(H (t—t"), where
< - > represents the mean over time. This force is not includedimieterministic model

because its mean value is zero.
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The objective of the model is to predict the motion of the casdpen the force is given.
However, the original GLE in Eq. (3.1) has an implicit fornr tbe velocity. To solve this
problem, the original GLE is converted into an explicit fofon the displacement. Also,
inertia is neglected because the Reynolds number of the ésxgry small (076 — 1073)
when the size of the cargo is abdytm. Thus, its inertia is very small compared to other
forces. The thermal fluctuations of the cargo induced byisiolis with other particles in
the fluid are very fast compared to the time scale of the wglkihkinesin. Thus, most
of the thermal forces are assumed to cancel out rapidly, laeid ¢ffects on the kinesin

molecule are considered negligible. With these assumgtmme obtains
1 t
relt) = 2:(0) + ¢ / D(t — 1) Fu(r)dr, (3.2)
0

whereD(t) = E—‘X’[ , with £ and L~ representing the Laplace transform and

—/zm(u)}}
inverse Laplace transform, respectively.

Experiments on certain neuron cells have revealed thatahwlex modulus of the
intracellular fluid approximately follows a FBM with a sirgyfractional number ~

0.8 (wherea characterizes the ratio between viscosity and elastif#f). Substituting

in Eq. (3.2) the expression for the memory function of FBMhaatsingler, one obtains

1 t
xe(t) = 2.(0) + —m/() M(t —7)F.(7)dT, (3.3)

whereM (1) = |r|*~! is the memory function of this modified GLE, afids the gamma
function [87]. Note that is related to the magnitude of complex modulus of a viscoielas
fluid (see Egs. 3.7 and 3.8).

The current position and force on the cargo can be calculsted) Eqgs. 2.1-2.4 and
3.3. Then, the numerical convolution in Eq. (3.3) is perfedwith the following tech-

niques.
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First, the different methods are used to calculate the ratem from O tot — £ and the
integration from¢ — ¢ to t. The trapezoidal rule is used to obtain the integration féoio
t — e. To avoid the integration around the singular point at ¢, the integration between

t — ¢ andt is changed to another simple form as

12

/ M(t —7)F.(7)dr —/ (t —7)* ' E.(r)dr
[_ (t =yt [y + O e - (3.4)

€
1, FEM)-Ft-¢ 1
€ a+1

(—eth).

The complex summation can be used to calculate the integragarr = ¢. However,
Eq. (3.4) is used because it reduces the calculation tintethas conversion is consistent
with the trapezoidal integration which assumes tathanges linearly between two time
steps.

Second, the convolution term in Eq. (3.3) has to be computeday time step, and
that increases the calculation time significantly. To agslthis issue, we developed a new
method which approximates the memory function. Specifictille rate of change of the
memory function is proportional t@ — 7)*~2, and this value is small in the region where
7 is not close tat. So, the memory function can be assumed to be piece-wisarline
that region (Fig. 3.1). Then, the calculation of the contioluintegral can be simplified

as follows

ZZ

/Mt—r )dT—/(t ) FL(T)dT
[/o (a1 + b)) F, dT—l—/ (aoT + bo) Fo(T)dT + ... (3.5)

+/u (anT + bn)F, dT] / — 1) E(T)dr =
_NUN
-

a; <U<uz+1) — U(Uz)) + bz (V(uz—i-l) — V(Uz))] + / (t — T)a_ch<T)dT,

unN
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whereu; are time instances between 0 anahile a; andb; are slopes ang-intercepts of
each line, as shown in Fig. 3.1. The functi@fs.;) andV (u,) are defined a$," 7F.(7)dr
and [} F.(7)dr.

While all past data is needed to compute the convolution trthe current instant,
the simplified computation of Eq. (3.5) requires discretaaaly at few time instances

and the calculation of a single integral (only frarg to ¢ instead of one from O to).

0.2

- Exact function
[=)
& 016 ~——®— Approximation function
=
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Figure 3.1: Approximation of the memory functiok/ (¢ — 7). The memory function for
«a =0.5 andt =1,000 [x10 ms] is showna;7 + b; indicates the equation for
the:'™® linear approximation.

Finally, the position of cargo is calculated by substitgtitys. 3.4 and 3.5 into Eq. (3.3).

One obtains

1

1 i=N
zo(t) = z.(0) + (TG =a) [;{ai(U(um) = U(uy)) + b (V(uigr) = V(w))}

+/t_€(t — 1) E(r)dr + Fc(t)lga n F.(t)—F.(t—¢) 1

un o) € a+ 1(_5a+1)} (3.6)

This approach reduces the calculation time significantty. éxample, when computing

the convolution from 0 to 0.1 s with the time step of 0.01 me,approximated convolution
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of Eq. (3.6) is about 90 times faster than the numerical natiggn with no modification.
Also, the error due to the approximation made in Eq. (3.6) eveecked forF, (1) = 72
because an exact solution exists for this When integrating from 0 to 0.1 s with the time

step of 0.01 ms, the error is abajt.

3.3.2 Relation between the FBM and the complex modulus

Because a viscoelastic fluid allows energy storage anditesapodulus contains both
real and imaginary part. In the frequency domain, the cormpledulusG is expressed
asG(f) = G'(f) + 7G"(f), where f represents frequency. The value of the real and

imaginary part are determined by MSD amas follows [94]

kT
G = mrMSD(t =1/ )T + o(f)]
G'(f) = |G(f)lcos(ma(f)/2) (3.7)

G"(f) = |G(f)lsin(ma(f)/2),

wherer is radius of the interesting sphere in the fluid. The phasae@tbmplex modulus
can be expressed with A « value of O (or 1) corresponds to a fluid which is purely elastic
(or purely viscous). For the fluid characterized by a singhetional number, a smat
indicates that the fluid has higher elasticity and lowerassty and vice versas, and f,

are used to determine the magnitude of the complex moduhssnlagnitude at a certain
frequency depends on the values of MSD anat that frequency. Also, MSD depends on

« and( [87] as follows

_ kgT sin(am)
MSDW) = == i =ami—a.

o, (3.8)

Thus, in Eg. (3.3) is determined using Eqgs. 3.7 and 3.8.
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The parametey, is a reference frequency (a value around G:04). The parameter
G, is the ratio ofG” for water andG” for the fluid of interest at the reference frequency
=TI

If viscosity and elasticity are caused by independent etesiéke a spring and a dash-
pot, then one can define viscosity and elasticity separafeen, it is easy to observe
their effects separately. For a fluid of a single fractionaintver, however, viscosity and
elasticity are coupled by the fractional number. Therefdns impossible to change one
property while the other is fixed. Either viscosity or eleiyi can be the reference for the
magnitude of viscoelasticity. If the elasticity is used las teference value, then a fluid
characterized by a large has higher elasticity and higher viscosity than a fluid ctara
terized by a smalle. Then, the comparison of the motion of kinesin owetan become
unclear because both properties increase witfThus, usingz" as a reference value of
viscosity can lead to more clear comparisons for variousesbfo.

G" has a slope ofv over frequency in a log scale. Thus, the ratio betwéé€rand

Gl/

water

changes over frequency. The reference frequefhaeals with this issue. When
f > f., the smaller is, the lower the viscosity of the fluid is. Wheh< f,., the relation
betweeny and viscosity is reversed. As we want a fluid of smatb have low viscosity
over a wide range of frequencie§, is chosen to have a low valug,.(= 0.01s7!), as

shown in Fig. 3.2.

3.3.3 Calculation procedure

To compute the motion using our model, the variables whi¢brd@ne the mechano-
chemical motion of kinesin are updated in time. During eaule stepA¢ (which typically
is a small fraction of the dwell time) the cargo and neck iateas given by the mechanical

governing equations ( Egs. 2.1- 2.4 and 3.6 ). The (past)ida#red to evaluate the
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Figure 3.2: Complex modulus f@¥, =1,000, ancv =0.1, 0.4, 0.7 and 1.

memory effects due to the viscoelastic fluid. At the currémetinstantt, the required
(past) data are the value 6f(7) for all 7 from uy tot — At, zpa(t — At), zpna(t — At),
T (t—AL), z (t—At), p, fOt_At F.drt, andfot_m TF.dr. Here,At denotes the time interval
between the current time instanand the previous time instant. The cargo is assumed to
interact with a kinesin at timein the same mode as at time At. Note that there are three
different modes of interaction between the cargo and a kreesdescribed in Fig. 2.3.
Next, the values of three variables.( x,, and F.) are calculated at the current time
t using Eq. (2.1) (which provides two relations) and Eq. (3w@hich relatesz.(¢) and
Fi(t).
Next, the newly calculated variables are used to ascefft#lirey satisfy the assumed
interaction (e.g., slack or no slack, assisting or regstinads, etc). If they do not satisfy
the assumed interaction, then the interaction type is @gdand the calculation for the

dynamics is carried out again over that time step.

Next, the rate of the chemical state variable is obtainedgugis. 2.7 and 2.6. Then,
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the value ofp is calculated ag(t) = p(t — At) + %At. If p(¢) is between 1 and -1, the
chemical cycle has not completed. Thus, the heads of kimesmains in their previous
position. Ifp(t) is larger than 1 (or less than -1), the time instawhen the chemical cycle

is completed{ — At < t < t) is computed by capturing the instant whebecomes 1

(or -1) through a linear interpolation. The positions andés at the current time are also
changed to the values corresponding.tét that instant the heads are assumed to change
positions. Namely, the trailing head is instantaneoudiycaged to the next binding site
because the diffusion of the head is assumed to occur iast@otsly. Also, the forces are
updated to the values corresponding to that instant ane thes positions. This procedure

is carried out at every time instant during the calculation.

3.4 Results

In most previous studies of kinesin transport, the effeCth® properties of the fluid
were not analyzed because they do not play a majorinoldro. In a highly viscoelastic
fluid, however, the properties of the fluid can have signifitaituences on kinesin behav-
ior. The model introduced in this chapter is designed to actéor these effects. Since
the friction exerted by the fluid decreases with the size efdlrgo, a nano-sized cargo
may be too small to clearly highlight the effectiveness @ftimodel. Hence, the radius of
the cargo was selected asih because that is the size of large intracellular cargoes such
as mitochondria [98].

In this section, we analyze the motion of kinesin in fluidshmrious properties to
reveal the effects of viscosity and elasticity. In addititme response of kinesin to fluc-
tuating loads is examined by using the ability of the modgdredict transient dynamics.
Notably, we observe that even if the magnitudes of the fluctgdoads are the same, the

speed of the kinesin changes with the frequency of the load.
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3.4.1 Effects of load and viscosity

Many researchers have demonstrated that the speed ofrkinesiro depends on the
load [25, 27-29]. If a single motor has no load, imsvitro velocity is about 800 nm/s
when the concentration of ATP is 2 mM. The speed decreasesoiat 200-300 nm/s
under a load of 6 pN. This speed is about 25 % of the speed irbdenae of a load. This
large decrease indicates that the effect of the load is damhin a fluid of low viscosity.
However, the dependence of the velocity on the load becoreek VW the fluid is highly
viscous. When viscosity is 1,000 times higher than that déwéor example, the velocity
under a high load (6 pN) is just 50 % of the velocity under nalloAnother noticeable
feature is the nonlinear relationship between load andcitglo For a fluid having low
viscosity, kinesin maintains its highest velocity (for &en ATP concentration) even if the
load is small ( ~ 3 pN). As the load increases, the velocity of kinesin startddorease.
The rate of decrease keeps growing with the load. This neatifbehavior of kinesin
abates in a highly viscous fluid. Because kinesin signiflgasibws down when moving
in fluids with high viscosity (even without a load), its forgelocity curve has an almost
constant slope for highy,., as shown in Fig. 3.3. Similarly, Fig. 3.4 shows that theatffe

of the load are more pronounced@sdecreases.

3.4.2 Effects of elasticity

For viscoelastic fluids, it is difficult to observe the effedf elasticity whenG,. is
small. Fluids governed by the GLE have viscosity and elagtibat are proportional to
G,. So, in the range of lowr,, viscous and elastic force are weak. To observe the effect of
elasticity, transport velocities in fluids with complex muidcorresponding td~, higher
than approximately 200 are needed to be compared. Thus;jtesoof kinesin for various

o were calculated fo€, values of 500, 1,000 and 1,500.
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Figure 3.3: Effect of load on force-velocity curves for tsgort in various purely viscous
fluids; [ATP] = 2 mM.

The effect of the elastic component of the fluid force dep@mds, as shown in Fig. 3.5.
Recall that a smalk value corresponds to a low viscosity and a high elasticikys prop-
erty results in the rapid deceleration of the high initialoggty. The velocities can be
examined by dividing the motion into three parts. At the begig (¢ < 0.2 s), the motion
in the fluid with smallerx is faster because the viscous force is small while the elasti
force is negligible ( Part 1 ). As the kinesin moves forward < ¢ < 3 s), the intrigu-
ing relation betweem and velocities is revealed. Since elasticity creates miffeforces
over «, the motor protein has high speedshat 0.3~ 0.5 ( Part 2 ). For longer travel
(t > 3s), the speed of kinesin is approximately proportional {dPart 3 ).

Part 3 may be inconsequential for kinesin transport for thiewing reasons. First,
Part 3 can only take place if kinesin were to move for a vengltme, which would
require a run length much longer than that of a typical sikghesin. In vitro, a single
kinesin moves about 0,8n, and that takes about 1 s. After that, the kinesin detacbes fr

the MT [25]. The run length depends on the load, but the orfieragnitude of the time for
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Velocity [nm/s]

Figure 3.4: Effect of viscosity on velocity at various loddstransport in purely viscous
fluids; [ATP] = 2 mM.

a run length does not change significantly. If this run leragtt its duration are also valid
for viscoelastic fluids, then Part 2 will dominate the motadra single kinesin. Although
the run length increases by some factor [99], kinesin mayawoé an opportunity to enter
into Part 3. Thus, if the steady state begins during Parte2y there will be no Part 3.

The elastic force exerted by the fluid on the cargo is relaidtle displacement of the
cargo. A simple spring cannot be an accurate substitutehioelasticity of a complex
fluid. However, a combination of a spring and a virtual refieeeis a physically feasible
approximation for the dynamics. Fig. 3.6 shows the conagixplanation of the function
of the elastic force on a molecular motor. When a cargo startsove in the fluid, the
elastic component of the fluid force is small and proportigo&, where/ refers to the
distance between the cargo and the virtual reference. Akiti@sin continues to move,
the cargo and the virtual reference move also. The cargo sniagter than the virtual
reference, and the difference in their velocities incredsavhich in turn increases the
elastic component of the fluid force. The increased forceadses the speed of kinesin

until the motion of the cargo and the virtual reference ararazed. Then/ does not
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Figure 3.5: Velocity over time for [ATP] =2 mMz, = 1,000, = 0.1, 0.4, 0.7 and 1. For
« of 1, the velocity does not change because there is no efastie. Fora
less than 1, the velocity decreases over time due to the grofathe elastic
component of the fluid force.

change, and = /,.

To capture the steady state motion, the memory functiorai&ibE has to be modified.
The original memory function contains all past states. Tthes continuously accumulat-
ing states in the function prohibit a steady state. Howedweera long travel, states from
the distant past have no effect on the current motion of kndsis is similar to the idea
of a virtual reference. That means that there exists a lamamge of time in which the
memory function varies. Beyond that, the memory functioousth have a constant value.
This physically insightful approach, however, raises dlehge, namely that the current
data about the cytoplasm do not supply too many clues abewdt#iady states. Neverthe-
less, we can estimate the limited range from the experimmntbe steady state motion
of kinesin in the following way. In a cell, a cargo proceedspughing its way through
polymers in the cytoplasm. In this motion, the key for egtdiihg the limited range is the
effective length/,. This length indicates the distance over which one polyrffects the

cargo./, depends on the size of the cargo and the length of the polyM&rassume that
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Figure 3.6: Behavior of the elastic component of the fluidcérVR denotes the virtual
reference. When the motion of the cargo statis,very small (a)/ increases
as the kinesin moves (b). The steady state begins/ dBedomeg; (c). In the
steady state, remains constart= ¢, (d).

the average effect of the length of the polymerdpis the same regardless of the values
of a andG.,.. If this assumption is applicable for a wide rang&f the size of the cargo is
the only parameter that determings Thus,/, is assumed to be proportional to the radius
of the cargo {, = [r, andj is constant ovetr, and«). In experiments with kinesin
in an artificially mixed viscoelastic fluidy(= 0.51,G, = 1,590 and [ATP] = 1 mM), the
steady state velocity of a single motor is about 370 nm/s.[B9]inserting this data into
our model, the value of was calculated as 0.25. With the concept gfthe steady state

velocities were obtained fax, = 500, 1,000, and 1,500 and [ATP] = 2 mM are shown
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in Fig. 3.7. These results support the idea that the steadly segins during Part 2. The
exciting result is that a single kinesin can transport casgfaster in a viscoelastic fluid
than in a purely viscous fluid, and it has a maximum velocity @ given value of~,)
whena is between 0.4 and 0.5, as shown in Fig. 3.7. This indicatdsathatio of approx-
imately 0.5 between elasticity and viscosity builds theiropt circumstance for the fast

transport (done by a single kinesin) in a highly viscoetatiid.

>Gr=soo

)Gr=1,000
)Gr=1,500

Velocity [nm/s

Figure 3.7: Steady state velocity versu$or GG, = 500, 1,000, and 1,500.

3.4.3 Motion of vesiclesn vivo

Kinesins are involved in fast anterograde axonal transgdwir degraded intracellular
transport capacity can cause neurodegenerative dised¥#s Thus, speed of kinesin is
one of the most significant characteristics of the transpdré speed of kinesim vivo is
affected by the viscoelasticity of the cellular fluid. Theacdcteristics of the viscoelastic
fluid may lead to a slower or a faster transport.

The key parameters of the viscoelastic fluid arandG,.. Parameter provides in-
formation regarding the ratio between viscosity and eldgtiand parametet, is an

indicator for the magnitude of energy dissipation/vistgsiction in the fluid. The model
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is able to predict the motion of kinesindf or GG, are constant over frequency, as happens
in some cytoplasm. Hill et al. [80] measured the MSD of vessich the neurites of PC12
cells. They also tracked the motion of vesicles of radius~0.3.4 ;m which are trans-
ported by kinesin. They found an average velocity of 1,26(0's. The complex modulus

of the cytoplasm of PC12 cells follows the FBM with the constaandG,. (o« = 0.75 and

G, = 2,154), as shown in Fig. 3.8 (a). Our model predicts that for@hevalue of 2,154
(as in the PC12 cell), a cargo of radius 0,35 (the size of vesicles used in experiments)
has high velocities when is 0.2~ 0.8 (Fig. 3.8 (b)). Though the predicted velocity is
less than the observed velocityof 0.75 is the value for faster transport for the givén
value. Note that the speed of vesicles in PC12 cells changedime [80]. This speed is
even higher than the maximum speed of a single kingsitro. This considerably faster
transport was also found by other researchers [52, 53, ITM1s, it is possible that the
faster transport observed vivo is due to other factors such as the cooperation of several
kinesins. We also note that the valuescofor several other cytoplasms vary over fre-
quency [102]. Thus, the FBM with fixed andG,. is not a general tool to predict motion

of beads in any cytoplasm.

3.4.4 Effects of the frequency of fluctuating loads

The model provides accurate predictions for transientongtof kinesin. To observe
the dynamics of kinesin under time-varying loads, sinualydluctuating loads are ap-
plied to the cargo. Of course, these fluctuations are treedf® the motor heads through
the linkers. Thus, the rate of chemical reaction at the helhdages. The behavior of the
cargo can be conceptually understood as the motion of a weaif body connected to the
ground by a spring and a dashpot. If the body experiencestaditiing load, the amplitude

of its fluctuating displacement is inversely proportiortadtie spring stiffness, the dashpot
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Figure 3.8: (a) The complex modulus of PC12 cell. Circles stads are the experimental
data, and lines represents the complex modulus €f0.75 andG, = 2, 154.
(b) The predicted velocity of the cargo of radius 0,85 for GG, = 2, 154 and
variousa. The arrow indicates the velocity corresponding to the prgypof
PC12 cells.

viscosity and the frequency of the load. Similar to that dergystem, the fluctuations
in the position of the cargo decrease as the viscoelast€itize fluid increases, or the
frequency of the load increases. As a result, the effecteefltictuations vanish at high
frequency, and the velocity-frequency curve flattens. mi@st, at lower frequencies, this
curve has exponential variation. The approximate expaalenirve is obtained using least
mean square fitting to exact model predictions.

