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In neurons, several intracellular cargoes are transported by motor proteins (kinesins) which walk on
microtubules (MTs). However, kinesins can possibly unbind from the MTs before they reach their destinations.
The unbound kinesins randomly diffuse in neurons until they bind to MTs. Then, they walk again along the MTs
to continue their tasks. Kinesins repeat this cycle of motion until they transport their cargoes to the destinations.
However, most previous models mainly focused on the motion of kinesins when they walk on MTs. Thus, a
new model is required to encompass the various types of kinesin motion. We developed a comprehensive model
and studied the long-range axonal transport of neurons using the model. To enhance reliability of the model,
it was constructed based on multiphysics on kinesin motion (i.e., chemical kinetics, diffusion, fluid dynamics,
nonlinear dynamics, and stochastic characteristics). Also, parameter values for kinesin motions are carefully
obtained by comparing the model predictions and several experimental observations. The axonal transport can be
degraded when a large number of binding sites on MTs are blocked by excessive tau proteins. By considering the
interference between walking kinesins and tau molecules on MTs, effects of tau proteins on the axonal transport
are studied. One of the meaningful predictions obtained from the model is that the velocity is not an effective
metric to estimate the degradation of the transport because the decrease in velocity is not noticeable when the
concentration of tau protein is not high. However, our model shows that the transport locally changes near tau
molecules on MTs even when the change in the velocity is not significant. Thus, a statistical method is proposed
to detect this local change effectively. The advantage of this method is that a value obtained from this method is
highly sensitive to the concentration of tau protein. Another benefit of this method is that this highly sensitive
value can be acquired with relatively low precision and low temporal resolution considering the time scale and
length scale of the kinesin motion. This method can be used to estimate the condition of the axonal transport

system.
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I. INTRODUCTION

Motor proteins are responsible for the intracellular transport
of a variety of cargoes such as mitochondria, neurotransmitters,
and neurofilaments [1-4]. Among them, kinesins are highly
processive motors [5] that walk from the cell body to synapses
along biological tracks, i.e., microtubules (MTs). When a
kinesin molecule unbinds from a MT, the unbound kinesin
diffuses away from the MT. If there are few MTs, the unbound
kinesin is unlikely to move close to MTs. Thus, the probability
of unbound kinesins to rebind to one of MTs is very small.
Under this circumstance, the transport cannot be continued
after kinesins are released from MTs. However, neurons
contain a large number of MTs in their long structures called
axons, which connect their cell bodies and synapses. Thus,
unbound kinesins in axons are highly likely to bind again to
one of the MTs in a short time, and they walk again along the
MT. Also, the axons are very long (10-100 um) considering
that kinesins unbind from MTs after they walk about 1um
[6,7]. Therefore, kinesins in axons repeatedly walk along MTs,
unbind from MTs, diffuse (by Brownian motion) in cytoplasm,
and bind to MTs to walk again. This cycle of kinesin motion
is shown in Fig. 1. Also, the cycle of motion can be modified
if other intracellular molecules are present on the binding sites
of MTs.
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To describe the long-range axonal transport in neurons,
both the cycle of motion and effects of other molecules
(present on MTs) should be considered. Because an elaborate
model considering both the cycle and effects has not been
developed yet, we propose an integrated model for the
long-range transport in this paper. Our integrated model is
created by introducing a method to calculate the diffusing
motion (or the Brownian motion) of unbound kinesins, by
developing a method capable of capturing the instant and
the position of the binding to MTs, and by combining these
methods with previously developed models for walking and
unbinding.

Several proteins (e.g., tau protein, MAP1, MAP2, and
MAP4) can bind to MTs [8-10]. Among these proteins, we
focus on tau protein because several experiments showed
that tau protein is closely related to neurodegenerative dis-
eases [11-13]. When MTs are polymerized with tubulins, tau
protein stabilizes the structure of MTs by binding to the inner
surface of MTs [14-16]. However, if excessive tau molecules
are provided when MTs are already stabilized, the excessive
tau molecules can interrupt the motion of kinesins by binding
to the outer surface of MTs on which kinesin molecules
walk [17-21]. Hereafter, excessive tau protein (or molecule)
is referred to as tau protein (or molecule). The distribution of
tau molecules on the MTs should be characterized to consider
effects of tau protein on kinesin-mediated transport. Previous
experiments [17,22] suggested that the interaction between
tau protein and MTs cannot be modeled with single chemical
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FIG. 1. Kinesin and axonal long-range transport. (a) The assem-
bly of kinesin and cargo. (b1) The structure of a neuron composed
of cell body, dendrites, axon, and synapses. (b2) Various types of
kinesin motion in axonal transport. (b3) The cycle of kinesin motion.

kinetics. Several coupled chemical kinetics are necessary to
consider the complicated interaction between tau protein and
MTs. To this end, we considered three different interactions of
tau protein and MTs. Then, parameter values corresponding to
each interaction are obtained by comparing the results of our
model to experimental data.