To discover the relationship between the motion of kinesid the frequency of the
load, two values are calculated: the changes in veloclty),(and the frequencyf()
corresponding to 90 % of the velocity difference. These emlare shown in Fig. 3.9 (a).
For GG, = 500, the changes in velocity over frequency are large coaaptd otherG,
values, andA v has its highest value at = 0.6. The dependence of the velocity on
frequency becomes weak when the viscoelasticity is stranghown in Fig. 3.9 (b) (not
unlike the case of a rigid body connected to the ground by mg@and dashpot). The

value of f. also decreases ovéf,. The velocity for highGG, saturates at a relatively
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Figure 3.9: The response of kinesin to a loadFpft) = 2 — 2sin[(27fL)t]. f. denotes
the frequency of the load. (a) Velocity-frequency curvedor 0.7,G,. = 500.
(b) Av versus.« for G, = 500, 1,000, and 1,500. (¢) versus.« for G, =

500, 1,000, and 1,500.
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low frequency because viscoelasticity accelerates theeatain of the velocity-frequency
curve, as shown in Fig. 3.9 (c). This result indicates thaegin is more sensitive to a

fluctuating load in a fluid with low viscoelasticity than in aifl with high viscoelastcitiy.

3.5 Conclusions

The newly developed model for the motion of kinesin providekutions for several
restrictions of existing models. By regarding a kinesin@cale as a structure composed
of linearly elastic elements, it is possible to capturerassient and steady state dynamics.
This approach also enables the prediction of the respons®lefcular motors under time
varying loads. For a sinusoidally fluctuating load, the spekkinesin changes with the
frequency of the load. However, the effects of the fluctuatisappear at high frequency.

To describe the transport done by kinesin in a viscoelasiid,fthe GLE was applied
to the model. The GLE was converted into a form which is slgtér calculating dis-
placements with previous forces. This method is also ugefudnalyzing movements of
other motor proteins in the presence of subdiffusion.

The cytoplasms is a highly viscoelastic fluid. We focusedlanédffect of large vis-
cosity and elasticity on transport performed by moleculatan Fluids having viscosity
comparable with that of water do not have significant effecteshe motion of kinesin.
However, highly viscous fluids decrease the speed of kitesamquarter of its velocity in
water. Moreover, the high viscosity also influences the staihe force-velocity curve.
While the curve for a fluid with low viscosity has a region wheflocities are almost
constant, the presence of large viscosity excludes thaviah

To observe the effect of elasticity, the velocity of kinesias calculated for various.
Due to the complicated features of the complex modulus inlifuision, the viscoelastic

properties were carefully designed. For fluids exhibitingdiffusion, viscosity and elas-
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ticity cannot be changed individually. It would be great ift@d of smalla would have a
lower viscosity and higher elasticity than another fluid @fihw. However, it is unavoid-
able that this relation is not followed in some frequencygefor fluids following FBM.
This problematic frequency range was reduced by a carefalbcted reference frequency
and by choosing the viscosity as the reference value for thgnitude of viscoelastic-
ity. However, for a pure FBM, the elastic component of thedfligrce grows as a motor
walks. As a result, ther value (for the maximum instantaneous velocity) changes ove
time. Initially, o corresponding to the maximum velocity is 0.1. If a steadjesamalysis
is pursued, the value continuously increases over time.

Experimental data obtained through passive microrheopwgyides only limited in-
formation regarding the steady motion of a particle undeomstant force in a cellular
fluid. To address this issue, we used experimental steatly wtocity values for car-
goes transported by kinesin in a viscoelastic fluid and madesaumption regarding the
effective length of the memory function. This approach predl that kinesin has a max-
imum steady state velocity whenis 0.4~ 0.5. Experimental research could verify this
result. Also, the distancé for a cellular fluid can be measured by exerting a constant
force to a particle which is not connected to kinesins andsmeag the distance that
the particle moves before its velocity does not change dmes.t Moreover, the funda-
mental equation used in this chapter is available for the H&Mng a single fractional
number. This approximation is well suited for artificialleated fluids and simulated cy-
toplasm [35, 79, 81]. However, it is not guaranteed that téliationship holds for every
fluid. To cover more general cases, the memory function hiae xtended to the level of
describing the FBM with multiple fractional numbers. In &duh, it is likely that a spa-
tially varying complex modulus is presemtvivo. That may require the memory function

to transform continuously with the change in the complex uhasl
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CHAPTER IV

Effects of kinesins binding/unbinding on their collective
transport

4.1 Summary

In this chapter, the unbinding of kinesin from the MTs and rttlginding to the MTs
are characterized with stochastic models. Then, the uimigrahd rebinding models are
integrated with the mechanistic model for the walking mot{ohapter 1) to predict the
collective transport of a cargo when several kinesins daela¢d to the cargo. The results
of this chapter suggest that the collective transport isheial particularly for the long
range intracellular movements because the run length afatgo increases dramatically

over the number of the kinesins.

4.2 Background and motivation

Several experiments have measured the run length of cangmeported by kinesins.
Block et al. [30] reported that cargoes move aboutddwhen they are pulled on average
by about one and half kinesin molecules. The distributiothefrun length in those ex-
periments follows an exponential probability distributid he effects of external resisting
loads exerted on the cargo and the concentration of ATP oruthéength was observed

by Schnitzer et al. [25]. The run length decreases with exirg resisting load and de-
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creasing ATP concentration. In the experiment performedémura et al. [103,104], the
magnitude of the loads causing unbinding were measured; &terted loads toward the
plus or the minus-end of the MTs to discover the effects offihection of the load. Their
results show that kinesins tend to unbind more easily whejested to loads toward the
plus-end of the MTs than by loads toward the opposite dwactHowever, the difference
is not considerable. The experiment of Beeg et al. [2] fodusethe transport of cargoes
by groups of kinesins. To observe the relation between thaxeu of kinesins and the run
length, they varied the number of kinesins attached to thgpoc& he run length increased
as more kinesins participate in the transport. Howeverytinelength was surprisingly
reduced when the cargo was moved by considerably many kiesi
Mathematical models have been proposed to calculate tHemgth of kinesin. Schnitzer

et al. [25] established an equation regarding the run leogéhsingle kinesin molecule by
using Arrhenius-Eyring kinetics. The approach producedaeassful fit to experimental
data for various ATP concentrations and external loads. é¥ew the model is only ap-
plicable to the motion of single molecules. For transporsbyeral kinesins, Klumpp et
al. [42] utilized discrete Markov chains to obtain a mastpragion regarding the number
of motors which effectively participate in the transportenh, they obtained the station-
ary solution for the master equation. By substituting tla@sition rates of kinesins (i.e.,
binding rate to MT, and unbinding rate from MT), their modbtained an analytical solu-
tion for the mean value and the probability density func{jpdf) of the run length. Their
unbinding model accounts for the effects of load by assurtiiag the load is equally
distributed over every kinesin bound on the MT. However,distribution of loads over
motors continuously changes due to the stochastic moti@mesins [51, 105, 106]. Fur-
thermore, their binding model is not able to capture thetlooa where rebinding occurs,

despite the fact that those locations also affect the dolketransport.
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The goal of this chapter is to develop a binding/unbindingdedavhich is able to
capture the stochastic unbinding and binding of kinesitised/Ts and their dependencies
on the force acting on them. By using the model, the run leagthvelocity of collective
transport under constant loads are obtained. The chawmatten on the unbinding of
kinesins captures an interesting behavior of kinesins,aiathat they spend a long time
remaining on the MT when large resisting loads are applidek Model predicts that this
behavior of kinesin is beneficial for the cargo to overcomstatles. Also, the velocity
of collective transport is affected by the stochastic rdlig process as well as by the

velocity of kinesin molecules itself.

4.3 Models

The mechanistic model introduced in chapter Il is used tduwapthe walking mo-
tion of kinesins. Kinesin molecules are assumed to have fatMT], [K.ATP + MT],,
[K.ATP 4+ MT],, or [K.ADP.Pi + MT] when they are bound to the MT. Thus, before
calculating the unbinding probability, the instant of thenisition between bound states is
captured by the mechanistic model. The details of the mestiamodel are provided
in chapter Il. Both heads of kinesin are strongly bound dythe statg K. ATP + MT],
and [K.ADP.Pi+ MT]. Thus, it is assumed that the probabilities to unbind dutirey
states K.ATP + MT], and [K.ADP.Pi + MT] are negligible, and the preponderance of
instances of unbinding occurs either from stéter MT] or stated K.ATP + MT],. Thus,
the unbinding probabilities corresponding to stetes+ MT] and [K.ATP + MT], are
calculated in this chapter.

Among several kinesins connected to a cargo, some kinesitksalong the MT, and
others are not attached to the MT but just follow the cargac&both heads of unbound

kinesins are free from the MT, the position of these headsuéues over time. The effect
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Figure 4.1: The kinesin cycle. The states in the upper batedb the walking cycle of the
kinesin. K denotes the kinesin molecule. The lower box esl&d the unbound
state of the kinesin. The variables denoted by k are tramsrates between
states, and’py and Pp; represent the probability of unbinding from the MT
when the kinesin is in the staf + MT] and[K.ATP + MT],. (a) An ATP
molecule binds to the leading head of the kinesin. (b) Thdibmof ATP to
the kinesin head results in a structural changes in the Hgadrhis change
induces the docking of the NL to its head. The docking of thediihe leading
head generates a force to move the trailing head toward tlsequid of MT.
Then, the trailing head diffuses to the next binding site af B/ Brownian
motion. (c) The moving head binds to the MT and releases ADPATP
in the rear head is hydrolyzed, and then this hydrolysis lesahe release of
phosphate (Pi) from the head. Then, the NL returns to therditsed state
from the docked state.

of this fluctuation on the rebinding is included in the modgldalculating the pdf of the

positions of unbound kinesins.

4.3.1 Unbinding model

The unbinding probability during the stdte + MT] is calculated over time using the

transition rate:p, from the stateK + MT] to the unbound state [K], as shown in Fig. 4.1.
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If the i*" cycle starts at an instany, the unbinding probability in state [K+MT] during
this cycle is obtained by solving the following set of eqaas with the initial condition
Pryiun(t =t;) = 1.

d
EP k+mT] = —kpoPx 4 (4.1)

Privr)(t) + Ppo(t) =1,

where P vy iS the probability that kinesin remains attached to the Ml &p(t) is
the unbinding probability in state [K+MT]. Thus, the growdh Pp, over time can be
calculated as

Ppo(t) =1 — exp(—kpot) (4.2)

The time constant of the cargo motion transported by singkesin was experimentally
measured by Carter et al. [27] to be approximateély s for a resisting load of 5 pN
applied to the cargo. The dwell time of kinesin has also beeasured experimentally
by numerous researchers for that load, including Visschal. ¢28]. That dwell time is
about 70 ms. Hence, the duration of st@gfeATP + MT], is much shorter than the dwell
time and thus negligibly short. Due to this very short dunaf statg K.ATP + MT],, a
single unbinding probability value (i.eF);) is used for this state instead of capturing the
changes of the probability over time.

This model is able to predict the instant of transition betwd&dound states. Thus,
the effect of ATP concentration on unbinding is intrinsicthe model. The model also
accounts for the effects of force by using Bell model [107¢ @xpressions inspired by

Boltzmann’s law as

|Fkin|d0
kpo =k
DO D0,0 €XP kT )
‘Fkin|d1
Ppy =P 4.3
D1 D1,0 €XP knT ) ( )
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wherekpo o, Pp1,o, do, andd, are parameters of the unbinding modél,, is the force
transferred from the cargo to the kinesin. The equationH@rforce is provided in chap-
ter Il. The occurrence of an unbinding event is determineddayparing the calculated
probability with uniformly distributed random numbers.

The transport performed by a single kinesin does not incthdeebinding process.
Instead, the experimentally observed run lengths of sikiglesins [25] are used to deter-
mine parameters of the unbinding model. The parametergohtdel are obtained so that
the model predicts run lengths measured experimentallg.fitimg is done by using the
nonlinear least-squares fit function (Isgnonlin) in MATLARote that the results of the
fitting indicate that the effects of the load on unbindingidgthe stateK + MT| are very
weak. Hencey is very small compared to other parameters. Thus, the véldgis set as
zero. Tab. 4.3.1 represents the values of the parameter§igud.2 shows the run length
of the experiments and the model. The values of the parasester be changed by the
interactions between kinesins. When the number of kinasissall (e.g., between 1 and
5) and not considerably large (like hundreds), the effeatteirference among kinesins on
the unbinding of kinesins is assumed negligible. Thus, #rameters of unbinding used

in this chapter apply to the cargoes transported by one tdifingsins.

4.3.2 Rebinding model

The kinesin released from the MT can possibly bind again wersé binding sites,
as shown in Fig. 4.3. The probability of rebinding to tfi& binding site is calculated
using the transition raté, ;. The value ofk, ; decreases as the distance between the
unbound kinesin and thg" binding site increases. The position of the neck and heads
of the unbound kinesins are assumed to be the same. Thus,fghe#ions are denoted

by a single variable:, ;. The dependence on the distance is assumed to have a paraboli
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Figure 4.2: The run length of single kinesins. (a) shows thelength for various loads
for [ATP] = 2 mM; (b) shows the run length when [ATP] =/B\I.

Table 4.1: The values of parameters regarding unbinding.

Parameter Value Unit

k’D0,0 0.01633 g1

Ppiyo 0.01  probability
do 0 nm
dy 1.272 nm

distribution, as shown in Fig. 4.3.

Since the time scale of the thermal fluctuations of an unbdimekin is very short,
the value ofk 4 ; (which depends on the position of the unbound kinesin) alsmges
rapidly over time. Intensive computations are requiredéaptere the value of4 ; over
time. Instead of calculating the rapidly changig;, the following method is used. First,
the pdf of the position of the unbound kinesin is obtained by the strain energy in

the kinesin structure. Then, the time average:9f is obtained at every time step by
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Figure 4.3: The rebinding of the unbound kinesin. The unbidiinesin has probabilities
to rebind at several binding sites of the MHj is the probability to stay in the
unbound state, whil®, ;_1, P4 j, andPy ;;, are the probabilities to rebind at
the(j —1)*, 5*, and(j + 1) binding site.k ; is the transition rate from the
unbound state to the bound state at fiebinding site. The values Ofy, 1,
ka,;, andk,, 1 vary over the position of unbound kinesin . with respect
to the position of binding sites of the MT/4 is a parameter of the model
which denotes the rate of rebinding to a certain bindingwiten the unbound
kinesin is exactly above that site.

spatially integrating the value df, ; weighted by the pdf of the unbound kinesins. By
using this method, the amount of computation reduces signifiy because the time step
can be determined by the dynamics of bound kinesins not bffubiiating motion of the

unbound kinesin.

pdf of the position of the unbound kinesin

The pdf of the position of the unbound kinesin is obtained &imgitwo pdf of position
(i.e., the pdf of the cargo and pdf of unbound kinesin witlpees to the cargo). The pdf of

the position of the cargo can be obtained using the BoltznteamnP o exp(—FE/kgT),
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whereF is the mechanical potential energy in the kinesin. When onfykinesin is bound

to the MT, the potential energy arisen from the tension inbiend kinesin is calculated

as
)
%Ke(xc — 2, — L)+ Fr(w.— <x.>) ifx. >+ L,
Eo(z.) = %Ke(xc — 2.+ L)+ Fp(v.— <. >) ifz.<w, — L, (4.4)
Fr(z.— < z.>) otherwise,
\

where E. is the potential energy of the bound kinesin, and= 1(z;, + ) is the

position in the middle of two headdy, = 221?75& is the equivalent stiffness of kinesin

due to its cargo linker and two NLsK,. and K,, are the stiffness of the cargo linker
and the NL.< z. > is the position of the cargo wher€, and Fi;, are balanced. The
potential energy of the cargo is shown in Fig. 4.4 (a). Usimg $patial distribution of
energy and the Boltzmann law, the pdf of the position of thgeapdf(z. = z), is
obtained, as shown in Fig. 4.4 (b). The pdf of the positiorhefunbound kinesin, ;) is
obtained through two steps. First, the pdf of the unbounddimwith respect to the cargo,
pdf(z,r — . = x), is calculated by considering the potential energy of thrga@dinker
of the unbound kinesin, as shown in Figs. 4.4 (c) and (d). Notéthis pdf is identical
with the pdf of the cargo in the absence of the load. This pdfse assumed as invariant
with respect to external loads on the cargo because thenakieads do not act on the
unbound kinesins. Next, the pdf of the unbound kinesitf(z, , = x), is determined by

the convolution of two pdfs of. andz, , — z. as

pdf(z, =) = / pdf(z, = u) pdf(xy ) — 2. = 2 — u) du. (4.5)

—00

The pdf of the unbound kinesin is shown in Fig. 4.4 (e).
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Figure 4.4: The rebinding model. The pdf of the position & dargopdf(z.) (b) is ob-
tained from the strain energy in the structure of the boundsins (a). The pdf
of the position of the unbound kinesin respect to the caxdfdz, . — z.) (d)
is obtained from the strain energy in its structure (c). Tdiegh the position of
the unbound kinesipdf(z, ) (e) is calculated as the convolutionedf(z..)
andpdf(z,). (f) shows the values of4 over the position of unbound ki-
nesin. (g) The rebinding probability on each binding sitemya time step is
obtained by using . ; andpdf(z, ;).

Time average of the transition ratek 4

Instead of calculating the rapidly changing valuéf; over time, the time average of
the transition rate is used to avoid intensive computatigtisexcessively short time steps
for capturing the changes. The time average is calculateztadimes before a rebinding
event so as to consider the changes in the position of the ¢grdpound kinesins. This
idea is depicted in Fig. 4.5. By using this approach, the adlty P, ;(t,t+ 1) to rebind

to the ;" binding site between two time stepandt + 7" can be expressed as

PAJ’(t,t—l— T) =<< k‘AJ > PK(t) T, (46)
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where< k4 ; > is the time average df, ; betweent andt + T'. Pk(t) is the probability

that the kinesin remains in the unbound state until time is

Figure 4.5: Time average of the transition rate. (a) showdltictuating positiorr,, ;. of
unbound kinesin, and (b) shows the transition riate to rebind at thej™
binding site. The rate also fluctuates over time. Circles #edbold line
indicate the moving average of the rate.

The efficiency of the computation is improved by convertimgtime average: k4 ; >
into a spatial average. First, by using the pdf of the unbddanesin (i.e. pdf(z, , = x)),
the time when,, . is between two pointsy andz, + Az in Fig. 4.6) duringt andt + T
can be calculated as

To+AT
A1) = T/ pdf(z, = x) dz. 4.7)

Ty

Then, the time average &f, ; is changed to the spatial average as followings.

1 t+T 1
< huy = ?/t b ()7 = 7 Jim S ka6 A

1 o
- TAIQIUIEO; kaj(x) Ay = /_OO ka;(z) pdf(zyr = z)dx (4.8)
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Figure 4.6: An example of fluctuation of the unbound kinega. shows the position of
unbound kinesin over time. (b) shows detailsfgy, between time stepsand
t+T. 1, ¢ are the durations when, ;, exists between, andz, + Ax.

wherepdf(z, ; = ) is the pdf of the position of the unbound kinesin.

By using the pdf of the unbound kinesin and Eq. (4.6), the gbdly that the ki-
nesin rebinds to each binding site between two time stepsheaobtained, as shown
in Fig. 4.4 (9).

In vitro experiments shows that kinesins rebind to the MThwhe rate of approx-
imately 5s~! in average in the absence of load [2, 108, 109]. Using thisrmétion,
the maximal value of4 (which represents a€'4 in Fig. 4.3) can be determined as
7.68s71. This value provides the average rebinding rate of 51 which is the rate
reported in [2]. For various ATP concentrations and loakis,average rebinding rate re-
mains almost the same. However, the rebinding probalsildgieer binding sites vary, as
shown in Fig. 4.4 (g). The method to determine the instantlacation of rebinding is

provided in the following.

4.3.3 Simulation procedure

The simulation begins with the state where one kinesin is\dlda the MT. The dy-

namics of the cargo, the chemical reactions and the unkirati@ considered for bound
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kinesins, and rebinding to the MT are considered for unbdimeksins at every time step.
The positions of the necks of bound kinesins and cargo aegradat by using the mechanis-
tic model (which is described in chapter Il). Then, the cheahstates the bound kinesins
are determined from the mechanistic model. At the beginafreyery cycle of bound ki-
nesin, the unbinding probability is zero. Four uniformlgttibuted random numbers (e.qg.,
Tws Tdo, Ta1, @Ndry,) are also generated between 0 and 1 at the beginning of eyaeyfor
each bound kinesin. The cycle of kinesin starts with sfite- MT|. First, if the value
of Ppy becomes, before the transition frorfi< + MT] to [K.ATP + MT], occurs, then
the kinesin unbinds wheR), is equal to the value of;,. Otherwise, the chemical state of
kinesin changes td<.ATP + MT]|, whenPx .\t becomes,,. Then, if the value oFp,

is higher tham;;, then the kinesin unbinds during the diffusion of its freadheOtherwise,
the free head moves to the next binding site without unbodét this moment, the free
head can move to the forward binding site or to the backwardibg site. The backward
motion of kinesin can be captured by considering the diffgsnotion of the kinesin head
which is affected by the force acted on the kinesin molecid®]. In this chapter, if the
probability of backward steps (which is obtained using expental results [27]) is larger
than the random numbey, the kinesin is assumed to move backward. Otherwise, itsvalk
toward the plus-end of the MT. Whehk vy + Pix.aTp+mt], DECOMES:,,, the transition
from [K.ATP + MT], to [K.ADP.Pi + MT] occurs. If two or more kinesins are attached
on the cargo, the probability distribution of rebinding frery unbound kinesin is also
calculated at every time step. First, uniformly distrititeandom numbers,; andr,, are
generated for each unbound kinesin. If the summation ofébanding probabilities over
binding sites (shown in Fig. 4.4 (g)) are larger thgnat a certain time step, the rebinding
occurs. Otherwise, the unbound kinesin does not bind to theiMhis time step. If the

kinesin is determined to bind at this time step, the rebigdgirobabilities are normalized
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with their summation. Then, the normalized rebinding ptoliges are cumulated over
binding sites. The kinesin binds to the binding site where timulative value is larger

thanr,s.

4.4 \Verification of the model

The run length and velocity calculated from the model wemagared with the pre-
vious experimental data [2]. In that experiment, beads aredrwith kinesins to obtain
cargoes coated with kinesins. Different concentrationkidsins ¢,) were used to ob-
serve the effects of the number of kinesins attached toesioglgoes. Their results are
shown in Fig. 4.7. The results of the model for the usgdre obtained as follows. The
run length distribution and mean velocity of the cargo tpamted by one to five kinesins
were calculated from the model. Then, the weighted averafjfeese results were cal-
culated by using the probability regarding the number okkins (which was proposed
in a previous study [2]) for each.. The run length distribution and mean velocity of the

model are similar to the experimental results, as showngn4i/.

4.5 Results

4.5.1 Unbinding probability

The unbinding probabilities for the states [K+MT] ajtl ATP + MT], (i.e., Ppo and
Pp) are calculated for various forces applied to single kinesind for various ATP con-
centrations, as shown in Fig. 4.8. The value#gf in Fig. 4.8 are unbinding probabilities
when the time in Eq. (4.2) is the average duration of state [K+MT]. When riggisting
load is not significant, the duration is very short. Thls, is close to zero (e.qg., for loads
F;, between 0 and 5 pN at [ATP] 5 M). For large resisting loads, the duration of state

[K+MT] is long. Hence,Pp, is large and increases with the load (e.qg., f¢rloads be-
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Figure 4.7: The run length distribution and mean velocitly arious concentrations of
kinesins. The experimental data obtained by Beeg, et aknjd]the results
calculated from the model are shown. All results are obthinghe absence
of loads on the cargo. Whereas the run length increases:yithe velocity is
almost constant for the shown concentrations.

tween 5 and 12 pN at [ATP] & uM). Also, Ppo exponentially converges to 1 by Eq. (4.2)
(e.g., for a loadF, of approximately 12 pN at [ATP] 5 M), as shown in Fig. 4.8 (b).

Note thatPp, is much higher tha®p, for a wide range of forces when the ATP con-
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Figure 4.8: The unbinding probabilities for various rasigioads. The solid line denotes
Ppo, and the dotted line show’,,. The unbinding probabilities for [ATP] =
2 mM (a) and 5uM (b) are shown. Note thaty; is much higher thakp in
a wide range of loads for high [ATP].

centration is high. This difference suggests that mostdiamenolecules unbind while
in the state]K.ATP + MT], if the ATP concentration is high enough (so that an ATP
molecule binds to the kinesin head very fast). This rapidlinig of ATP to the kinesin
head decreasds,, significantly. This characterization on the unbinding afdsins pre-
dicts that kinesins mostly unbind when their free heads mowbhe next binding sites.
If large resisting loads act on a kinesin, then the time negLiio complete one cycle of
kinesin is very long. Thus, the interval between steps is @asy long for the large loads.
Consequently, the time until the unbinding of the kinesiows is very long when the
load is large. This is a specific kinesin behavior which weréb as highly loaded behav-
ior (HLB) of kinesins. Because the leading kinesin undesgibe largest resisting force
among kinesins, HLB is mostly likely to be observed in thedlag kinesin. However,
when the resisting load acting on the cargo is very larga) the next or second next
leading kinesins also can exhibit HLB together with the fiestding kinesin. The effects

of HLB on the collective transport are described in the folltg.
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4.5.2 Highly loaded behavior (HLB) of kinesins for robust irtracellular transport:
Ability to overcome obstacles

Transport by kinesins can be inhibited by other surroungiadicles which act like
obstacles. To consider the effect of cellular particlesr@motion of the cargo, static and
moving obstacles are modeled in this chapter. First, acstdstacle is located ahead of
the cargo, as shown in Fig. 4.9 (a). When the cargo confrostata obstacle, the cargo
is assumed stuck to the static obstacle until the sum of ttee$ogenerated by kinesins
exceeds a forcé,, which is required to overcome the obstacle. Second, thexclesis
assumed to move backward, toward the minus-end of the MT& ribtion pushes the
cargo backward with a velocity,,,s, as shown in Fig. 4.9 (b). The retrograde motion due
to the moving obstacles also vanishes when the sum of thedgyenerated by kinesins
exceeds a forcé .

To check the role of HLB in overcoming obstacles, three airtuotors are created to
compare their abilities of overcome obstacles with thatioé&in. The virtual motors are
designed by modifying properties of kinesin which are neagsfor HLB. First, the vir-
tual motor 1 is modeled so that the unbinding probabilitesiiree states (i.e., [K+MT],
[K.ATP + MT], and[K.ATP + MT],) are the same. To apply this modification, the un-
binding probabilities corresponding to the current forodlte kinesin are added together.
Then, that summation is divided by three and assigned tauirertt state so that the motor
has equal unbinding probabilities for those three statesoi®, the virtual motor 2 has a
stepping frequency which is invariant over forces actingh@motor. This modification is
accomplished by removing the dependency of the chemicelioes on forces. Third, the
virtual motor 3 has both of the changes of virtual motors 1 andote that the unbinding
probability (of a single molecule) per step is the same fomaltors, virtual and actual.

However, the responses of the teams composed of each typetofain the presence of
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Figure 4.9: The transport of the cargo in the presence ofaglest (a) depicts trans-
port when a static obstacle (shown as a triangle) is on the qiathe cargo.
(b) shows a moving obstacle (shown as a rectangle) apprgathe cargo.
The cargo moves backward with velocity ©f,; due to the moving obstacle.
Fiin1 and Fiy, o are forces (acting on the cargo) of two kinesins. The cargo
overcomes the obstacle when the sum of those two forcegyarldranty,y,.

(c) and (d) present the probabilify,. that the cargo overcomes one obstacle
without unbinding from the MT. (c) shows the probabilities étatic obstacles
which require forces of 10, 15, and 20 pN to be overcome itsfaws prob-
abilities to overcome moving obstacles when the cargo iegeaded by the
obstacles with the velocity of 200 nm/s.

obstacle are considerably distinct. The team of two actimadins show higher probabil-

ity P,. of overcoming one obstacle without dissociating from the &dMmpared to other
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teams, as shown in Fig. 4.9. The difference is remarkabléhioteam of virtual motors
2. This suggests that the low stepping frequency for higbddaa the primary reason for
the HLB of kinesin. In addition, if a team of motors confranbbstacles, the overcoming
probability decreases tB!.. Then, the cargo transported by virtual motors is not able to
reach the final destination, while actual kinesins can résgsinterruption of obstacles by

using their HLB.

4.5.3 Run length of transport by several kinesins

To obtain run lengths for teams of kinesins, both unbinding eebinding are con-
sidered together with the mechanistic model. At the begmwoif the transport, only one
kinesin is bound to the MT, and every other kinesin is unbotath transport is assumed
to be terminated when all kinesins detach from the MT. Theleagth is defined as the
difference in the position of the cargo at the beginning dredgosition at the termination
of the transport. To minimize the error from Monte Carlo siation, a large number of
data is obtained for each load and number of kinesins in thm.teThe average of the
run length over the number of used data converges at aboub1TRD sets of data. The
results presented were obtained using 200 sets to cal@avatage values. When several
kinesins are involved in the transport, the run length oft#aen increases with the number
of kinesins in the team, as shown in Fig. 4.10 (a). The runtlenfsingle kinesins mono-
tonically decreases with the load. However, the run lenfithteam of kinesins increases
with the load when the load is larger than 8 pN.

This interesting feature can be explained by the HLB of kimesas shown in Fig. 4.10 (b).
HLB is attributed to properties of the unbinding and steggmequency. Kinesins mostly
unbind when the free heads move to the next binding site. , Thasinbinding probability

for a given time interval increases as the kinesin takes steygs in a given time interval.
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Figure 4.10: The run length of transport by several kines{a$ shows the run length of
one, two, and three kinesins for [ATP] = 2 mM. (b) shows an exanof
HLB when a large resisting load acts on the cargo. (b1) Thaimgekinesin
is stationary while waiting for ATP. During this long intetly another kinesin
binds to the MT. (b2) It is likely that the distance betweea tiewly bound
kinesin and the cargo is less than the length of the cargedinkhus, the
newly bound kinesin does not have a load. Consequentlyatgerig kinesin
walks toward the leading one (the anchor) with high velodibd) The two
kinesins cooperate to transport their cargo against tige laad. (b4) One of
the kinesins unbinds and the other kinesin acts as an anghor.a

The stepping frequency of kinesins is decreased by regiftgds. As a consequence,
when the high resisting force acts on a kinesin, the kinestksvslowly and remains
bound on the MT for a long time, like an anchor. During thisgdime, other unbound
kinesins attached to the same cargo have time to bind to tha®&dhown in Fig. 4.10 (b).
It is unlikely that large resisting loads, larger than 8 pbiptinuously acts on the cargo in
cells. However, this HLB can be used in cells to make the prartsnore robust. Also, we
note that the run length will decrease for loddsclose tof;, = 7 x n [pN], wheren is
the number of kinesins attached to the cargo. For those laggks, the cargo will move
backward because the kinesins walk backward with high gniébawhen a resisting load

close to 7 pN is applied to a single kinesin.
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4.5.4 Velocity of transport by several kinesins

In the absence of load, a single kinesin moves with a velafigbout 800hm/s [22,
28,29,111]. The velocity of the transport performed by saMenesins was predicted in
this chapter. For moderate resisting loads, the transpadalized with slower velocity
compared to the motion of single kinesins. While the velooitsingle kinesins reach a
maximum around 800m /s at small loads, the motion of a team of kinesins is acceldrate

by assisting loads, as shown in Fig. 4.11 (a).
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Figure 4.11: The transport velocity by teams of kinesing.igdhe transport velocity by
one, two, and three kinesins for [ATP] = 2 mM. (b) and (c) shbw ¢ffect of
the binding and unbinding on the motion of the cargo when #sésting or
resisting load is acted on the cargo.

The motion of collective transport can be decelerated oelacated by binding and
unbinding of kinesins. When an assisting load acts on thgogahe unbound kinesin
is likely to bind to a binding site located in front of the othalready bound kinesin as
shown in Fig. 4.11 (b). Consequently, the cargo moves fahaatistance longer than just
8 nm (one kinesin step). Hence, the velocity of the cargceim®es beyond that of a single

kinesin, as shown in Fig. 4.11 (a). This behavior contrastfie molecule experiments at

63



high ATP concentrations where the velocity is not incredsgdssisting loads. Also, re-
sisting loads (less than 6 pN) decrease the transport ¥eldtiat is because, for resisting
loads, the unbound kinesin rebinds with high probabilithiibd the other, already bound
kinesin as shown in Fig. 4.11 (c). Thus, the transport is léeatd by resisting loads less
than 6 pN, as shown in Fig. 4.11 (a). The velocities for rasystoads higher than 7 pN
are larger than the single kinesin velocity. This differemcdue to the degree of coopera-
tive work of kinesins for various loads [105]. Due to the &ldehavior of kinesins, some
bound kinesins in a team do not generate forces for trangphetload is small. However,

ateam is predicted to work in a cooperative fashion for haghisting loads.

4.6 Conclusions

When several kinesins are involved in a transport, the cieniatics of the transport
are significantly affected by the unbinding and rebindinghef kinesins. Novel methods
to predict the probability to rebind were presented to redhe computational effort dra-
matically. Particularly, the conversion from time averagepatial integration is the key
advantage. Note that this approach can be used for othe@msgsthich have properties
fluctuating with high frequencies. This method revealed tha instant of rebinding de-
pends very weakly on the load. The changes of the run lengtlofwelocity over the load
are different for a single kinesin and for a team of kinesins.

The possibility of transport against resisting loads latgan 7 pN per motor implies
that the capabilities of a single kinesin can be enhanceddms$ of kinesins. To transport
a cargo in cells, the cargo needs to navigate in highly visstie cytoplasm which is filled
with several many molecules [80, 81, 92]. A single kinesinas reliable to perform that
task for at least two reasons. First, when the resistingihdjher than 7 pN, processivity

of single kinesins is not guaranteed because its backwatwmaccurs frequently. Sec-
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ond, the observed distribution of the run length [17,30996112] indicates that most of
single kinesins detach from the MT before they reaghiil However, a group of kinesins
shows comparable velocity toward the plus-end of the MT foraad range of loads.

The velocity of collective transport has three noticealtiaracteristics compared to
the velocity of single kinesins. First, the cargo of sevé&raésins moves faster than the
cargo transported by a single kinesin for assisting loadss&wer for resisting loads less
than 6 pN. Second, the increase in transport velocity dussisting loads is larger than
the decrease due to resisting loads. Third, the magnitudieeothanges in velocity is
similar for two and three kinesins. Although the cargo o&thkinesins experiences more
frequent binding and unbinding events, the distances ohttierograde and retrograde
motion of the cargo indicated by red arrows in Figs. 4.11 (@) 4.11 (c) are shorter for
three kinesins. These characteristics are also obsery@@wous experiments. Dujovne
et al. [113] applied external forces on MTs in their invergdidling assay by using an
electric field. In their experiments, the velocity increase decreases due to assisting
or resisting loads. Also, the change in the velocity is lafge assisting loads, like our
results. The low and medium density of kinesin shows a simagéocity change over the
electric field. This is also consistent with the velocitygictions in this chapter.

The team operation of kinesins also prevents the early tettioin of the transport
by obstacles in cells. The interference between the carddhanobstacles can result in
significant loads on the cargo. Especially in axons whererséWTs are aligned, the
motion of the cargo can be affected by static obstacles ssibfiTaassociated proteins, or
tangles of the proteins [114]. Also, the cargo could encewather cargoes transported by
different motor proteins such as dyneins which move reversgbe walking direction of
kinesin. The cargoes transported toward the minus-end of 8T as moving obstacles to

the anterograde transport of kinesins. The huge load negdibm the static and moving
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obstacles is fatal to the transport if the cargo is tranggooty a single kinesin. However,
if several kinesins are attached to the cargo, one or moeskia function as temporary
anchors until the transient load vanishes. Thus, kines@alale to continue and complete
their task as a team. The comparison of transport by actnakkis and virtual motors

suggests that the reduction in velocity of kinesins for higsisting loads is necessary to
maintain cellular transport in the presence of obstaclefieMthe motion of the cargo
is blocked by obstacles, the leading kinesin acts like amamnas its velocity decreases.
Thus, time is available for the other kinesins in the teamaoperate and overcome the
interruption due to the obstacle. Together with the vejooitthe transport by several

kinesins, the HLB suggests that cells utilize teams of kivee$or the (harsh) cellular

transport.
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CHAPTER YV

Metrics for characterizing the collective transport by
multiple kinesins

5.1 Summary

The collective transport is complex because the stochasiton of the kinesins at-
tached to the same cargo affect each other. To characteez®tipled motion of kinesins,
several metrics are proposed in this chapter. One intateigature revealed from the met-
rics is that the kinesins move independently when the iagithad acting on the cargo is
small. However, the kinesins are more likely to to walk in aperative manner where the

load increases.

5.2 Background and motivation

Severalin vivo experiments have discovered evidence of collective tramsd vesi-
cle by multiple kinesins [115, 116]. However, the effectstod coordination of multiple
kinesins on the velocity remains controversial [52, 53, 11IB]. Shubeita et al. [117]
observed droplets pulled by kinesin in Drosophila embryldse number of kinesins did
not raise the transport velocity in their experiments coreg#o single molecule measure-
ments. In the experiments of peroxisome with kinesins amebihg [52], the cargo moved

to the plus-end of the MTs 10 times faster thanitheitro single molecular motion. An-
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other coordinated transport of kinesins is also found inetkteaction of membrane tubes
along MTs. Leduc et al. [108] assume that kinesins pull memétubes around the tips
of tubes, where kinesins bound on other parts of tubes erddmee on the tubes. Thus,
they were able to obtain the binding rate of kinesins to MTsr®asuring the velocities
of the tubes.

Various mathematical models have been developed to an#gzdynamics of the
collective transport of kinesins. The stochastic model ebler et al. [119] predicts the
nonlinear relation between the speed of the cargo and théauai kinesins. When the
number of kinesins is less than 2, the velocity linearly éases with the number of ki-
nesins. However, the velocity saturates at a specific numbkinesins. Shtridelman
et al. [81] proposed a shared-load model to obtain the t@hsglocity when there are
multiple kinesins. Their model is able to calculate the agervelocity of the collective
transport. They also considered the effect of the viscaditthe fluid. Their main as-
sumption is that kinesins equally share the load appliedhéocargo. In addition, their
model neglects changes in the number of kinesins bound thThduring the transport.
Klumpp et al. [42] modeled the number of kinesins using a Mar&hain and obtained
the stationary solution of states in the chain. Althoughgirababilities of the number of
kinesins and the corresponding transport velocity areutatied through this mean-field
model, their model also assumes that loads are uniformtyilalised over kinesins. How-
ever, the load can be unequally distributed over kinesirectnal transport. Thus, other
several models focused on the effect of stochasticallydatetg loads on kinesins have
been proposed. Jilicher et al. [120] proposed a stochastae! for multiple kinesins.
Their model assumes that each kinesin has two states. Theydeoed fluctuating forces
and fluctuating potentials of each state. The mechanistaehaf Hendricks et al. [51] is

able to describe the stochastic chemical reaction in kinesads and captures the depen-
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dence of the chemical reaction rate on the fluctuating loadsresins. Thus, their model

also allows predicting the collective dynamics of kinesiBgrger et al. [121] calculated

theoretically the transport velocity done by two coupledesins to clarify the effect of

coupling. They argued that the effects of coupling are detezd by the ratio of the force

induced by coupling, the stall force and the detachmenefoitheir model predicts that

the effects of coupling on the collective transport areedléht for various kinds of molec-

ular kinesins. Bouzat et al. [122] studied theoretically #ffects of the number of tracks
in collective transport. Their results suggest that transpharacteristics such as veloc-
ity and run length change over the number of kinesins in alsitigck, but the changes
decrease when multiple tracks are allowed.

Collective transport involves coupled stochastic proegsg molecular kinesins. The
goal of this chapter is to introduce metrics to charactehiestochastic dynamics. First,
the modal amplitude fluctuation is used to observe the degfregnchronization between
kinesins. The value of modal amplitude fluctuation is calted by using the states of ki-
nesins collected over many time intervals. Although modgbkitude fluctuation does not
have the usual physical meaning of normal modes, a speslaliariant of modal analysis
allows this quantity to represent the degree of synchradioizan the motion of a group
of kinesins. This metric originates from the energy analysioposed by Hendricks et
al. [51]. They defined and calculated the degree of synchabioin between kinesins dur-
ing a long time interval with one single value of modal amydi fluctuation. Their metric
is extended in this chapter so that it can properly captwretianges in the synchroniza-
tion over time.