Several effects of tau protein on kinesin motion were
observed in previous experiments. The walking motion of ki-
nesins on the MTs slightly changes due to tau proteins [17,20].
However, both the binding of kinesins to MTs and their
unbinding from MTs are affected considerably by tau proteins.
The probability of kinesins to unbind from MTs increases con-
siderably due to tau proteins [17-20]. Also, the probability of
unbound kinesins to bind to the MTs decreases [21] if binding
sites on MTs are occupied by tau molecules. Because our
model is constructed to describe various motions of kinesins,
these complicated effects of tau protein on the transport can be
considered. Also, the parameters corresponding to the effects
of tau protein were calculated based on the changes observed
in the several experiments.

By using our generic model, we predicted an exciting
(potential) phenomenon of axonal transport. When the con-
centration of tau protein is not high, the time required to
transport a cargo along a 50-um-long axon does not change
considerably. However, the transport is delayed in front of
tau clusters and accelerated behind tau clusters present on
MTs. This local change takes place even when the transport
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is not delayed considerably. Therefore, this phenomenon can
be useful to estimate the condition of MTs (i.e., the density
of MTs in axons and the number of binding sites blocked
by tau proteins). Because the size of kinesin molecules is
very small, the position of cargoes (transported by kinesins)
is captured in experiments instead of tracing the kinesin
molecules. The position of cargoes randomly changes due to
thermal fluctuations and the stochastic chemical reactions of
kinesins. Thus, it is difficult to find local changes (resulted
from tau clusters) from the randomly fluctuating motion of
the cargo. Therefore, we propose a method to differentiate
the local changes from the stochastic motion of the cargo.
This method can be very useful because the value calculated
by using the method varies noticeably upon the condition
of MTs even when the degradation of the transport is
insignificant.

II. MODEL

To describe kinesin-mediated long-range transport, various
types of kinesin motion [depicted in Fig. 1(b)] are considered.
Also, the binding of tau molecules to MTs and their effects
on the kinesin motion are characterized to predict the corre-
sponding changes in transport due to tau proteins.

A. Kinesin bound to a MT: Walking and unbinding

For kinesins bound to MTs, the walking motion, the
unbinding, and the interaction between cargoes and kinesins
are captured with previously developed mechanistic mod-
els [23-26]. The walking motion of a kinesin is determined
by the period and direction of its step [5,27]. Its stochastic
stepping period is calculated with a chemical kinetics on the
binding of Adenosine triphosphate (ATP) to kinesin heads
and the subsequent hydrolysis [23,24]. While a kinesin takes
a step, one of its heads is bound to the MT and the other
head moves by diffusion and a conformational change in its
structure. The direction of a step is considered according
to the previously developed model [26] which is capable of
capturing the diffusing motion of the kinesin head. Kinesin
heads are connected to neck linkers, as shown in Fig. 1(a). A
nonlinear stiffness of the neck linker was also considered when
capturing the diffusing motion of the head. The unbinding
probability calculated in previous studies [25,26] is used to
capture the stochastic instant of release from the MT. When a
kinesin walks along a MT, the motion of its cargo is calculated
with Stokes’s law, i.e., v, = 6]5 B where v, is the velocity of
cargo, and F is the force acting on the cargo (transferred from
the kinesin). This force can be calculated with the nonlinear
stiffness of the cargo linker and the positions of the cargo and
the kinesin. r, is the radius of the cargo, and 7 is the viscosity
of the fluid in the axon. Details on walking and unbinding are
provided in our previous works [23-26].

B. Kinesin released from a MT: Brownian motion and rebinding

In neurons, cargoes transported by kinesins can be detached
from MTs and move randomly until they rebind to MTs.
When the cargo is unbound from the MT, both the position
of the cargo and the position of the kinesin heads fluctuate
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in a different fashion. Thus, different methods are applied to
enhance the computation efficiency.