When two kinesins transport a cargo, the difference in thaber of steps of each
kinesin is defined a®... This quantity can be used to observe the relative motiondset

the two kinesins. Zhang et al. [123] comput&d in the absence of slack in the cargo
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linkers. Differently from their model, the nonzero unstietd length of the cargo linker
is accounted for in this chapter. In addition, the standa&dadion of D, of two coupled
kinesins is obtained to capture the effect of coupling viegadinkers. However,D,
contains not only the effect of coupling via cargo linkengt also the stochasticity of the
chemical reactions of kinesins. Thus, this quantity wasganed to the difference in the
number of steps of two uncoupled kinesins.

The transport executed by two kinesins can be of two typeg i©a transport where
the two kinesins pull the cargo together/simultaneousipferative transport). The other
type is a slack transport where sometimes one kinesin sdleentire load while the other
experiences no load or an assisting load, and other tima®sli® of the two kinesins are
reversed. In the slack transport, the cargo linker of onedim(sometimes one, sometimes
the other) is slack or exerts resisting forces on the cardfpofghD. is an effective metric
to characterize the relative motion between kinesinsribisa direct metric to discern the
type of transport. Also, when the kinesins are not identithlecomes more complicated
to infer from D, the load distribution among kinesins. Thus, the differandbe forces on
each kinesinDy) is defined as a metric in this chapter. Also, the slacknedsfined and
calculated to capture the dominant type of transport. Is¢hiapter, cooperativity relates
to how equally kinesins share the load. As the load is momyfdistributed over the
kinesins, the cooperativity improves. Thus, the standaxi&dion of D is also computed
to characterize the degree of cooperation during colledti@ansport. This perspective is
most useful when studying identical dimeric motors whiemgport a cargo (and the cargo
deformation due to the load is negligible). This correlati@tweenD - and cooperativity
has limited usefulness if the cargo is soft and pulled by muoeric kinesins. In those
cases, higher cooperativity can be achieved by asymmaestithdition of the load [124].

Some of the chemical energy from ATP hydrolysis is lost wHendhemical energy
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is transformed into mechanical work. This energy is digsigdy the fluid where the
transport takes place. Most previous research has focus#tecefficiency of kinesin by
comparing the chemical energy and the work done by the kimaslecule. In this chapter,
the energy loss (or the power loss) in the fluid is computetbatsof the efficiency. This
guantity offers two valuable clues about the dynamics olective transport. First, the
power loss reflects the effectiveness of the transport. rfRedbe power loss provides a

metric for the degree of smoothness in the motion of the cargo
5.3 Metrics for characterizing collective dynamics

While the movement of a single kinesin is mainly influencedhsy external load and
the concentration of ATP, kinesins which participate inective transport have more com-
plicated motion due to the interaction between kinesing mbdal amplitude fluctuation,

D., Dr, and the power loss are developed to analyze the dynamicdlettive transport.

5.3.1 Modal amplitude fluctuation

To find the correlation among the motions of kinesins, the ahathplitude fluctuation
is calculated through a variant of modal analysis. The madaplitude fluctuation is

denoted byA and is defined as the time average of quadratic value of thessia

1 (71
A== —xT(t)x(t)d .
/0 (t)x(t)dt, (5.1)

wherex is the vector which contains the states of the system. Fomihéple kinesin
system, the positions of all kinesin heads are chosen a®thpanents of the state vector
for the system. The position of the neck and the chemicat si@tiable are not included
because they yield less clear results of the correlatiomgmioe motions of the kinesins.
This modal analysis requires two modal amplitude fluctuatialues,A; and Ag. Ar is

the total amplitude fluctuation calculated from the stateese drift mode and mean value
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are removed. The states projected onto a certain mode atdargbe calculation ofdg.

The ratio between these two modal amplitude fluctuationesindicates the degree to
which the motion is in that mode. In this research, the symbus modes are used to
acquire the degree of synchronized motion among the kiae$ime procedure starts with

the construction of a matrix which contains discrete statamely

_fl(ti) Ti(tiz) .. Z1(ty) -
To(t;) Tol(tizr) ... T1(t
R 52
_iM(ti) Ty (tivn) - fM(tf)_

wherez,(t;) = [zra1x(t;) Thaz ik (t;)]T denotes the state kifth kinesin at time; andzxy,q; x
andzyqe . represent the position of two heads of #th kinesin. The state matrixX],
includes states between time instantesndt,;. The degree of synchronization between
kinesins (namely zero phase difference) is first observewyu=ero shifted states. In ad-
dition, nonzero shifted states are used to capture constémion-zero phase differences.

Thus, each state is shifted in time hywith respect to the first kinesin as follows

fl(tz> jl(ti—l-l) Ce i’l(tf)
i’g(ti—i-Tl) .f'g(ti_,_l—l-’rl) .i’l(tf—FTl)
X] = | | | . (5.3)
_jM(ti +7ve1) Tm(tip + 7o) oo Tm(ty+ TM—1)_

Before calculating the modal amplitude fluctuation, theyiokdl coordinates have to be
translated to the frame that moves with the average velotitye system. To perform this

transformation, a mode shape of the drift is defined as

dZ[l 1 ...1r- (5.4)
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The components of the dynamics associated with the drifttechean are then subtracted

as
d’x;
X =X;j — dej d, (5.5)
Xj=X;— <Xj>. (5.6)

The modal amplitude fluctuation with removed drift and mesanadlculated for the time

interval(t;, t;] as

1. -
-y §xf(t)x] (t)(tj41 — t;). (5.7)
Next, the mode shape of synchronous motion for one kineslafined as
T
5= {1 _1} . (5.8)

The synchronous mode shapes for multiple kinesins areettéaised on this mode shape.
The two heads of kinesin and their motions are assumed todoei¢dl. Thus, there are

two synchronous mode shapes for the system of two kinesins as

T
S ——
T
Sy = [1 -1 -1 1} : (5.9)
The projection ofk; along them™ synchronous mode is
= mg (5.10)

Finally, the modal amplitude fluctuation along all the symetous modes is calculated for

the time intervalt;, ¢;] as

M

ij [ | [OE) (5.11)

7j=1 m:l

5

Tt -t
whereM is the total number of possible synchronized modes. Thesgegfrsynchroniza-

tion between kinesins is given by the ratio 4 and As. A quadratic form of states is
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used to compute the modal amplitude fluctuation. Howeverctincept of synchroniza-
tion is usually related to the states of the kinesins thevesglinstead of the quadratic of
the states). Thus, the square root of the ratiglgfand A is denoted byAr and is used

to observe the degree of synchronizatidn. is defined as

Ag
An= 5 (5.12)

A high value ofA indicates that the kinesins move in a highly synchronizeditan. The
interval of integration is referred to as the window. Theesi this window,[t;, /], is
determined so that a window contains 10 steps of each kin8sieral, possibly overlap-

ping, windows are used to observe the characteristics afthamics as follows
[tb tl + AT]Window 1 [tl + At; tl + At + AT]Window 2y oo (5-13)

whereAT is the size of each window anht (= t; —t;) denotes the time interval between
adjacent windows. With this method, the degree of synchaiians of time windows of
a size of approximately 10 steps is obtained over time. Bwtvalue ofA ; without shift
and with shift are computed in this chapter. The range of ltlifeis limited to the longest
dwell time in each window. The value ofy varies over the shift. Its maximum value in

each window is used in this work.

5.3.2 Difference in the number of steps of kinesins

When two kinesin kinesins transport a cargo, the differandbe number of steps of
each kinesin is defined d3. (D, = nyt1 — Nt 2, Wheren,,,, ; is the number of steps of
thei™ kinesin, andh,,,; ; is counted from the instant when the loads on each kinesithare
same). This quantity is used to observe the relative motiwéen the two kinesins. The
subscriptc indicates that the two kinesins are coupled (they transposrgo together).

In addition, the standard deviation @i. for the two coupled kinesins is observed.
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Large values of the standard deviation indicate that thelkimesins move in an unbal-
anced fashion (i.e., they are unequally loaded). At timeseskn is more loaded than the
other, and at other times the kinesin is less loaded. Lowaesaf the standard deviation
are obtained when the motion of one kinesin strongly dependthe other. However,
D, contains both the effects of coupling via the cargo linked #re inherent stochastic
dwell time of kinesin. Thus, to understand the dynamics efdboperativity better (and
apart from the stochasticity), the values of the standawiatien are normalized by the
standard deviation ob,., where D,,. denotes the difference in the number of steps of
each kinesin for two uncoupled kinesins (i.e., when eachdimtransports its own cargo

independently).

5.3.3 Difference in the forces on each kinesin

Due to the stochasticity of the dwell time, kinesins in a ediive transport share the
load, and the load on each kinesin change continuously. @cacterize the load distri-
bution among kinesind)r is introduced. When two kinesins transport a common cargo,
Dy can be defined as

1
Dp = §<Fkin,1 — Fiina). (5.14)

The slack transport is revealed by the absolute valueoflf that value is larger or equal
to the load per kinesin, then the transport is slack. For ematjve transport, the absolute
value of Dy is less than the load per kinesin. From a statistical petiygethe probability
of D can be used to identify the dominant type of transport. Whenlanesin is likely
to carry the entire load (sometimes one kinesin, sometime®ther), the probability of
Dr has two peaks (at plus and minus the load per kinesin). Ifrdresport is cooperative
(i.e., kinesins share the load), the probability has only peak close to & of zero. As

the cooperativity increases, the probability/of has a sharper peak. Thus, the standard
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deviation of Dy represents the inverse of cooperativity.

Loss of power by drag

Instead of comparing the consumed chemical energy and thle deme by the ki-
nesins, the dissipating power during the transport of tmgaces calculated. The loss of
power is obtained using the drag force and the velocity. Triag tbrce is determined by

the following relation between forces exerted on the cargo
N
Fp(t)+ Fr(t) =) Fani(t), (5.15)
i=1

whereFp, is the drag force, and’, is the external load on the cargo. The average loss of

power over the given intervad;, t¢] is

1
oty —t

/ v Fo(t)o(t)dt, (5.16)

whereuw is the velocity of the cargo. The objective of this analysitoi observe efficiency
and smoothness of the cargo motion simultaneously. Thedasknoothness is in part
due to the significantly fast stepping motion of kinesins #ralrelatively long time for
their chemical reactions. Thus, the velocity of the cargangjes rapidly over time. These
rapid changes are affected by the level of viscosity. Theya#so affected by the number
of kinesins. Thus, the amount of wasted power changes ogearuimber of kinesins even
when the cargo moves with the same average velocity. Amangdksible types of trans-
port with the same average velocity, a transport with a lgpever loss has a smoother
motion than other types of transport. Note that segmentsogport time histories which
have the same average velocity are compared to use the posgesid a measurement of
the smoothness of the motion.

Smooth motion is preferable from the perspective of eneffigiency. However, less

smooth motion can be beneficial for high speed. The averagsssts on each kinesin
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depend on the smoothness of the motion. While the smootlometuses the leading
kinesin to remain in a highly deformed state, a high strestheragging kinesin reduces
by the smoothness of the motion. As a result, the motion isotheo when the leading
kinesin slows down and the lagging kinesin acceleratesmibkecular kinesin has a linear
dependence of its speed on the load, then the effects of bkmesst are not remarkable.
However, since kinesin has a nonlinear force-velocity eutire deceleration that enhances
the smooth motion can be large for some range of loads. Caesady, the smooth motion

slows down the transport.

5.4 Results

The collective dynamics of kinesin depends on the extewsd,| the number of ki-
nesins, and the stiffness of the cargo linker. Their effaotscharacterized usingz, D.,

Dy and the power loss.

5.4.1 Modal amplitude fluctuation

Apg is used to observe the effects of the external loads and iffreest of the cargo
linker on the degree of synchronization between kinesingholigh their motions are
not perfectly synchronized due to the stochasticity of taagport,Ax increases over the
load, as shown in Fig. 5.1 (a)-(c). This behavior suggess tthe kinesins tend to be
more synchronized where the external load is larger. Tlagife is consistent with the
result in [51]. In addition, changes iR over time show another behavior of collective
dynamics. The standard deviation 4f; is calculated to measure the fluctuationAy#
over time (Fig. 5.1 (d)). The degree of synchronization gesnover time. That change
is larger when the cargo experiences a small load becaudeastac processes dominate
the dynamics. Thusd i has low values, and its fluctuation is large. However, a lbogd

decreases the effects of the stochastic processes on thmabg As a resultd z exhibits
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only small fluctuations over the windows where a large loapigied. For medium loads,
the standard deviation ol is larger than that for small and large loads. A possible
explanation is that the kinesins tend to become synchrdrgethe load, but stochastic

processes interfere with the synchronized motion. Thisiphenon repeats over time.

1 T T 1 T T
—— A, without shift
= A, with shift o

*"s
. .
.
:' ‘.
. fn ¢ -
o 5 il o
< 05 IR - < 0.5 -
: L,
-‘.$0.
\J —— A, without shift

= A, with shift
O | | 0 | |
16 1.8 2 16 18 2
time [s] time [s]
(@)F,/N=0pN (b)F /N =3pN
T . 0.14—T—T— T
_—’_—._’--‘w
—~ 0.1
o <C
< 05F 4 =
@
—— A, without shift 0.06
« A, with shift
o— ' 0.02
1.6 1.8 2
time [s]
(F /N=5pN (d) std of A,

Figure 5.1: Fluctuations of the degree of synchronizatignover time for various loads.
(@), (b), and (c) showA values over time for loads per kinesin of 0, 3, and
5 pN, respectively. The stiffneds, of the cargo linker is 0.12pN /nm. Solid
lines showAy of the original states, and dotted lines shdw with shifted
states. (d) shows the values of the standard deviation @étd); for various
loads per kinesin.

Another interesting feature is thaty for small loads increases if shifted states are
used. The shifted states are used to identify when synctaton is at a non-zero phase

difference between the motion of the kinesins. For exanifigeconstant phase difference
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Figure 5.2: Average values of the degree of synchronizatigrior various loads per ki-
nesin. The stiffnes«’. of the cargo linker is 0.125N /nm. Average values
of Ar and values with shifted states are plotted. For small lodgsncreases
by shifting the states of the kinesins, indicating a phas&dd dynamics. For
large loads, the effect of the shifting is negligible, iratiag synchronization
(at zero phase difference).

is present between the motion of two kinesins (in a time wividthen the shifted states of
one kinesin are synchronized with the regular (not shifgtajes of the other kinesin. As
the load increases, théz does not increase even with shifted states, as shown in Rg. 5
This behavior indicates that large loads make the group rddins move in a fashion
which has the maximum degree of synchronization (in thagrystochastic situation).
The cargo linkers play an important role in the collectivanBport because the cou-
pling among the kinesins is affected by the cargo linkerselvbne kinesin walks faster
than other kinesins, its cargo linker is stretched more. Hihesin then experiences a
larger force which is proportional to the stretching lengtid the stiffness of the cargo
linker. This increased force slows down the leading kinekience, the cargo linkers not
only connect kinesins and the cargo, but they also couplenthteons of kinesins. Thus,
highly stiff cargo linkers result in strong coupling betwdenesins. The values of for

various stiffnesses of cargo linkers shown in Fig. 5.3 iath¢hat the large stiffness causes
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Figure 5.3: Average value of the degree of synchronizatigrnvs. load per kinesin for
values of the stiffnesk’, of the cargo linker of 0.025, 0.125 and 0.628/nm.

synchronized motion.

5.4.2 Difference in the number of Steps

Since the two kinesins are considered identical, the piribtyathstributions of D, are
symmetrical about zero. Interestingly, the probabilitgtdbutions of D. become wider
as the load decreases, as shown in Fig. 5.4 (a)-(c). Thesvafube standard deviation
of D, which are normalized by the standard deviatiogf were calculated for various
loads. The results are shown in Fig. 5.4 (d). If the normdligendard deviation ab,
is 1, the coupling via cargo linkers does not have any effadtthe two kinesins move
independently. Small values of the normalized standardatien of D.. indicate that the
motions of the two kinesins are correlated (restricted lmhedher). Also, the normalized
standard deviation adb. decrease over the loads. This suggests that the two kirssans

the load more fairly when the load is larger.
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Figure 5.4: Difference.. in the number of steps of two coupled kinesins for varioud$oa
per kinesin. (a), (b), and (c) show probabilities/of for loads per kinesin of
0, 2 and 4 pN. The stiffness, of the cargo linker is 0.12pN /nm. (d) shows
the normalized standard deviation (std)/af vs. load per kinesin.
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Figure 5.5: Probability of the differencBy in forces acting on two coupled kinesins.
(a) shows results for a load per kinesin of 1 pN. Due to thekdi@nsport, the
probability has two peaks. (b) shows results for a load pegdin of 4 pN. Due
to the cooperative transport, the probability has only oeakp The stiffness
K. of the cargo linker is 0.125N /nm. Dotted lines denote load per kinesin.
Regions A and C correspond to slack transport, and regionrggonds to
cooperative transport.

5.4.3 Difference in the Forces on Each kinesin

The probability of D demonstrates which type of motion is dominant for a given
load. When a small load is applied to the cargo, the prolglol Dy has two peaks
which correspond to the- value of the load per kinesin, as shown in Fig. 5.5 (B
has this shape when the slack transport is the prevalenbmoti the load increases,
the two peaks vanish, and one peak is visible in the centezyevb is zero as shown
in Fig. 5.5 (b). This shape corresponds to the cooperativesport.

The probability thatDr is in region B in Fig. 5.5 (where the absolute valuel/of
is less than the load per kinesin) represents the probabflitooperative transport. The
probability that Dy is in regions A or C in Fig. 5.5 (where the absolute valuelipf
is larger or equal to the load per kinesin) represents thbgtitity of slack transport.

The probability of slack transport is referred to as slaskneSlackness can have values
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Figure 5.6: The slackness and the standard deviation ofiffleeethce D - in the forces on
two coupled kinesin. (a) shows the slackness for variousagabf the load per
kinesin (0 - 3 pN). (b) shows the standard deviation (stdpeffor various
values of the load per kinesin (2 - 5 pN). The stiffnéssof the cargo linker
is 0.125pN /nm.

between 0 and 1. When the two kinesins always exert forceBenargo in the direction
of transport, slackness is 0. Otherwise, the slacknesssisiyi® and the value increases
as one kinesin (sometimes one, sometimes the other) doessist or even impedes the
transport of the cargo. The slackness is large when the leakipesin is less than 2 pN.
That is because the velocity of single kinesins does notgdaonsiderably when the
force acting on a kinesin is less than 2 pN. Hence, the depeydaf the motion of a
kinesin to other kinesin motion is weak when the load per imés less than 2 pN. The
slack transport decreases as the load increases, as shéwm 6 (a). However, the
shape of the probability becomes shaper. To capture thistiar, the standard deviation
of Dy is calculated. The standard deviation Bf- decreases as the load increases, as
shown in Fig. 5.6 (b). That is consistent with the kinesinggarating more closely when

the load is larger.
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Figure 5.7: Power loss for various numbers of kinesins. Ploer loss is induced by

the drag force exerted by the fluid on the cargo. The stiffdéssf the cargo
linker is 0.125pN /nm.

5.4.4 Loss of power by drag

The power loss is about 2GIN.Nm /s (Fig. 5.7). This value is comparable to the rate
of energy released by a kinesin. Kinesins use the energy tinerhydrolysis of one ATP
molecule R0 kgT) per step [25,41]. Considering that the efficiency of kindsiabout
30% [29], and considering that a kinesin carries out about 1&@ssper seconds, the power
from a single kinesin molecule is approximately 2,480nm/s. Thus, kinesins dissipate
about 10¢ of their power.

A cargo transported by a single kinesin advances 8 nm in éaphls contrast, a group
of kinesins pulls their cargo with smaller advancessafm/(number of kinesins). The
power loss decreases as the number of the cargo increas#so(as in Fig. 5.7) because
the power loss is small when the motion of the cargo is smoblthus, the power loss is
minimum when the cargo moves with constant velocity. Theimim power loss can be
obtained a$rr.nv? from Eq. (5.16), where.. is the velocity of the cargo. The result of

the power loss suggests that a group of kinesins is moreegffiiom the perspective of

energy than single kinesin.
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5.5 Conclusions

Kinesins involved in collective transport experience flating forces even when the
external load remains constant. Thus, the effect of a vgrfence on the chemical re-
actions at each kinesin domain has to be considered. Theastoic mechanistic model
proposed recently [51, 125] captures the instantaneogs fan each domain of kinesin
and calculates the instantaneous chemical reaction raggllwan the instantaneous force.