First, the diffusing motion of the cargo is calculated by
updating the cargo position (center location and rotation) at
every time step (in time marching) with stochastic variables
corresponding to Brownian motion. Because the size of the
cargo is much larger than the kinesin heads, it is assumed that
the motion of the cargo is not affected by the thermal fluc-
tuations of the kinesin molecule. Translational and rotational
motions of the cargo have to be calculated because both of
them change the distance between the kinesin head and MTs.
That is because the kinesin (which is unbound from MTs)
location changes when the cargo rotates. The location of the
kinesin is important because it determines the rebinding rate.
When a cargo with a radius of r. moves due to thermal forces,
the autocorrelations of the translational and rotational motions
can be calculated as

([X:(t + A1) — x.(1)]*) = 2D, At,
([0.(t + At) — 8.()]*) = 2D, At, (1)

where D,(= kT /6mr.n) is the diffusion coefficient of the
translational motion, D, (= kT /87r 1) is the diffusion co-
efficient of the rotational motion, and At is the time step.
The translational motion of the unbound cargo is calculated
using x.(t + At) = x.(t) + r;(At), where r,(At) is a vector
with three elements. Each element is a stochastic variable
that represents a random translation Brownian motion in
the three-dimensional space. Each of the stochastic variables
has a normal distribution with a zero mean value and a
standard deviation (std) of /2D, At. Likewise, the rotational
motion of the unbound cargo is calculated using 6 .(t + At) =
0.(t) + ro(At), where ry(At) is a vector with three elements.
Each of the elements is a stochastic variable modeling one of
the three rotations in the three-dimensional space. Each of the
stochastic variables have normal distribution with a zero mean
value and a std of /2Dy At. Different values of r; and ry are
used at different time steps to capture the random motion. The
Brownian motion of the cargo is confined by the cell membrane
and the surface of the MTs, as shown in Fig. 2(a). The motion
after the collision is calculated by assuming that the kinetic
energy dissipation by collision is negligible.

Second, the method used for determining the diffusion of
the cargo can be applied to the kinesin heads also. However,
kinesin heads have a very high diffusion coefficient (i.e.,
Dy = 73.6 um?/s) [26] because of their small size (i.e., 7.5 x
4.5 x 4.5nm%). Considering that the std of the translational
Brownian motion is +/2D;At, the motion of the unbound
kinesin computed by time marching has to be calculated with
a small time step of at most 1 ns (to calculate its position with
a resolution of 1 nm). In addition, the time for the kinesin
to complete its transport along long axons is on the order of
10-100 s. Hence, the very small time step results in many steps
being required, and that results in very long computations.
Thus, we developed a probability-based method to consider
the binding of unbound kinesins to MTs. The proposed method
is much faster because it does not require predicting the fast
motion of the kinesin heads with the extremely short time
steps.
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FIG. 2. Brownian motion and rebinding. (a) The Brownian
motion depicted from the cross section of the axon. The dots in
(b) indicate the spherical volume where the unbound kinesin heads
can exist with spatially uniform probability distribution. (c) The cross
section of the MT. The gray layer represents the reactive zone (volume
Vrz) of the MT. (d) A cargo with a kinesin (with free heads) in the
proximity of a MT. Vknqrz is the intersection of the allowable space
V. of the unbound kinesin and the reactive zone.

The positions of unbound kinesin heads can be regarded to
be constrained in the volume V; because the kinesin is linked
to the cargo by the cargo linker, as shown in Fig. 2(b). The
spherical volume V;, has its center at the point where the kinesin
attaches to the cargo. The radius of V; is the length of the
kinesin (L.) in the absence of stretching force [28], namely,
60 nm. Note that the volume Vj is not spherical but it is a
part of a spherical volume. V; represents the volume of space
where the unbound kinesin heads can exist with no mechanical
interference between the kinesin head and the MTs. Thus,
Vi does not contain volume inside the MTs (and does not
pass though the MTs). In addition, V; decreases when the
cargo is closer to the MT, as shown in Fig. 2(d). Moreover,
Vi decreases when the cargo is close to the membrane of the
axon also. The unbound kinesin molecule fluctuates very fast,
i.e., much faster than the cargo. Therefore, kinesin molecules
can travel everywhere in the volume V; during a given time
period that is longer than the time scale of the diffusion of
the kinesin. Hence, we can assume that the probability to find
the kinesin heads at any position inside V; during that time
is the same, i.e., the probability of finding the kinesin heads
is uniform over the volume Vj. This assumption is plausible
because of the high diffusion coefficient of kinesin heads and
tether behavior of the cargo linker (soft in bending, and stiff in
stretching).

The binding of the (unbound) kinesin to MTs can be consid-
ered using a first order single-molecule kinetics. The equations
governing the probability for single molecule kinetics have the
same form as the equations governing the chemical reaction
rate, as described in the study of Kou et al. [29]. For a chemical
reaction composed of three states, they derived the chemical
reaction rate equation by considering the concentrations of
the molecule in each state as a state variable. Then, they
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constructed the equation for the probabilities of the single
molecule by converting the state variable (i.e., concentrations)
in the rate equation into the probabilities. The same approach
is used in our study to consider the binding of the (unbound)
kinesin to MTs. The dynamics of rebinding can be described
with two state variables (i.e., the rebinding probability P
and probability to remain in the unbound state Pyq). The rate
of change in the rebinding probability P, can be calculated
with the transition rate k.., from an unbound state to a bound
state as

%Preb = krebPunb = kreb(l - Preb)- (2)
Note that k., also includes the effects of the MT numbers on
the rebinding rate by allowing the value of k., to be changed
by the position of the kinesin molecule relative to the MTs.
It is assumed that the MT has a reactive zone covering the
outer surface of the MT with thickness of 1 nm, as shown in
Fig. 2(c). If the head of the unbound kinesin enters this region,
the kinesin can bind to the MT. If the kinesin head is outside
of the reactive zone, it is not able to bind to the MT. Thus,
the k. is proportional to the probability that the kinesin head
stays in the reactive zone. Then, the rate k., can be calculated
as

Vknrz(X:(1),0.(1))
Vk ’

where Vknrz is the intersection volume of Vg and Vgy, as
shown in Figs. 2(b)-2(d). grep(= 1.3 x 10°s 1)isa parameter
of the rebinding model. Experimental observations and a
method to calculate the value of g are provided in Sec. III.
Note that Vx~rz changes over time because the unbound cargo
moves by the thermal fluctuations. Thus, the value of k¢, has to
be updated at every time step. The time step Af is determined
as 0.01 ms because the rebinding rate does not depend on At,
if it is less than or equal to 0.01 ms.

3)

krep = qreb

C. Binding of tau molecules to MTs

The following behaviors of tau protein are considered its
binding to MTs.

(1) When the molar ratio m, (= concentration of tau
protein/concentration of tubulin dimer) is smaller than 0.2,
almost all tau molecules bind to the MTs [17,22]. This molar
ratio of 0.2 is also consistent with the stoichiometries obtained
from other experiments [30—32]. Thus, a single tau molecule is
assumed to occupy four tubulin dimers in a square layout [i.e.,
two by two, as shown in Fig. 3(a)] because one tau molecule
interacts with two protofilaments [33,34]. This interaction is
also consistent with previous observations [35] which suggest
that tau molecules bind both along and across protofilaments.

(2) Some tau molecules fail to bind on the MTs when m,
is higher than 0.2 [22]. This suggests that tau proteins are
unlikely to bind to tubulins which are already occupied by
single tau molecules.

(3) Tau clusters are observed on the MT for high values of
m, [17,22,36]. Note that if two or more tau molecules bind
to the same location on the MT, those tau proteins are referred
to as a tau cluster in this study. Once a tau molecule succeeds to
bind to tubulins where another tau molecule is already bound
(even if the probability to bind to those tubulins is small),
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FIG. 3. Binding of tau molecules to tubulins. (a) The assumed
configuration of bound tau molecules. (b) Three distinct types of
interaction between free tau molecules and tubulins or bound tau
molecules.

the two tau molecules act as a seed to which other free tau
molecules can easily bind. This is consistent with observations
that tau dimers function as building blocks in the formation of
aggregates of tau molecules in the absence of tubulins [37].

(4) For large values of m,, the ratio of unbound tau
molecules to bound tau molecules increases with m,. To
capture this behavior, it is assumed that tau molecules can
bind to tubulins only when the number of tau molecules bound
on the tubulins is equal to or less than Nyx.