The collective transport by kinesins is controlled by ceaapstochastic kinesins. By
using an energy-like concept based on the states of kine$ipenables to quantify the
portion of synchronized motion in the transport for varitinse intervals. If a dynamics
continuously fluctuates from a weakly correlated motion bighly correlated motion, the
standard deviation ofl ; has a high value. Thus, the standard deviatioA gttan be used
to capture such a dynamics. For the transport by two kinggirssphenomenon is found
when the load per kinesin is about 2 pN.

Another metric for the correlation among kinesindls The effects of coupling be-
tween kinesins are revealed using the normalized standasdtibn of D.. The model
predicts that the coupling has the most significant effecthe relative motion of kinesins
when the load per kinesin is about 4 pN. The concepbefis similar to D.. However,
Dr is a better method to discern the type of collective trants@y using the slackness
derived from the probability oD, one can recognize if the two kinesins pull the cargo
together/simultaneously or if sometimes one kinesin eathe entire load while the other
experiences no load or an assisting load (and other timeslkbe of the two kinesins are
reversed). The slack transport almost vanishes when thgoeakinesin is 2 pN. Beyond
this load, the degree of cooperation can be estimated frerstindard deviation aDy.

The values of the power loss suggest that a larger group ekkis causes a smoother
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motion of the cargo.

Atzberger et al. [126] discovered that the cargo linker hasrdinear elastic behavior
(i.e., the tensile force is proportional to the cubic of titretehed length). 1t should be noted
that the nonlinearity is considerable only for a long exehtbngth. The cargo linker and
NL in this chapter are hypothesized as linear elastic coraptsnbecause the stretched
lengths are not sufficiently long to generate the nonlinedralior. However, multiple
kinesins coupled with nonlinear linkers are worth addisilsstudy. The linear behavior of
the cargo linker could be the reason for the similar or lovedoeity in multiple kinesins. If
strongly nonlinear cargo linkers are synthesized and kisesre linked via those linkers,

coordination between kinesins may improve the transpadotcity.
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CHAPTER VI

Model to guantify the two dimensional motion of kinesin
in the presence of obstacles on MTs

6.1 Summary

When a large number of molecular motors and other protem$annd on the same
MT, the interference between kinesins and other motorsateprs changes the stepping
motion of kinesin and its unbinding probability from the M.this chapter, the stepping
motion of kinesin is studied by analyzing the diffusive nootiof the kinesin head. Also,
the increase of the unbinding probability is considered &lguwating the probability the
kinesin heads contact other proteins on the MT. The methodisesults described in this
chapter are also used in the next chapter which characteheeeffect of tau proteins on

the long range transport.
6.2 Background and motivation

Cells use various motor proteins for active transport altregcytoskeleton. Among
these proteins, kinesin-1 is responsible for the antedmycallular transport along MTs.
Two identical heads of kinesin-1 are connected to their Nbgivare folded at the neck
by a coiled-coil structure, as shown in Fig. 6.1 (a). The nedlked to the cargo linker

which is connected to the tail domain where a cellular cangoldr MTs have several
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tubulins where the kinesin heads can bind. Kinesins repaatnoechanochemical cycle
per step. At every cycle, one head moves to a different bgndite 16 nm away from

the previous site. Thus, the cargo attached to the kineswvem8 nm per step. The
time required to complete one mechanochemical cycle ism@ied by the interaction of

kinesin heads and adenosine triphosphate (ATP) [24, 1A]—-T8e average period of the
step is about 10 ms at high ATP concentrations. Hence, tloeielof kinesins is about

800 nm/s, and varies with the load acting on the cargo [22&4,32]. Kinesins can move
about 1um before they are released from the MTs [2, 25, 30,42, 56].

These characteristics of kinesins can be changed by otbeips bound on the MTs.
Recent experiments suggest that proteins attached to theuxdce can act as obstacles
for each kinesin [43,50,57-61]. Kinesin motion can be affiddy other nearby kinesins.
Leduc et al. [43] observed that the velocity of kinesins dased dramatically when the
number of motors on a MT exceeds a critical value. Also, ndiim&inesin mutants
bound on MTs decrease the velocity and the run length of atladiing kinesins [59].
Also, the motion of kinesin is also inhibited by MT assocthfgoteins such as tau. The
effects of tau proteins on kinesin and dynein have been coedpay Dixit et al. [58].
They revealed that the dependency of kinesins on tau peb@iand to the MT is 10 times
larger than that of dynein. Experiments with cargoes irscio suggest that tau proteins
decrease the distance of transport by molecular motors [50]

In this chapter, the diffusive motion of kinesin heads indbsence of obstacles is mod-
eled. Then, that diffusion model is generalized and useddadigt the motion of kinesin in
the presence of obstacles. Several models were proposeddolzk the motion of kinesin
heads [40, 133-137]. These previous models focus mainlge®orie dimensional motion
of the kinesin head. However, several experiments withcstéistacles [59, 60, 138] sug-

gest that kinesins can bypass obstacles by executing twendimnal movements along
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the MT surface. To capture that two dimensional steppinganptwarious methods are
introduced and described in this chapter. First, the diffusf the kinesin head along the
surface of the MT is captured by solving the Fokker-Plankagign. Absorbing boundaries
are designated on the sites near the kinesin to calculafgdbability for the direction of
the next step. Because one head is fixed while the other h#adedi, the NLs have to be
extended for the diffusing head to reach the binding sitbésisTthe motion of the diffusing
head depends on the forces which act on the NLs. A worm-likénamodel (WLC) [139]
is used to calculate the force needed to stretch the NLs. &btle of kinesin has a coiled-
coil structure which can unwind if a large force is appliedte NLs. The unwinding
is considered by using the experimental data of Bronshlbgl.g67]. Also, the most
favorable posture of the diffusing head to bind to the MT oirporated in the model.
The interactions between kinesins and obstacles are ¢harad by using a diffusion
model which also includes obstacles. A deterministic masleleveloped to predict the
changes in the average velocity and run length of kinesinstétyc obstacles. Also, the
motion of kinesin on the same MT with other plus-end directedors or with minus-end

directed motors is captured by using the stochastic model.

Bond of NL and head

(b) (c)

Figure 6.1: Procedure of kinesin stepping motion. (-) andr{dicates the polarity of the
MT. The binding sites around the kinesin are distinguishé&t the numbers
in parenthesis. Because kinesins are likely to walk towérd-pnd, site-(7) is
defined as the forward binding site.
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6.3 Diffusion model of kinesin free head

The kinesin takes its step through the procedure which isribesl in Fig. 6.1. The
kinesin starts with the state where one head is fixed on theakd the other head is not
bound on the MT, as shown in Fig. 6.1 (a). When ATP binds to #tesifhead, the structure
of kinesin changes. This change creates the bonds betwedmned head and its NL, as
shown in Fig. 6.1 (b). Then, the free head diffuses until &ctees one of the binding
sites, as shown in Fig. 6.1 (c). Therefore, two types of nmogie considered in our model
as follows: 1) The motion resulting from the structural apans taken into account by
using the result of the previous study performed by Zhang) £140]. They predicted that
the free head moves fast to the location 2 nm behind the fixad den the structural
change is completed. This resulted in our assumption tleefrée head starts to diffuse
at that position; 2) The motion of the free head after that fasvement is captured by
using our diffusion model. In the diffusion model, the fremal is connected to the fixed
head through the two NLs which are regarded as nonlineangsriThe springs have to
be stretched for the free head to reach the binding sitesMilreeare composed of a large
number of binding sites. However, the diffusion of the freadh occurs around the fixed
head. Thus, the model focuses on the motion in the domaimicomg nine binding sites,
as depicted in Fig. 6.1 (a) with dotted lines. Note that tlumdin moves as the kinesin
walk to other binding sites. The spatial probability distiion of the position of the free
head is calculated by solving the following Fokker-Plankagtpn.

dp  Pp Pp 0 (Fx ) 0 (pr>’ 6.1)

_pdl pgP 9 (e N Y (Ty
ot 0x2+ oy?  Ox vp dy \ ~

wherep is the probability distribution function of the position thfe free head. The direc-

tion of x andy are shown in Fig. 6.1 (a). The absorbing boundary condiiien =0) is
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applied to the 8 neighboring binding sites, as shown in F@(8). The reflective bound-
ary conditions (i.e., no flux along the normal direction af ttoundary) are used for other
boundaries.D is the diffusion coefficient, and is the drag coefficient of the free head.
The head is assumed as a cylinder with the length of 7 nm andiéineeter of 4.5 nm.
The size of the head is obtained from the previous study orcitystal structure of ki-
nesin heads [141]. By using the method proposed by Swansah [@42] to calculate
a drag coefficient of cylinders in low Reynolds numbers, thri® ofy is calculated as
5.625 x 10~® g/s with the viscosity of water. Then, the diffusion coeffiti is calculated
as73.6 um? /s with the temperature of 300 K. Note that the dependeneyarfd D on the
moving direction is negligible for the geometry of the usgtintler [142]. F, andF,, are
thex andy components of the force acting on the free head resulting the stress in the
NLs when the free head is located at certain positions. Tfiwaee COMSOL is used to

solve this partial differential equation with the finite mlent method.

6.3.1 Stretching of kinesin structure

The relation of the position of the free head and the stredisaNL depends on the
number of amino acids (AAS) in the structure. Kinesin-1 hagrteen AAs (AA 325-
338) in each NL. However, only four AAs (AA 335-338) are defable for the docked
neck linker (DCNL) because AA 334 of the DCNL tightly boundthe fixed head with
two backbone hydrogen bonds [143]. The stretching of NLsissiered by using the
WLC [66,139]. The neck consists of two coils which are cotedd¢o each NL. The coils
are coiled with each other about 10 turns, and that coiléldstrmicture is maintained by
hydrophobic interactions [144]. It is observed that each tuf the neck is unwound by
forces about 10 pN [67]. Because the unfolding of one turreases the number of AAs

by 3 or 4 for each NL, the relation of the force acted on the Ndl igslength changes if the
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force reaches the unwinding forces, as shown in Fig. 6.2T(bg forces in Eq. (6.1)K,
andF)) are obtained by considering the WLC and the unwinding oftbek. Details are

described in .

6.3.2 Binding with tilted posture

To consider the effect of the affinity of the kinesin head amalhinding sites, the po-
sitions of the specific AAs of the free head are investigaf@ct, AA 142-145, AA 273—
281, AA 238 and AA 255 are responsible for the binding to the NMI43]. Hereatfter,
these AAs are referred as the attachable AAs. The head cdrtdgnbinding site when
the center of the attachable AAs reaches the binding sitmriek the NL is not connected
to the center of the free head, as shown in Fig. 6.2 (c). Dubisostructure, if the free
head bind to site-(8) with a tilted posture, the length oftthe NLs required to reach that
site is shorter than the distance between that diagonaasdehe fixed head, as shown
in Fig. 6.2 (d). Thus, it is assumed that the binding to thegaimal site with tilted posture
is favorable to the free head. To consider this behaviorptistions of the absorbing
boundaries in the domain are changed, as shown in Fig. 6.8l¢&¢ that this behavior is
only applicable to the diagonal sites because there is rmigimspace for the free head
to rotate when it is near the side, forward, or backward Inigdiites due to the geometric

interference with the fixed head.

6.3.3 Fitto the experiment

The spatial probability distribution of the free head cé¢ed from our model is shown
in Fig. 6.3 (a). This probability distribution depends oe three parameterépc, dgige,
andf,;. Some AAs of the DCNL are docked to the fixed head, and othersatr. /pc
is the length of the docked part. The distance between twacad} binding sites along

the tangential direction of the MT is referred tod&sg.. 0, represents the allowable angle
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Figure 6.2: Diffusion model of kinesin motion in the absené®bstacles. (a) shows the
domain where the diffusion of free head occurs. The fixed he#otated at
the center of the domain. (b) depicts the changes of the tareethe length of
the undocked neck linker (UDNL). The hollow circle in (c) ietcenter of the
attachable AAs. The filled circle represents AA324 wherefte head and
its NL are connected. (d) shows the binding of the free heatigaliagonal
site with the tilted posture.

for the binding with tilted posture. The hypothesis of théemaction between the free
head and the binding site is as follows: If the free head tediht an angle larger than
04, the attraction between the binding site and the attach@hkeof the free head is not
strong enough to cause the binding. If the center of attdehds is close to the binding
site, and the tilted angle is less th&p the interaction between the head and the site is
strong. Thus, the head can bind to the site, and then be dlgoag the MT axis by the
interaction between the attachable AAs and the site.
The values of parameters are determined by using the peexperiments. Yildiz
et al. [68] tracked the motion of the kinesin heads by lalgetirem with quantum dots.

Their results show that3% of the kinesin step involves the motion alopgand70%
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of that lateral motion occurs together with the motion taivtrte plus-end of the MT.
Also, Nishiyama et al. [29] measured that the probabilitypatkward step increases ex-
ponentially over the resisting load acting on the kinesicca@xding to their observation,
the probability ratio of forward and backward step is abo@t \when the resisting load
is about 7 pN. The model calculated the probability of the fnead binding to a certain
site by integrating the flu® of the probability flowing out through the boundaries of the
site (which is shown in Fig. 6.3 (b)) over time. A set of paréene (pc = 2.9 nm,
dsqe = 6.4 nm, andf; = 47°) satisfies the probability of step observed in both experi-
ments. The probabilities of forward, backward and sideviay s the absence of resisting
load are presented in Fig. 6.3 (€)»c anddgq. are similar to the measured values of the
previous studies. The distance between AA324 and AA334 dfiD@ the crystal struc-
ture of kinesin [145] is about 3 nm. Alsd,;,. is 6.4 nm when the diameter of MT is
26.5 nm. This diameter is in the range of the actual diameteMTs observed in the
cell [146,147].

To predict the effect of the load on the behavior of kinegd), are calculated when
the resisting load is exerted on the kinesin. Because théilegum position of the free
head is shifted toward the center of the domain by the registiads, the probability of
the sideway step considerably increases even for the spaals] as shown in Fig. 6.3 (d).
This suggests that the sideway step is also responsibladatdcrease in the velocity of
kinesins by the load. Also, the probability of the backwapds noticeable when load is

larger than 6 pN.

6.4 Results

The motion of kinesin is affected by the interaction of obkta and kinesins and by

the number of the obstacles on the MT. Thus, the diffusionehizdused to consider the
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Figure 6.3: Probability of binding on sites. (a) is the spigirobability distribution of the
position of the free head in the absence of external loa@s Bfts since the
diffusion started. (b) shows the rate of the probability flegvout through each
absorbing boundary of binding sites. The numbers in (c) tieti@ probabil-
ities regarding the direction of step’(;). P,1-3 are not shown because their
values are very small. (d) shows the changes in the probabibf forward
step Prw = Py + Pz + Py g), Sideway stepRq = P, 4+ P, 5), and backward
step Pow = Fo1 + P2 + P 3) when the external resisting load acts on the
kinesin.

interaction of the kinesin head and obstacles located hegkihesin. When an obstacle
is bound on a binding site, the free head is not able to moveabltinding site. Thus, a
reflective boundary is located on that site, as indicatel @it in Fig. 6.4 (a). The shape
of the reflective boundary is assumed as a circle. Then, wegds in the velocity and run
length over the number of obstacles on the MT are calculafdsb, the effect of other

molecular motors on the motion of kinesin is predicted whwytwalk on the same MT.
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6.4.1 Interaction between kinesins and obstacles

The interaction between kinesins and obstacles modifiearthinding probability of
the kinesin from the MTs (or the run length) and its walkindpegy. The effect of ob-
stacles on the unbinding probability depends on the prdibatiiat the free head contact
the obstacle®..;). The changes in the velocity are determined by the requivedber of
steps to bypass obstacle€g,(.,). Therefore, these two quantities are calculated for diffe
ent sizes and numbers of obstacles. To characterize thet effthe location of obstacles,
small virtual obstacles occupying single binding site asedus Because the distance be-
tween adjacent binding sites are about 8 nm alongrthgis and 6 nm along thg axis,
two different sizes of obstacle&(,, = 4 and 5 nm) are located near the kinesin.

When obstacles are located near the kinesin, the unbindafgpility of kinesin ¢,,)
can be obtained as

Pub = Pob + PcntPub,Cnt ) (62)

u

where P, is the unbinding probability per step in the absence of abstahich are ob-
tained from chapter VI. The changes in the unbinding prdiigliaused by the inter-
ference with obstacles depends on two probabilities; tlobadsility of the free head to
contact obstaclesH.,;) and the probability of kinesin to unbind when the free heawl-c
tact the obstacles{; ..¢). Pent Can be calculated with the probability distributions along

the reflective boundary of the obstacle as

ty
P = / f{ pdldt (6.3)
to C10105

wheret, andt, are the initial and final time when solving Eq. (6.1F,, .« depends
on the type of obstacles present on the MTs. Thus, its valoebeaobtained using the
experimentally measured run length of kinesins in the pres®f obstaclesP,,; for the

obstacle located in the site-(7) is large compared to otibes,sas shown in Fig. 6.4 (b),
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Figure 6.4: Motion of kinesin near obstacles. (a) shows tiedability distribution over
the domain if the binding site in front of the kinesin is ocgby an obstacle.
The blocked region formed by the obstacle is included ineaktimain with the
reflective boundary. (b) is the probabilif§,,. when one of the neighboring site
is occupied by obstacles. The numbers in parenthesis déretending site
where the obstacle is located. (c) describes the situatlenvthree binding
sites in front of kinesin are blocked by obstacles.(,s = 3). (d) shows
the number of steps\.,) required to bypass obstacles when several binding
sites (s ons = 1 — 7) are occupied by obstacles.

because the free head tends to diffuse around the site-€Aodts structural change. As
expected, the probability to contact increases as the $ithe @bstacle increases.
The number of steps to bypass obstacles is increased samtifidy the number of

binding sites occupied by obstacles{,s), as shown in Fig. 6.4 (c) and (d). The filled
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dot denotes the number of steps when selecting the optintialvigh no failure. Ny,

of kinesin is much larger than values represented by thel fites due to their stochastic
stepping motion. Kinesins have to repeat several stepstheyi find a way to bypass
obstacles by chance. Becausg,, is affected by, . andR,s, the number of binding
sites occupied by single obstacle and the valuggf can be obtained using the velocity

of kinesins in the presence of obstacles.

6.4.2 Static obstacle

The interaction between kinesins and the unmovable kinegnich acts as a static
obstacle to walking kinesins, is characterized by threampaters Rops, mobs, aNd Pyp, cnts
wherem,y, is the number of binding sites occupied by a single obstaslshown in Fig. 6.5.
In the previous experiment performed by Telley et al. [58¢ motion of kinesin was ob-
served when the number of obstacles (i.e., unmovable kiggattached to the MT is@
compared to the number of obstacles if the MT is fully coatéith whe obstacles. The
velocity and run length were decreased to’8hnd 57% compared to the values in the
absence of obstacles. The velocity depends omthgandm,s, whereas the run length
or unbinding probability is affected b, ... as well ask,,s andm,,s. Thus, the values of
R.,s andm,y,s are obtained using the measured velocity. After tiat,... is determined
comparing the run length of model and the experiment.

To obtain the value of parameters, a deterministic modedvelbped. The determin-
istic model is capable of calculating the velocity and rumgtd for various numbers of
obstacles by using the behavior of kinesin near obstaclglsieed in section 6.4.1. The

velocities can be calculated as

Vip) = Vo—F7—, (6.4)
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Figure 6.5: The number of occupied sites per obstacle. Theesgshow the examples
of the MT if each unmovable kinesin occupy one (a), three filsg (c), or
nine (d) binding sites. The filled black circles are the bigdsites occupied
by the obstacles.

whereV (p) is the velocity when the molar ratio of the number of obstattethe num-
ber of tubulin dimers of the MT ig. 1} is the velocity in the absence of obstacles. The
termk = 1 is introduced to capture the effect of single obstacles. fEBhemk = 2 is
required to consider the effect of two series of obstacles dne adjacent to each other
along they axis. The coefficient,, is determined by the number of steps to bypass ob-
stacles, which can be calculated in the diffusion model. dé&evation of this equation
is provided in Appendix A. Tab. 6.1 shows the velocities farigsus R, andmgs. The
values of parameters are determinedrRas, = 5 nm andmg,; = 3 for the unmovable
kinesin obstacles.

The parameteP,;, ... can be obtained by using the run length. The run length of the

deterministic model can be calculated as

1 V(p)
N Vo
k=1

RL(p) = RL, (6.5)

whereRL(p) and RL, are the run length in the presence and absence of obstadies. T
value oft,, depends o, ... The value ofP,, ... is determined a8.023 nm/ms because

it produce the run length of the experiment. The derivatidhis equation is also provided
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Mobs Robs [nm] V/‘/O

1 4 0.99
1 5 0.98
3 4 0.88
3 5 0.82
5 4 0.9
5 5 0.85
9 4 0.94
9 5 0.92

Table 6.1: The velocity for various,,,s and Rps

in A.

The stochastic model is developed to address the limitseadéterministic model. The
deterministic model is incapable of considering the eftéd¢emporal/spatial resolution of
the experiments. Therefore, the velocity and run lengthcateulated again using the
Monte-Carlo simulation with the stochastic model becabgerhethod allows to consider
the resolution used in the experiments. The stochastic hisdkeveloped by integrat-
ing the diffusion model with the mechanistic model in chapt&é which can describe
the stochastic motion of the kinesin in the absence of olestaDetails on the stochastic
model are provided in Appendix A. The stochastic model vidth, = 5 nm andm,,s = 3
provides a similar velocity of the deterministic model besathe effect of the resolutions
on the velocity is not considerable. However, the run lemgithore sensitive to the reso-

lution of the experiment. Thus, the value Bf, ... is changed to 0.044 nm/ms when the
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stochastic model is used to obtain the experimentally elesietun length.

6.4.3 Moving obstacles

The characterization of interactions between moving kirveeand static kinesins en-
ables us to predict the motion of kinesin when static or raatibtor proteins exist on the
MT. K + M? represents the situation when the motion of kinesin is digtil by the un-
movable kinesins. Also, several kinesins can walk on theedlslifi (K + M*). (K + M™)
denotes the situation when the kinesin share the same MTmitiths-end directed motors.
These cases are depicted in Fig. 6.6 (a).

When several motors share the same MT, the motion of kinesrsveral character-
istics. The decrease in the run length opds more significant than the changes in the
velocity because the run length is also affected by the temluof the velocity as well
as the increased unbinding probability by obstacles, asilzded in Eq. (6.5). Also, the
changes in the velocity of{ + M) overp are not considerable, as shown in Fig. 6.6 (b).
For the traffic of K + M), the kinesin is not likely to meet other kinesins becauszev
motor move in the same direction. Furthermore, the decrieabe velocity of K + M™)
are small compared td&(+ M?®) due to the bypassing ability of the minus-end directed
motors, as shown in Fig. 6.6 (b). For the kinesin and minusdirected motors used
in this chapter, the time for the chemical reaction per siep, (L-10 ms) is much longer
when compared to the time required to take a single step {-&0 us). Thus, when a
kinesin confronts a minus-end directed motor, the instatih@ kinesin taking a step is
not likely to overlap with the stepping time of the minus-ehiected motor. This behav-
ior prevents the kinesin and the minus-end directed moton fraking steps in the same
direction. As a result, the kinesin and the minus-end daechotor can pass each other

fast. However, the kinesin need to take several steps tosBygtatic motors. Also, he
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decreases of the run length are large with the orller M?), (K + M™), and K + M™),
as shown in Fig. 6.6 (c), because the changes of the run |lelegénd on the decreases
in the velocity. Details on the realization of the motion bétkinesin along with other

movable motors are provided in Appendix A.
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Figure 6.6: The velocity and run length of kinesins over thegity of motors. (a) depicts
the motions of the kinesin in{+ M?), (K + M™), and K + M~). The mo-
tors with the arrow directing to the right are the moving lsims. The motors
with the arrow directing to the left are the minus-end dieecinotors. The
unmovable kinesins are presented with motors without awarfhep repre-
sents the molar ratio of unmovable kinesins and tubulin dinfier K + M?,
the molar ratio of walking kinesins and tubulins f& (- M*), and the molar
ratio of minus-end directed motors and tubulins far-{ M), respectively.
The curves denote the velocity and run length fori M?®) obtained from the
deterministic model. The results denoted with circleg;sséad diamonds are
calculated from the stochastic model.
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6.5 Conclusions

The diffusion model developed in this work predicts the timensional motion of ki-
nesin. The model suggests that both the unwinding of the aedkhe binding with tilted
posture can take place during the stepping motion of kinélsome of the mechanisms are
not allowed, the model produces very small probability epsbward diagonal sites com-
pared to the probability measured in the experiment [68f Values of the probabilities
are provided in Appendix A.

In this chapter, the interaction between the walking kinesind unmovable kinesins
are characterized. By using that interaction, the effettstler motors on kinesins are
predicted when they move on the same MT. If several kinesiasesone MT together,
their velocities are almost not affected by other kinesinghee MT. The deceleration of
kinesins by minus-end directed motors is also not consderd hese results suggest that
cells can handle several intracellular transports effetiwith a small number of MTs.
However, both the velocity and run length decrease coraiteby unmovable kinesins.
Thus, the malfunctions of few motors or other static pradiound on the MT could
interrupt the transport performed by kinesins.

This result is consistent with the experimental observetimn degradation of the trans-
port by tau proteins which can be static obstacles to theskindhe run length of kinesin
decreases for the excessive density of tau proteins inaasgreriments [50,58,148,149].
The experiments observed that the motion of single kinesitis small cargoes is not
slowed down by tau proteins. However, the transport vejoaitcargoes can be mod-
ulated by tau proteins. Large cargoes such as mitochonckisransported by several
kinesins to overcome large viscous force in cytoplasm. Tatems are observed to in-

crease the unbinding rate of kinesins and decrease thedmegirate of kinesins to the
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MTs [58, 148-150]. Thus, the number of kinesins bound to tAedduld be decreased
by tau proteins. For this reason, the large cargo can bepwates! slowly. Furthermore,
slowly transported large cargoes can also act as largeadbstep other kinesins. As a
result, the entire transport system would not operate niiyma

The effects of obstacles on the motion of kinesin are impoi@cause several neu-
rodegenerative diseases such as Alzheimer’s disease (A be the result of the abnor-
mal intracellular transport. The negative effects of otlsson the intracellular transport
are observedh vivo. The transport of several cargoes is decelerated or faji¢kdeoexces-
sive tau proteins [46, 48, 49]. Therefore, characteripatibthe motion of kinesin in the
presence of tau proteins is necessary to reveal the quamtitalation between the degra-
dation of the intracellular transport and tau proteins. @tieision model can be used to

characterize the interaction between tau proteins and tt®mof kinesin.
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CHAPTER VII

A novel model to consider kinesin mediated axonal
transport and its regional traffic jam caused by tau
proteins

7.1 Summary

The intracellular transport can be interrupted by tau pnstbecause they are capable
of binding to the MTs. In this chapter, a new model is devetbfee characterize the
binding of tau proteins to the MTs and the interaction betwidresins and tau proteins. It
is predicted that the transport velocity along the long asarot changed considerably by
the concentration of tau protein. Thus, new metrics aregeeg to quantify the regional
traffic jam caused by tau proteins because this regionéittaingestion is highly sensitive

to the concentration of tau protein.

7.2 Background and motivation

Motor proteins are responsible for the axonal transport\aréety of cargoes such as
mitochondrion, neurotransmitters, and neurofilamentiénteuron [7—9]. Among them,
kinesins walk from the cell body to the synapses along the Nblobical track. The
appropriate concentration of tau proteins is importanh&ttansport with the following

reasons: First, MTs can collapse if the amount of tau pragemot enough. Long and
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hollow cylindrical structure of MTs is created by the polymzation of tubulin dimers. The

tubulins located at the plus-end of MTs can be depolymetizélae absence of molecules
which stabilize the structure of MTs. Because neurons use@iateins to maintain their

MTs [151,152], a low concentration of tau protein can be nagito the MTs in the axon;

Second, excessive tau proteins can interrupt the motiomesk by blocking respective
binding sites on MTs. Itis measured that kinesins are eeaiased from the MT and that
they slowly bind to the MT in the presence of excessive tatigme [58, 148-150, 153].

Thus, the walking ability of kinesin is less useful to traodpntracellular cargoes if there
are excessive tau proteins are in the axon.

The effects of excessive tau proteins on kinesin mediatedport have been observed
bothin vitro experiments [58, 148-150, 153] aimvivo experiments [46—-50]. Fan vitro
experiments, several behaviors of kinesin are modified lmessive tau proteins. The
run length of kinesins is decreased [58, 149, 150, 153]. Hngoes transported by single
kinesins are released from the MTs with high probability wiigey confront clusters of
tau proteins on the MTs [58]. McVicker et al. [149] revealbdttthe ATPase of kinesin
molecules is accelerated if they walk on the MTs that areezbuafith tau proteins. Also,
the time required for the unbound kinesins to bind to the MiTimcreased [148]. Fan
vivo experiments, the intracellular transport is not performedmally in various cells,
including neurons, if they have excessive tau proteins.hen@HO cells, the transport
of several cellular organelles (e.g., mitochondria andoptakmic reticulum) to the cell
periphery is inhibited if additional tau proteins exist [88]. In neurons, mitochondria,
peroxisomes, neurofilaments, and amyloid precursor pretaiso fail to be transported
along axons or dendrites in the presence of large numbeasiqfrbteins [46,47,49].

The goal of this chapter is to develop a model capable of ptiedi the axonal trans-

port of cargoes in the presence of excessive tau proteins rbdel accounts for both
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the motion of the cargo when it is transported by kinesinstaedBrownian motion of the
cargo when its kinesin is released from the MT. The stochastnsitions between those
two motions are also captured. The distribution of tau pnsten the MT surfaces is nec-
essary to predict the motion of kinesin on MTs coated withpgianieins. That distribution
is obtained by considering the affinities of tau proteinstanttibulin dimers of the MTs.
The model predicts the long range transport when the coratent of cargoes in the
axon is small and large. When the number of cargo in the axemal, the interference
between cargoes or between kinesins is negligible. Thestimguired to transport the
cargo along th&0 pm long axon are calculated for various concentrations of tad p
tein and various densities of MT in the axon. When the axonains a large number of
cargoes, the interaction between kinesins and the inesréer between cargoes are con-
sidered. The effect of tau on the traffic of the cargoes isipted. Also, a new metrics is
introduced to estimate the condition of MTs more effecii®} using the behavior of the

kinesin near tau clusters.

7.3 Model

In this chapter, various types of motions of kinesins and tteggoes depicted in Fig. 7.1
are modeled. Also, the binding of tau proteins on MT and tbfféct on kinesins are con-

sidered to predict the changes in the transport by tau pratei

7.3.1 Cargo bound to the MT via kinesin: walking and unbinding

For kinesins, the walking motion, the unbinding, and thepehdency on the obstacles
on the MT (namely tau proteins in this chapter) are capturigld the mechanistic model
introduced in chapter 1I-VI. The walking motion of kinesis determined by the period
and direction of its step. Its stochastic stepping periodaisulated with the stochastic

chemical kinetics described in chapter Il. While the kingsikes a step, one of its heads
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Figure 7.1: Various motions of the cargo in the neuron. Whenkinesin is attached to
the MT, the cargo is hauled by the kinesin. If the kinesin ndbifrom the
MT, the kinesin and its cargo diffuse around because of tlog/Bran motion.
When the diffusing cargo moves close to the MT, its kinesim loid to the
MT and start to walk again. The tau proteins attached to thealfdct these
various motions.

is bound to the MT and the other head moves by diffusion anébcorational change in
the structure. Thus, the direction of a step is consideredrding to the model in chapter
VI, which is capable of capturing the diffusing motion of tkieesin head. The unbinding
probability calculated in chapter IV and VI are used to ceptihe instant of releasing
from the MT. When the kinesin walks along the MT, the motiorntsfcargo is calculated

with Stokes’ law as

© 6mren’

(7.1)

Ve

whereu, is the velocity of cargoF. is the force acting on the cargo transferred from the

kinesin. This force can be calculated with the stiffnes$efdargo linker and the positions
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of the cargo and the kinesin.

7.3.2 Cargo released from the MT: the Brownian motion and relnding

When the kinesin is not bound on the MTs, the translationdlratational Brownian

motion of the cargo in 3-dimensional space is calculatedbyfallowing equation.

x(t+ At) = 2(t) + roar (V2D AY), (7.2)

wherex can be the position and the rotation angles of the caryyo.is the time step,
andr,q, is the normally distributed random number with a standandadien (std) of
v2D.At and zero averagd), is the translational diffusion coefficieng%%) of the cargo
when Eq. (7.2) is used to obtain the position of the carg.represents the rotational
diffusion coefficient %) of the cargo when Eq. (7.2) is used to calculate the rotatfon
the cargo. Different values of 4, are used in different time steps to capture the random
motion. The Brownian motion of the cargo is confined by théro@imbrane and the MTs,
as shown in Fig. 7.2 (a).

Significantly intensive computation is required to consittee Brownian motion of
unbound kinesins because their heads diffuse with very $pgled due to its small size.
Instead, the following hypothesis is used; the probabityhe position of the kinesin
heads is uniformly distributed in the spherical space whihits center at the point where
the kinesin attaches to the cargo, as shown in Fig. 7.2 (b rétius of the spherical
space is determined as 60 nm because it is the length of tlesikif..) in the absence
of stretching force [154]. This assumption is plausiblesidaring the high diffusional
coefficient of kinesins (22m?/s) [155] and the restriction of the diffusion by the cargo
linker.

When the unbound kinesin is far from a MT, the kinesin is ndeab bind to the

MT. When the heads of the unbound kinesins move close to théoWithermal forces,
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the attractive force between the heads and tubulins inesed$en, the probability of the
kinesin to rebind to the MT becomes considerable. Thus,asgimed that the MT has
an attractive zone covering the outer surface of the MT whiibkiness 1 nm, as shown
in Fig. 7.2 (c). If the head of the unbound kinesin enters tdggon, the kinesin can bind

to the MT. The rebinding probability/{.;,) is calculated as

Viknaz A

7.
AL, (7.3)

Preb - preb

where Viknaz IS the intersected volume created by and V4, which are described in
Fig. 7.2 (b) and (c), respectively,., is the parameter of the model. The valuepgf,
is obtained ag.1 x 10° s~! by using previous experiments [76] on the binding rate of

kinesins to the MTs.

MT

Surface of MT
G Membrane
Tubulin
F Cargo
2O ,Attractive
"/ Reflective zone
s =27 boundary VK (Vaz)

(a) Brownian motion b) Space of unbound kinesin  (c) Attractive zone of MT

Figure 7.2: Brownian motion and rebinding. (a) shows thevBrian motion depicted
from the cross section of the axon. The dots in (b) indicatesthherical space
where the unbound kinesin heads can exist with spatiallijptmiprobability
distribution. (c) shows the cross section of the MT. The daggr represents
the attractive zone of the MT.

7.3.3 Binding of tau protein on MT

The following behaviors of tau protein (regarding its bimglto MTs) are considered
to obtain MTs coated with tau proteins: 1) When the molarorati. (= concentration

of tau / concentration of tubulin dimer) is smaller than Galnost all tau proteins bind
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to the MTs [58, 69]. This molar ratio of 0.2 is also consistesith the stoichiometries
obtained from other experiments [156—-158]. Thus, a sirgleorotein is assumed to oc-
cupy four tubulin dimers, as shown in Fig. 7.3 (a). Singlertaalecules are arranged with
the square layout (i.e., two by two) because one tau molestdelieved to interact with
two protofilaments [159, 160]. This interaction is also astent with previous observa-
tion [161] which suggests that tau molecules bind both akmmg across protofilaments.
2) Some tau proteins fail to bind on the MTs when is higher than 0.2 [69]. This sug-
gests that tau proteins are unlikely to bind to tubulins \Wwlaiee already occupied by single
tau proteins. 3) Tau clusters are observed on the MT for higlj58, 69, 162]. Note that
if two or more tau proteins bind to the same location on the Mdse tau proteins are
considered as tau cluster in this dissertation. Once onsueceeds to bind to tubulins
where one tau protein is already bound (even if the prolighidi bind to those tubulins
is small), those tau proteins act as seed, so that otherdteproteins can easily bind to
the tau clusters. This is consistent with other observatiaocording to which tau dimers
function as building blocks in the formation of aggregatajriau proteins in the absence
of tubulins [163]. 4) For largen,, the ratio of unbound tau proteins to bound tau proteins
increases withn... To capture this behavior, it is assumed that tau can bindholins
only when the number of tau proteins bound on the tubulingiskor less thawv,,.., as
shown in Fig. 7.3 (b).

To consider the interaction between tubulins and tau prsféubulins on MTs are clas-
sified into three types. Then, different affinities to tautpnas are assigned to each type.
The first type is tubulins with no tau proteins attach@d'B,), as shown in Fig. 7.3 (c1).
Thus, the affinity ) betweenTUB,; and tau proteins are strong. The second type
is tubulins which already have one bound tau and their adjasiées have no or one

tau (I'UB,), as shown in Fig. 7.3 (c2). The affinitys( .) betweenTUB, and tau pro-
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Figure 7.3: Binding of tau proteins on tubulins (a) desiblee used assumption on the
configuration of bound tau proteins. (b) describes the magimumber of tau
proteins which can be stacked on the MTs. (c) describes thisgact affinities
between free tau proteins and tubulins or bound tau protdiesshows an
example of the growths of tau clusters predicted from theehaldibulins with
no tau are depicted with black dots, and tubulins with sitgleare described
with gray dots. White dots are tubulins with two or more taulecales (tau
clusters). The growths of two tau clusters are indicatedh whe circle and
rectangle. The numbers in parenthesis indicate the vafues.o

teins are weak. The third type (described in Fig. 7.3 (c3)heéstubulins TUB;3) where

tau clusters are located.UB; also includes the tubulins adjacent to tau clusters. Becaus
TUB; represents the binding sites of the MT affected by tau ctastieeir affinities (<, ;)

to tau proteins are strong. The valuesiof, 3 are obtained as 3, 0.003, and AD[~!

by using the experimental data [58, 69,.... is obtained as 12. Detailed descriptions on
the binding and the method used to acquire the values of deasnare provided in Ap-

pendix B.
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7.3.4 Interference between kinesin and tau protein

Tau proteins affects several dynamics of kinesin; the waglkithe unbinding from the
MT, and the binding to the MT. First, the walking kinesin ateanged by tau proteins
bound on MTs. The velocity of single kinesins increases kyuah0% in the presence
of tau proteins [58]. Moreover, the ATPase of kinesins issbarated when kinesins meet
tubulins where single tau proteins are attached [149]. Singgests that tubulins occupied
by single tau proteins do not act as obstacles to kinesins.athelerated ATPase by tau
proteins is incorporated in the model by increasing turnoate in the ATPase by0%
when kinesin heads are bound on tubulins where single tareipsoare attached.

The unbinding of a kinesin from the MT increases when it entexs tau clusters [58].
Likewise, the run length is short in the presence of tau jmetgs8, 149, 150]. Thus,
tubulins with tau clusters are regarded as obstacles. Bec¢ha stepping motion of kinesin
is realized by the diffusive motion of its head, reflectiveubdaries are located on the
position of tau clusters when calculating the diffusive imotvith the model in chapter VI.
Using the same model, the increase of the unbinding prabaisibalso quantified because
the model can calculate the unbinding probability with traability that the kinesin head
contacts obstacles. Parameter on the interference betive¢sau clusters and the kinesin
heads is provided in Appendix B.

The effect of tau proteins on the binding of floating kinesimghe MT is also con-
sidered. Dixit et al. [58] observed that the binding rate wfelsins decreases over the
concentration of tau. Thus, it is assumed that unbound kisesnnot bind to tubulins
if the latter are occupied by tau clusters. Note that thisoissistent with the previously
mentioned hypothesis that tau clusters act as obstacle toetdds of the walking kinesin.
Even if a tubulin is not occupied by tau clusters, the unbdiinesins are unlikely to bind

on that tubulin if both the left and right tubulins are ocagbby tau clusters because the
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space is not enough for the heads to reach that site. Thiuisypeeof sites is also assumed
inaccessible to the heads of unbound kinesins. The samtiestis applied to tubulins
if both the forward and backward tubulins are occupied byctasters. The binding rate

obtained with this assumption is similar to the experimietdita [58].

7.4 Results

In this chapter, the motion of the small carge & 25 nm) transported by single ki-
nesins is investigated. The viscosity of cellular fluidsragbn a particle depends on the
size of the particle because the interaction between ath@icellular particles and the par-
ticle affects the motion of that particle [164]. A previougperimental study revealed that
the viscosity of particles in the cytoplasm of neurons iaees over their diameters [165].
According to the result, the viscosity acting on the cargadua this chapter is determined
as 10 fold of the viscosity in water. The diametér,{ of the axon is determined as.in

because it is the average diameter of axons in brains [166].

7.4.1 \Velocity of transport

To predict the effect of MT density and the concentrationanf proteins []) on the
transport of cargoes, the velocity of the long transport (50) is calculated. The number
of MTs (NyT) In axons is changed from one to six becauégr of one in the used
axon (diameter of Lim) approximately corresponds to the density in pathologiearons
from AD patients (.2 / pm?), and the MT density withVy;r of six is similar to the density
in healthy neurons7(1 / ym?) [167].

The velocity predicted in this model shows the followingtteas. First, the trans-
port velocity along the healthy axon (i.e., no excessivedaad high density of MTs,
Nur = 6) is very similar to the walking velocity~800 nm/s) of kinesins [28], as shown

in Fig. 7.4 (al). The long range transport can be delayedusecthe walking motion of
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kinesins does not take place when they are not bound on the Midwever, the delay is
negligible in the healthy axon because the unbound kinesin®ind to one of the MTs in

a very short time. Second, the changes in the transportitaelmer MT density are con-
siderable only when the axon contains a large concentrafitau, as shown in Fig. 7.4 (a).
Also, the effect ofi7] on the velocity is not noticeable if the number of MTs is sut.
Lastly, the velocity in the presence of tau proteins can berdened by the single variable
m., (proportional to the ratio ofr] and Vyr), even though the motion of the kinesins is
changed by two variablegr{ and Nyr). Fig. 7.4 (b1) shows that the velocities for differ-
ent[r] and Nyt are similar ifm, are the same. This feature can also be observable from
the strong correlation between the velocity and as shown in Fig. 7.4 (b2). It is worth
noting that the correlation between the velocity amd(= concentration of bound tau pro-
teins / concentration of tubulin dimers) is not high, as shawFig. 7.4 (b3). Therefore,
m, IS more important tham:, when predicting the velocity. Detailed descriptions are

provided in Appendix B.

7.4.2 Motion of the cargo near tau clusters

The changes of the velocity by excessive tau proteins aneatmeable unless the axon
has a small number of MTs and a large concentration of taeim®t Thus, the motion of
kinesin near tau clusters is investigated to estimate thditon of MTs with the motion
of kinesin. If kinesins encounter tau clusters, they byphs<sluster, or they get released
from the MT. If the kinesin is unbound by the interferencehatéu clusters and diffuse
forward, the motion of the cargo is not disturbed by the duanhymore. However, if the
cargo diffuses backward and binds to the MT, then the cargtdr@peat the above process
when it encounters the tau cluster later, as depicted in/Fg(a). As a consequence, the

motion of both the kinesin and the cargo are delayed in frotdwclusters.
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Figure 7.4: Average velocity of cargoes in the long axon.) (@B) depict the average
velocities for[r] = 0, 2, and 4uM, respectively. (b1) shows the velocities in
the axons with same:,. However,[r| and Nyt of the axons are different.
The velocity for[r] = 2 uM is presented by the gray bars. The black bars
denote the velocity fofr] = 4 uM. The numbers in the parenthesis indicate
Nur. (b2) represents the velocities over.. The inset graph shows,, of
the used axons. For the inset graph, the circles and stamssesgm.,. for
[7] = 2 and4 uM, respectively. (b3) shows the velocities ovef. The inset
graph showsn.. of the used axons.

However, various stochastic behaviors of kinesins can edsse the regional delay

in the transport. Because of this, a new metric is requiredistnguish the delay origi-

nated from the tau clusters and another delay induced bytalkbastic motion of kinesin.

For this purpose, a large number of transports are statilstianalyzed with the follow-
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Figure 7.5: Effects of tau clusters on the motion of the car@) describes the cycle of
the motion near the tau cluster. (b) shows ASPD of cargoes wimilins at
10 um are occupied by tau clusters. Other tubulins are free of taiems. (c)
and (d) are the distributions fofr{ = 0 uM, Nyt = 6) and (7] = 4 uM,
Nur = 1). (e) shows the normalized std. The values of std are destrilith
the squares folNy 1 = 1, the triangles with the solid line fa¥y = 2, circles
with the solid line forNyt = 3, triangles with the dotted line faVyr = 4,
stars with the dotted line falVy+ = 5, and squares with the dotted line for
Nyt = 6. (f) showsm,, for the used axons.

ing procedure. First, the position of the cargo is capturéth whe constant sampling
time (0.1 s). Then, the position of the cargo in the captuneajes is classified with Am
interval. This creates the spatial probability distribatof the position. By using 200 sets

of transports, 200 sets of distributions are obtained. Nbrtaveraged spatial probability

117



distribution (ASPD) is calculated by averaging the 200 sétdistributions. The delay
caused by stochastic motion of kinesin is not included in B®@cause it is canceled out
by averaging the probability distributions. ASPD indicatiee time when the cargoes stay
in each section along the axon. If there are no spatial clsamgthe properties affecting
the motion of cargoes (i.e., viscosity, temperature, diffity, or ATP concentration) along
the axon, the cargoes spend equal time on each section irdheBhen, ASPD has to be
spatially uniform, otherwise, ASPD fluctuates along thesafiaxons.

To reveal the effect of tau clusters, tau proteins are gl on the tubulins at L@m.
Every other tubulin has no bound tau proteins. The ASPD as&s in front of the cluster
and decreases behind the cluster, as shown in Fig. 7.5 (ke labsence of tau proteins,
ASPD is almost uniform over the axon, as shown in Fig. 7.5 (This indicates that
no acceleration or delay is occurred in any particular iocat When tau clusters are
developed on the MTs, ASPD fluctuates over the axon, as show#igi 7.5 (d).

The std of ASPD is calculated to quantify its fluctuation. hthe obtained std is
normalized by the std corresponding to healthy axons (Ngg = 6 and[r] = 0 uM),
as shown in Fig. 7.5 (e). The result is surprising becausehheges in std byr| and
Ny are significantly large compared to the changes in the trabselocity depicted
in Fig. 7.4. This strong dependency of ASPD[ehand Ny can be used to estimate the

condition of MTs in the axon more effectively.

7.4.3 Cargo traffic in axon

When a large number of cargoes need to be transported tossgsape transport is
predicted by considering the following interaction betwedferent kinesins and between
different cargoes. First, the interference between walkinesins are taken into account

using the model described in chapter VI because it charaetethe stepping motion of
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kinesin when other kinesins are nearby. Second, effectdotiad kinesin and its cargo
on an unbound kinesin are incorporated into the model bygortavg the unbound kinesin
from landing on the tubulins around the bound cargo, as tegia Fig. B.4. Third, the
interaction between unbound cargoes can be consideredraydifferent viscosity when
calculating the Brownian motion of the unbound cargoes. dlenge in the viscosity
depends on the ratio between the sum of volumes of cargoée iaxon and the volume
of the axon. The volume ratio is less than @:5or the number of cargoes used in this
chapter € 250). In previous studies [168], the increase in the vidgdsy this level of
volume fraction is very smalk{ 10 %). Thus, the effect of interaction between cargoes is
assumed as negligible.

To realize the traffic of the transport, kinesins (which ataahed to cargoes) are
supplied near the minus-end of MTs with constant ratg.( Then, the number of car-
goes (.xon) in the observing volume (i.e., 0 to/on in the axon with a single MT) is cap-
tured over time. The changes in the traffic of cargoes over tine depicted in Fig. 7.6 (a).
In the beginning{ < 10 s), the number of cargoes in the observing volume incsaagh
the constant rate’{,). During 10< ¢ < 20 s,c..on k€EpS increasing, but its rate of change
decreases over time because some cargoes flow out towarghiqese with the raté, ;.
Whent > 20 s, the rate of change in,,,, is constant over the time,,.,, does not change
over time if the axonal transport system is able to transegaes with the raté,. Oth-
erwise,c..on iNCreases over time with a constant rate (icg..— ¢.u:). In the absence of
excessive tau proteins, the axon can transport cargoesd@yaapses with no increase in
the traffic if ¢, < 10 s™!, as shown in Fig. 7.6 (b). Ifr] is larger than 2:M, the cargoes
are accumulated in the axongif, > 5s7 1.

The averaged spatial concentration distributions (ASCZaagoes are calculated us-

ing the spatial concentration distributions obtained withstant time sampling time. The
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method to acquire ASCD is similar to that of ASPD. In the pneseof tau protein, ASCD
is also fluctuated, as shown in Fig. 7.6 (c). This result satggthat the regional traffic
jams of the cargoes are generated by tau clusters. The stdhhized with the values of
std in the absence of tau proteins. The normalized std isetesignificantly by excessive
tau proteins, as shown in Fig. 7.6 (d). Also, the number abiegof the traffic congestion
can increase as more cargoes are injected into the axon.ug&etae delayed transport
caused by tau clusters (described in Fig. 7.5 (a)) can alsedbeed by the interaction be-
tween walking kinesins and by the interference between ¢t cargoes and unbound

cargoes, the normalized std for high is large.

7.5 Conclusions

In this chapter, a new model capable of predicting the corpietion of kinesins
is developed to predict the effect of tau proteins on the laxgnal transport. Kinetics
such as chemical reactions, the effects of force on the dam@actions, and electrostatic
interactions among kinesins, tubulins, and tau proteiegerdhine the kinesin mediated
transport. These kinetics are characterized by fitting e¢salts of the model to the exper-
imental data. By using this model, the transport along tlenaxvith small/large number
of cargoes is studied. The results on the transport withlsmatber of cargoes show that
both low density of MTs and large concentration of tau areimegl to cause considerable
degradation of the transport. In the axons with a large nurobeargoes, the interaction
between cargoes changes the transport. The accumulatibwe chrgoes in the axon is
predicted when the inflow rate of cargoes to the axon is ldrgaddition, the cargoes can
be accumulated even for small inlet flux if there are excessiu proteins in the axon.

The regional traffic jam (or delay) can be useful to monita tondition of MTs due

to its high sensitivity to the concentration of tau protearsl to the MT density. The
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Figure 7.6: Transport of a large number of cargoes. (a) shows over time for|r] =
0, 2, and 4uM for (al) (a3), respectively. The numbers in circles represe
én. Ny is 1 for every axon. (b) denotes the ratecgf,, between 20 and
50 s. Circles, stars, and triangles denote the rat¢rioe= 0, 2, and 4uM,
respectively. (c) depicts ASCD far, = 5 s~! and[r] = 4 uM. (d) represents
the normalized std.

changes in the normalized std of ASPD (or ASCD) are much tatgen the decrease of
the velocity. For example, wheNyr = 2 and[r] = 2 uM, the velocity is decreased by
5 % compared to the velocity along a healthy axdi ¢ = 6 and[7] = 0 xM). However,
the std of ASPD is increased to 2.8 folds of the value cornedjpy to a healthy axon.
This strong dependency of ASPD 61 and Nyt can be used to estimate the condition of

MTs in the axon more effectively.
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Another advantage of the regional traffic jam is that it cambgerved with relatively
low precisions or resolutions. One can measure the binditeg the unbinding rate, or the
run length of the kinesin to estimate the condition of MTswdwer, a high temporal reso-
lution is required to capture the instants of the binding@amoinding of kinesins. Kinesins
can unbind in a short time (order of 0.1 s). In addition, thestscale for the binding is very
short (order of 0.01 s) in the absence of tau. Thus, a highdemhpesolution £ 0.01 s)
is necessary to detect the changes in the binding and unigindilso, the run length of
kinesins is in the order of 100 nm. Thus, single particlekirag techniques with high
precisions € 100 nm) are needed to detect the changes in the run length ewdowt
could be challenging to track the position of cargoes altyegdng axons with this level
of high precisions due to noise and pixel size of images. k\eg those quantities are
not proper variables for the diagnosis of neurons becaesatiding or unbinding rate can
be very different depending on the types of neurons, as weadvar their state of health.
However, ASPD or ASCD can be obtained with relatively low pemal resolution and
spatial precision. For example, our model predicts theifioggimt changes in ASPD by tau
proteins with the resolution of 0.1 s and the precision pin.

Abnormal axonal transport can take place in the neurons témga suffering from
the early stage of AD. The tau aggregated structures in ttaplasm of the neurons are
regarded as a bio-marker for AD because they are discovemedthe neurons of patients
in a late stage of AD. However, the results ofiarvivo experiment performed by Man-
delkow et al. [46] suggests that the intracellular transpgstem can be degraded before
tau proteins unbind from MT and aggregate into neurofibgillangles. If dysfunctional
transport is prior to the formation of the tangles, detertime behavior of kinesins near
tau clusters can be one possible diagnosis strategy forattie &D in the future where

imaging technologies can locate particles in the brain.
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CHAPTER VIII

Conclusions

8.1 Dissertation Contributions

A new mechanistic model was developed to capture severatémponents of the
physics involved in the motion of kinesin; dynamic motiohemical kinetics, fractional
Gaussian noise in viscoelastic fluids, stochastic binditp¢ MTs, stochastic unbinding
from the MTs, and thermally fluctuating motion of the kine&iee head (which causes
backward and/or sideway steps). The verification on the inede also performed using
experimental observations. Then, the complex long rangearansport by kinesins and
its degradation by tau proteins were investigated with e model.

The studies on the effects of fluids on the transport proviele msights on the mo-
tion of kinesin when kinesins move in a fluid which has diffégrproperties compared to
water. First, the dependence of the kinesins motion on thé i® modified by the vis-
cosity of the fluid. When single kinesins transport the carga fluid with low viscosity,
its force-velocity curve can be divided into two regimes. &Nthe resisting load is not
considerable (i.e., less than 4 pN), the changes in thefglmecthe load is not significant.
If the load is larger (than 4 pN), the velocity decreasesceatbly as the load increases.
However, this nonlinear relation changes into a linear ohemthe viscosity of the fluid is

considerable. Also, the change in the velocity due to thstielty which originates from
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particles in the fluid (e.g., long polymers) is predictedeEffects of the total friction and
the ratio of viscosity and elasticity on the motion of kimssare studied. As expected,
the results show that the velocity reduces as the totaldnghcreases. Also, for a given
total friction, the kinesin can move with high speed whenfthi has similar viscosity
and elasticity. This latter result is intriguing becauskutar fluids have similar ratio of
viscosity and elasticity.

The binding, unbinding and backward motion of kinesinsvalém effective collective
transport. First, the binding of kinesins to MTs occurs inhars time compared to the
unbinding. This fast binding process decreases the priityatbiat every kinesin on the
cargo unbinds from the MT. Thus, the run length of the cargoeases remarkably over
the number of kinesins. Second, when large loads are apphieteading kinesin behaves
like an anchor which increases the chances of the otherikm&s bind to the MT. This
mechanism improves the reliability of long transport byueidg the possibility that the
cargo drifts away from the MT due to the transient large loddsrd, the thermal fluctu-
ation of unbound kinesins affects the velocity of cargodse linbound kinesins can bind
in front of the cargo or behind the cargo. Together with thbinding of kinesins, these
stochastic binding processes cause additional movemighies cargo. For assisting loads,
the velocity of the cargo transported by several kinesidarger than the velocity when
the cargo is transported with single kinesins. For reggdtiads less than 6 pN, the collec-
tive transport is slower than the transport performed bglsikinesins. Next, when a large
resisting load (i.e., larger than 6 pN) acts on the cargagdiims tends to work more coop-
eratively. The motion of leading kinesins is regulated by dependency of the chemical
reaction of kinesins on the force, and by frequent backwilssfor large resisting forces.
Thus, the lagging kinesins move faster than the leadingskise As a consequence, the

load acting on the cargo is more fairly distributed over libkimesins. Thus, this behavior
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prevents fast unbinding of leading kinesins, and hence kinesins can participate in the
transport. Therefore, the velocity of the collective tyaors is larger than the velocity of
kinesin itself for large resisting loads.

The dynamics of kinesins which share the same MT with stabtems or with other
moving motors were captured by considering two dimensioralons of the kinesin free
head. First, it was predicted that both velocity and run feragf kinesins are reduced
when static obstacles are located on the MT. The movemennetiks along the axial
direction of the MT can be delayed when several obstacledoaeted in front of the
kinesins. Because kinesins determine the direction of the step stochastically, they
have to repeat several side steps until they randomly sgleath to bypass the obstacles.
Also, the interference between the static obstacles areskia increases the probability of
the kinesins to unbind from MTs. It is worthy to note that tleease in the run length is
more significant than the change in the velocity. Next, tHearty of kinesins is obtained
when other motors walk along the same MTs. If all motors walthe same direction, the
changes in the velocity are negligible until the MT is coesably crowded with motors.
When kinesins walk with other types motors (i.e., walkinghe minus end of MTs), a
noticeable decrease in the velocity is predicted. Howekereffect of static obstacles is
more prominent than that of motors walking to the oppositeation.

The degradation of the axonal transport by excessive taigipppwas investigated
because itis believed to be one possible cause of AD [46-F5@ velocity of the transport
does not change noticeably in the absence of a considerabteate in the number of
MTs and a significant amount of tau proteins. This robustoés$ise axonal transport is
beneficial for neurons. However, this robustness make#fitult to use the velocity as a
guantity to detect excessive tau proteins or to estimatdehsity of MTs in axons before

the MTs are significantly damaged. Thus, the regional trgifies (or delays) near tau
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clusters predicted from our model open the door to alteraaketection methods. The new
statistical metrics introduced in this dissertation révleat the quantitative change in the
traffic jams by the number of MTs or by the concentration offieateins is considerable.
Also, these metrics can be useful because they can be usedett traffic jams with a

resolution of the order of a micrometer, which is very largasidering that the step size

of kinesins is only 8 nm.
8.2 Future Research

Directions for future research include experimental \atiwh on the results obtained
from the model in long range transport. For example, measeinés of the changes in
the velocity over the concentration of excessive tau andsibe of the cargo could be
used for future validations. Also, theoretical and expental studies of the effect of
perturbations (e.g., magnetic forces, electric forcdasasibnic waves, etc.) on the transport

could be performed.
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APPENDIX A

Motion of kinesins in the presence of obstacles

A.1 Stretching of the kinesin structure

The force acting on the free head (i.E,,andF), in Eq. (6.1)) is calculated by consider-
ing three different forces; the forces acting on the UDM{x1,), on the DCNL Fypni)
and the force transferred from the cargo to the neck via thgpodanker (£7.). For a given
position of the free head, the neck is located on the positiese forces are balanced.

Fpent, and Fypyg, are calculated by using the WLC as

kgT (1 l -2 1
Fap = B (_(1_ NL) I NL__>’ (A.1)

0, \1 /. 6. 14

wherel, = Nga by, = (Naap + 3.5 Nuy) Lo,

wherek s is Boltzmann constant, afid (=300 K) is the absolute temperatufg.(=0.6 nm)
is the persistence length, ahd(=0.4 nm) is the contour length between two adjacent AAs.
(. is the contour length of the NLsV4 4 denotes the number of AAs in the NLs, aNd 4 o
is that number when every bond in the neck is inta€t.,  is 14 for the UDNL and 4 for
the DCNL.n,, is the number of unwound turns of the neck.

The procedure begins with the state where every chemical between two coils of

the neck is connected. Thus,, is set as zero. The moment causedfyyon the neck
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is negligible becausé, acts on the center of the neck. The two coils align along a line
which is indicated with the dotted line in Fig. A.1, so tha¢ tnoments caused b pnr,

and Fpcny, are balanced. It is assumed that the bonds of the neck casd@ndiected by
the force Fyw) which acts along that dotted line. Note ttaty is obtained by summing
Fupni, Fpoent, andF. If Fyuw is less than the force required to unwind the first bond of
the coiled-coil structuref, and F, are determined byypny,. If the calculatedFyy is
larger than the force to unwind the first bond, the whole stepsperformed again with
the neck in which the first turn is unwound (i.e.,,, = 1). This procedure is repeated
until Fyw becomes less than the force required to unwind the remaioimng The mag-
nitude of force required to disconnect each turn of the neabtained from the previous

experiment [67].

Figure A.1: Forces acting on the neck. Two circles linkedvwy lines denote the coils of
the neck. The neck is connected to two springs corresporditite DCNL
and UDNL.

A.2 The effect of unwinding of the neck and binding with tilted pos-
ture

To check the effect of the unwinding of the neck on the diffusP, ; is obtained using

the model that does not allow the unwinding. The equationl tsealculatefyy, is the
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same with Eq. (A.1) except the valuedf, 4 is fixed asN 44 ¢. The effect of binding with
tilted posture is also studied by preventing the bindinghwiited posture. The binding
probability shown in Tab. A.1 suggests that both the unwigdind binding with a tilted

posture are necessary to obt#yy measured in the experiment.

Site Experiment Uy, + Ton  Ueg + Ton  Uen + Togr

(4)or(5)  0.0195 0.0193 7x10~°  0.021
(6)or(8)  0.0455 0.0452 1.2x 10~  0.00169

(7) 0.869 0.871 0.99 0.954

Table A.1: Binding probability £, ;) to each site for various model§,, + T, indicates
the model which allows both the unwinding of the neck and theibg with a
tilted posture.U,¢ + T, represents the model incapable of unwinding of the
neck.U,, + T.g refers to the model in which its head cannot bind with a tilted
posture.

A.3 Binding sites occupied by kinesins

The number of binding sites occupied by a single kinesin md&depends on its
chemical state. After the kinesin takes a step, one head hidsaAd the other head has
no nucleotide. Both heads are strongly bound to the MT becthes kinesin head has
a strong affinity to the MT when it has ATP or no nucleotide [[L6Bhus, two sites are
occupied by the kinesin for this state, as shown in Fig. RPx( Then, ATP in the head
is hydrolyzed into adenosine diphosphate and inorganisete. When the inorganic
phosphate is released from the head, the head is unboundfars#sl around the other
head which is still strongly bound to the MT [70, 71]. For tktate, the strongly bound

head (i.e., head with no nucleotide) occupy a single siis pliausible that the site affected
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by the unbound head is symmetric about the bound head, anshdig. A.2-(a2). Thus,
several possible sets of binding sites affected by the fed hee studied for this state, as
shown in Fig. 6.5. Because the unbound head does not remaimeisite, the unbound
heads of several kinesins can share the same site, as sh&wgn M2-(b1). However, the
head cannot bind to a site if the site is affected by the unbdwad of other kinesins, as

shown in Fig. A.2-(b2).

Fixed head

No nucleotide

(bound) No nucleotide ADP (bound) Available Unavailable

(bound) (diffusing) arrangement arrangement

Figure A.2: Binding sites occupied by kinesins. (al) shdves two sites are occupied by
the kinesin when its two heads are strongly bound. The cisglth dots repre-
sent the sites occupied by the kinesin heads. (a2) depetgrihsin when one
of the heads is not bound and the other head is strongly bofimdlemon-
strates the two examples when occupied sites of two kinesilecules are
overlapped. Both kinesins have one unbound head and onellh@awal. The
black filled circles represent the sites occupied by theusliffg heads.

A.4 The number of unmovable kinesins on the MTs

The data of the previous experiment of Telley et al. [59] isdu® determine param-
eters Robs, Mobs, aNd Py, ont) Of our model. In the experiment, they measured the light
intensity of MTs as increasing the concentration of fluoeesly labeled unmovable ki-
nesins until the intensity saturated. Then, they obseivednotion of kinesin on the MTs
which have 8% light intensity compared to the saturated intensity.

To obtain the number of unmovable kinesins used in the exyari, we randomly

distributed the unmovable kinesins until the MT is satutatdh the unmovable kinesins.

131



The behavior of the unbound head, which can share bindieg sitth other kinesins,
is also considered. When the MT is saturated with unmovaiblesins, the molar ratio
of the unmovable kinesins and tubulin dimep$ is calculated as 0.4352 fon,,; = 3,
0.3572 forme,s = 5, and 0.1843 form.,s = 9. When comparing the velocity of the
model to the experimental result, the unmovable kinesins-610.0346 (= 8% x 0.4352),
0.0286 (= 8% x 0.3572), and0.0147 (= 8% x 0.1843) are used fo¥n,,s = 3, 5, and 9,

respectively.

A.5 Deterministic model

The mean velocity and run length in the presence of statitacles can be approx-
imated by using the motion of kinesin when the obstacles laead of the kinesin (i.e.,
(6), (7), and (8) in Fig. 6.3-(b3)). The obstacles at thotesdiave considerable effects on
kinesin because the free head mostly diffuses near the fdrsiies.

The velocity is determined by the average tirfig) (between steps of the kinesin and
average moving distance along thexis per stepdy.,) of the kinesin.dy,, is equal to
8% where N, and Ny, are the average of the total number of steps and the average
number of steps to forward sites (i.e. (6), (7), and (8) in Big-(c)), respectively before
the kinesin unbinds from the MT. Thus, the velocity is cadtet as

dsto 8 wa 1
V=% _ W A.2
Ty Niot Ty (A2)

BecauseVy, is almost the same withV,.; in the absence of obstacles, the velocity
in the absence of obstaclek)] can be calculated a% T, is the sum of the time for
the stepping motion and the time for the chemical reactiohe &ffect of the obstacle
on the chemical reaction can be assumed as negligible. Aleaime for the stepping
motion is very short compared to the time for the chemicattiea. Therefore, the value

of T, in the presence of obstacles is similar to the value in theratesof obstacle. Thus,
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the ratio of the velocity in the presence and in the absenabsifacles can be obtained
M . 1 . .
aS 3 = NN The denominator can be approximated to the average number

of steps required to proceed 8 nm along thaxis. Thus, the ratio of velocities can be

obtained as

Vie) _ 1
q q
;pobs,i (p) Nstep,i + <1 - Zpolw,i(p))

=1

: (A.3)

wherep,,s ; is the probability to encounter obstacles with a specifiarsgement. Exam-
ples ofp,s,; are shown in Fig. A.3 (a). Note that the terms éfom 1 tom,,s correspond
to the kinesin confronting a single obstacle, and the terimsfom m,,s + 1 t0 2mpe
are for the kinesin confronting two series of obstacles.. FaB shows the number of
steps fisep,i) COrresponding te,,s ;. Note that the obstacles of,,; = 3, 5, and 9 occupy

three binding sites along theaxis, as shown in Fig. 6.5. Thus, the samg, ; is used.

Mobs Robs Nstep,1  Mstep,2  Tlstep,3
1 4 1.35 - -
1 5 1.56 - -

3,50r9 4 201 3.04 201

3,5,0r9 5 273 3.68 273

Table A.2: The parameters of the deterministic model.

The run length along the axis is8 Ny, which is equal t@%Nwt. N, is the same

as the inverse of the unbinding probability per step (M., = P%b) [59]. Thus, the run
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Figure A.3: The kinesin with obstaclesaf,,; = 3. (a) is shown to explain the probability
that the kinesin encounter obstacles,(;). (al)-(a3) show several situations
where the kinesin confronts single obstacles. The corretipg probabili-
tiespons1—3 are provided below. (a4)-(a6) depict situations where thesin
encounters two series of obstacles. The correspondingpiia®es pops 46
are also provided. (b) is shown to explain the probabilitgt tthe kinesin
interact with obstacles with the specific arrangemgpt. ().

length is calculated as

Niw
RL =8N, =8 — (A.4)

Again, NV, is almost the same withV,; in the absence of obstacles. Therefore, the ratio

of the run length can be obtained as

RL(p)  Nulp) P
RLO Ntot(p) < Pub(p) >
_ V(p) Py
‘/0 3

3
Z Pub,i ﬁobs,i + Pl?b(]- - Z ﬁobs,i)
=1 =1

(A.5)

Y

where< Py, (p) > is the average unbinding probability per step in the presaiche
obstacles. Note that P,,(p) > is different from P, in Eq. (6.2). P, represents the

unbinding probability of when obstacles are near the kimesiP,;,(p) > is the averaged
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unbinding probability which considers both the situatidmen obstacles are located near
the kinesin and the other situation when there is no obstacdiend the kinesinp,y, ;3
are the unbinding probabilities per step correspondingyjo, ;. The value of,;, ;-3 can
be calculated with Eq. (6.2}, is the probability that two or three sites in front of the

kinesin are occupied by obstacles, as shown in Fig. A.35p). can be calculated as
1o 1o
ﬁobs,l = g ;pobs,i Nstep,s + 6 ;pobs,i Nstep,is

3 9
~ 1 2
Pobs,2 = g ;pobs,i Nstep,i + g ;pobs,i Nstep,i» (AG)

Pobs,3 = DPobs, 1,

3
where Y ponsi Nstep.i 1S the probability that the kinesin interacts with singlestatzle.

i=1
Thus, the probability that the binding sites (6) and (7) areupied by single obstacles

. 13 . .
can be approximated %SZ Dobs,i Nstep.i- With the same method, the probability that the
=1

binding sites (6) and (7) are occupied by two series of olxsstasé ;pobm Nstep.i-

The consideration on single obstacles is sufficient whandithe deterministic model
to the previous experiment because the density of the dbstiacthe experiment is small.
If the density of obstacles increases, the kinesin is algglito confront two series of
obstacles. Thus, the effect of single and two series of olestare incorporated into the
model to calculate the velocity and run length, which arenshm Fig. 6.6. ngep 4—¢ fOr
the unmovable kinesins are obtained as 4.16, 8.43, and fdhi the diffusion model.
By symmetry,nge, 7—9 IS the same withige, 6—4. With thesengep, 49, the values of

coefficients of Eq. (6.4) and Eq. (6.5) are obtainedas- 7.04, a; = 25.29, by = 24.28,

andb, = 60.04 by using Eq. (A.3) and Eq. (A.6).
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A.6 Stochastic model

To capture the stochastic motion of kinesins, the diffusradel of chapter VI is in-
tegrated with the mechanistic model in chapter IV. The piodlig of the direction of the
step and the increase of the unbinding probability by oletaare calculated by using
the diffusion model. The mechanochemical cycle and thendibg probability of the ki-
nesin are captured using the model presented in chapted INaithese several dynamics
of kinesins (state transition in the mechanochemical ¢yatdinding from the MT and
direction of step) are stochastic processes. Thus, thegiedegmined by comparing the
calculated probabilities with the random number. To penfdvionte-Carlo simulation,
new random numbers are generated at every step.

The model described in chapter II-V do not consider the sidpss Thus, the param-
eters are modified with small changes for the studies of enafitand VII to include the
effect of side steps. Tab. A.3 shows the modified values @rpaters.

The stochastic model can be used to obtain exact valué%,Qf;. In the previous
experiments which studied the effect of unmovable kinesmghe walking kinesins, the
displacement of kinesin is captured at every 0.1 s, and #peitial resolution is 40 nm.

Thus, this time and spatial resolution are applied to thehgtstic model when calculating

Pub,cnt .

A.7 The motion of kinesin with other motors

The unmovable kinesins stay on the MT with the state when ead s bound and the
other head is not bound. This state is same with the statel&ingeinesins as they wait
for ATP to attach. Thus, the interference between walkimgg&ins and the unmovable ki-
nesins can be applied to the interaction between walkingskirs. The minus-end directed

motors are considered in this model by reversing the doeaif steps of the kinesin.
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Parameter Value Unit

kg 2.83 pM— g™t
kb0 26.5 s7!
ko 108.7 st
o, 1.295 nm
K 4.837 pN/nm

k’D0,0 0.0285 s1
Ppiyo 0.00934 probability
do 0.043 nm

dy 0.851 nm

Table A.3: The values of parameters of the mechanistic model
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APPENDIX B

Motion of kinesins in the presence of tau

B.1 Binding rate of kinesins on MT

The value of the parameter in regard to bindipg,) is obtained by comparing the
binding rate calculated from the model and previous expemiad data in the absence of
tau proteins. Gilbert et al. [76] mixed free kinesins and Md smeasure the concentration
of kinesins bound to the MTs over time. Then, they calculéibedbinding rate of kinesins
for various concentrations of tubulins. To calculate bigdiate from the model, one MT
is located at the center of the cylinders. The volume of thedgr is determined so that
the concentration of the tubulins in the cylinder is the sawith the concentration used
in the experiment. Then, the average binding rate is ohddyeconsidering the binding
rates of the kinesins spreading in the cylinders. The bondate calculated from the model
is similar to the measured values in the experiment for w&rimoncentrations of tubulins

for p,ep = 7.1 x 10° s~ 1, as shown in Fig. B.1.

B.2 Binding of tau proteins on MT

The probability of tau to bind to the MT is determined with giegle molecule kinetics

as

138



N N
o n
o o
1

o]

-

a

o
1

®
1

Binding rate (s~

[$)]
o
T
(€2
1

G % 1 1 1 1
0 2 4 6 8 10
Concentration of tubulin (uM)

Figure B.1: Binding rate of kinesins to MTs. The circles eg@nt the experimentally
observed binding rate. The rate calculated from the modééisted with
asterisks.

EF[TUB)

Py = Puriri,
ki

ki [TUBo)

Py = Pyrryr2, (B.1)
2

k3 [TUB3]

Py = Purirs,
kg

where P, is the probability that the tau protein is unboun@ ., ,_; are the probabil-
ities that the tau protein binds to tubulii®/B;_3. [TUB;_;] are the concentrations of
TUB,_3. k;_5 are the binding rate constants, ald ; are the unbinding rate constants.

Then, the probabilities at equilibrium can be calculatethwhe following equations.

d

d_tPMT+T’1 = ki [TUB1|Py — ki Pursra =0,

d

EPMTJ”’Q = k3 [TUBs| Py — ky Pursr2 =0, (B.2)
d N ~

d_tPMTJ”’?’ = k3 [TUB3] Py — k3 Pyrr3 = 0.

By defining the ratio of the binding rate constant and unlgdaate constant as affin-
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ity (K,), the probabilities can be obtained by solving the follogvaguations.

Purir1 = Koi[TUB4 P,
PMT—!—T,Q = Ka,Q[TUBZ]qua (83)
PMT+T,3 = Ka,3 [TUB3]P¢7

Py + Pyirgrg + Purgr2 + Purirs = 1

The following procedure is used to determine if a tau molkeduhds to MTs and to
determine the location of the binding; (IJUB,] is the same as the concentration of
tubulin dimers of the MTs.[TUB,] and [TUB;] are zeros. (2)°; and Py, ;-3 are
calculated by using Eqg. (B.3). (3) A random number,f between 0 and 1 is generated.
(4) If v, is less thanP;, the tau molecule fails to bind to the MT. B, < r., < P, +
Pyit+-1, the tau molecule is determined to bindT®/B;. If P, + Pyrir1 < 175 <
P, + Pyrir1 + Purir2, the tau molecule is determined to bind¥&/B,. Otherwise,
the tau binds toI'UB;. (5) When it is determined that the tau protein is bound to the
MTs, another random number is generated to determine thnigimocation among the
tubulins of the selected type. (6) The new value§Idf B, ;] are calculated based on the
binding of the tau protein. The calculations from (2) to (& eepeated again for every tau

molecule with different random numbers.

B.3 Parameters

The parametersi, 13, Nmax, and Py, o,t) are obtained using the previous experi-
ments [58, 69] regarding the binding of tau proteins on MTd aeveral effects of tau
proteins on the binding rate of unbound kinesins, and thdemigith of kinesins.

Dixit et al. [58] used a very small concentration (50 nM) ahdir tubulins compared to

their concentration in cellsx( 20 xM). The binding rate of tau proteins to MTs is low for
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the small concentration of tubulins. To compensate thisatbreaction rate, they lowered
the ionic strength in the assay. They reported that almastyeau in the assay binds to
the MTs whenm, is small. Thus, it is difficult to determine the value &f, ; precisely
with their results. In the model, a large number (1,000 ') is used forK, ;. Then,
the number of bound of tau molecules and the binding rate médins are calculated
with this model for variousk, 2, K, 3, and Ny... The lower and upper bounds are as
following;107% < K,5 < 1nM™1, 107! < K, 3 < 100 nM™, 5 < Nyax < 20. When
Koo =7x1072 M}, K,3 > 2 nM™!, andN,,., = 12, the binding of tau and binding
rate of unbound kinesins have similar values to the expeariaieesults obtained by Dixit
et al. [58].

The run length of kinesins in the presence of tau proteing$a8ed to obtain the value
of the parameter regarding the unbinding probabilRy,(..t). Pub.cnt IS the probability of
the kinesin to unbind from the MT when the kinesin contacéstdu clusters. Whem..
is 0.2 and 2, the run length of kinesins is decreased to 87 @nd af the run length in
the absence of tau proteins. Whey, ... = 3.2 nm/ms, the model predicts similar run
lengths, as shown in Fig. B.2-(d).

The values ofi{, ;3 obtained from the results of Dixit et al. [58] can be differen
from the values in the cell because the used concentratitubafins and ionic strength
are different from those values of cells. Thus, the value& pf_; are obtained again by
using the experimental data of Ackmann et al. [69] becausedmcentration of tubulins
and ionic strength of their experiments are similar to cell§,; = 3 pM™!, K,», =
3x107* uM~!, andK, 5 > 10 uM~! give similar results to the experimental results, as
shown in Fig. B.2-(a) and (b). K, 3 > 10 uM™', the effects of<, ; on the characteristics
of tau clusters are negligible as shown in Fig. B.2-(c). This; of 10 uM~! is used in

chapter VII.
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B.4 Effects of[r] and Ny on the motion of kinesin

The binding rate and unbinding rate of kinesins dependrpand Ny of the axon.
When Ny is large andr] is small, the kinesin can bind again to one of the MTs in a
short time, as shown in Fig. B.3-(a). As| increase, more tau clusters are developed on
the MTs. Then, the unbinding occurs more frequently, as shiowig. B.3-(b). However,
the kinesin in this axon can bind to one of MTs shortly becdahseaxon has two MTs. If
the axon has a single MT, the kinesins need more time to biashag the MT, as shown
in Fig. B.3-(c). Because this axon contains less tau prsiéie kinesin in this axon is less
likely to unbind from the MT compared to the axon in Fig. BlB:(As a result, kinesins
spend similar time on the MTs if the ratio pf] and Nyt is the same. This is the reason

the transport velocity can be determinedrhy.

B.5 Tubulins covered by bound cargoes

The kinesin of the unbound cargo are assumed not to bind saoodns because of
the interference between other bound cargoes and the udlmangoes. The number of
tubulins inaccessible to unbound kinesins (by a single Hdaango) depends on the size of
the cargo. For the cargoes used in chapter MIE 25 nm), 105 tubulins are not available

for the unbound kinesins, as shown in Fig. B.4.
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Figure B.2: Obtaining of the values of the parameters (ajotiefhe sum of the errors (i.e.,
difference between the model and the experiments regatidkiniginding ratio
of tau proteins (=bound tau proteins/(bound tau proteinséund tau pro-
teins)) and the difference on binding rate of kinesins) avgs. The values
of K,; and K, are fixed as 3M~! and3 x 103 uM~'. (b) shows the
binding ratio of tau proteins over various, for the obtained parameters. The
gray bars denote the ratio measured from the experimenthanlack bars
represent the ratio obtained from the model. (c1) showsatie of tubulins
occupied by two or more tau proteins and all tubulins difgr. The hollow
circles, asterisks, diamonds, and filled circles denotadtie of m, = 0.5,
1, 1.5, and 2, respectively. (c2) is the average distancgdaet tau clusters.
(d) depicts the ratio of the run length in the presence of talithe run length
in the absence of tau proteins. The circle indicates the ength ratio ob-
tained from the model. The line represents the experimgrabkerved ratio.
(d1) depicts the ratio of the run length for, = 0.2 and the run length in the
absence of tau proteins ovEyf, ... (d2) shows the ratio for 2M.
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Figure B.4: Tubulins coverd by cargoes. (a) 7 tubulin dinbecated in front of the bound
cargo (depicted with the gray circle) are not available touthbound kinesins.
Likewise, 7 tubulin dimers behind the cargo are inaccesdibthe unbound
kinesins. (b) 3 tubulin dimers located right of the cargo @rtdbulin dimers
located left of the cargo are inaccessible to unbound kmsedihus, unbound
kinesins cannot bind to these 165 (7 x2+1) x (3 x2+1)) tubulins around
the bound cargo.
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