To consider the interaction between tubulins and tau
molecules, tubulins on MTs are classified into three types. The
first type (TUB, ) is tubulins with no tau molecules attached, as
shown in Fig. 3(b1). The second type (TUB,) is tubulins which
already have one bound tau molecule and the adjacent sites
have one or no tau molecule, as shown in Fig. 3(b2). The third
type is the tubulins (TUB3) where tau clusters are located, as
shown in Fig. 3(b3). TUB; also includes the tubulins adjacent
to tau clusters. Thus, TUB;3 represents the binding sites of
the MT affected by tau clusters. Then, the probability of tau
molecules to bind to a MT can be determined with a coupled
single molecule kinetics shown in Fig. 4.

k;[TUB,]

PTUB1+T — > ) —
K; k-

3

K;[TUB]

K,[TUB,] T k;
P

TUB,+T

FIG. 4. Single molecule kinetics of tau molecules and tubulins.
Py is the probability that the tau molecule is unbound, Pryg, ;. are
the probabilities that the tau molecule binds to tubulins TUB _3, ;'
are the binding rate constants, k;_5 are the unbinding rate constants,
and [TUB,_53] are the concentrations of TUB;_5.
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Then, the probabilities can be calculated using the following
equations:

d _
— Prup,+: = k{ [TUB 1P — ki Prug, 4.

dt
d . .
EPTUBTH = k; [TUB,]Py — k; PruB,+1,
d . .
77 Frusse = k3 [TUB3] Py — k3 Prug,+<,
A d .
dt - dt TUB |+t dt TUB,+1 dt TUB3+7-

“4)

By defining the ratio of the binding rate constant and
+
unbinding rate constant as affinity K, j_3 = z‘,—’3, the probabil-
1-3
ities at equilibrium can be obtained by solving the following
equations:

Prug,+r = K4, 1[TUB ] Py,
Prup,+r = K 2[TUB,] Py,
Prug,+r = K4 3[TUB3] Py,
Py + Prug,+r + Prus,+« + Prus,+- = 1. )

The following procedure is used to determine if a tau
molecule binds to MTs and to determine the location of the
binding:

(1) [TUB;] is determined as the concentration of tubulin
dimers of the MTs. [TUB,] and [TUB3] are zero.

(2) Py and Pryg, ,+. are calculated using Eq. (5).

(3) A random number r;;, between zero and one is
generated.

(4) If r,p is less than Py, the tau molecule fails to bind to
the MT. If Py < r; 5 < Py + Prug,+-, then the tau molecule
binds to TUB;. If P¢ + PTUB1+‘r <rrp < P¢ + PTUB1+1 +
Prus,++, then the tau molecule binds to TUB,. Otherwise,
the tau binds to TUB5.

(5) When it is determined that the tau molecule is bound to
the MT, another random number is generated to determine the
binding location among the tubulins of the selected type.

(6) The new values of [TUB;_3] are calculated based on
the binding of the tau molecule.

The calculations from step 2 to step 6 are repeated again
for every tau molecule with different random numbers.

The values of affinities are obtained as K, =3 uM~!,
Ka,o=3x 1073 uM™!, and Ny, = 12 by using the experi-
mental data [17,22]. If K,3 > 10 uM™! the effects of K.»
on the binding ratio of tau molecules on MTs, on the number
of tau clusters, and on the distance between tau clusters are
negligible. Thus, a value of 10 uM~! is used for K, 3. A
detailed description on the method used to determine the values
of these parameters is provided in Sec. III. Figure 5(a) shows
the binding ratio of tau molecules to MTs. The growth of tau
clusters and stochastic characteristics of our model regarding
the binding of tau proteins on MTs are shown in Fig. 5(b)
with four different examples (or realizations) of tau protein
accumulation on a MT.
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FIG. 5. Model prediction on the binding of tau molecules to MTs.
(a) The binding ratio of tau molecules to MTs is shown over m..
(b) Tau molecules bound on a MT. Each image is a rectangle that
represents the surface of the MT. Each group of images shows the
evolution of tau molecules on the surface of a MT over m, from m,
= 0.05 to 1. Tubulins with no tau molecules are depicted with black
dots, and tubulins with single tau are described with dark dots (or
dark red). Lighter dots (or light red) are tubulins with two or more tau
molecules (tau clusters). The locations of tau clusters are different
in each of the groups of images (b1)—(b4) because of the stochastic
characteristics on the binding of tau molecules.

D. Interference between kinesins and tau molecules

Tau molecules affect several dynamics of kinesin. First, the
walking of kinesins is changed by tau molecules bound to MTs.
The velocity of single kinesins increases by about 10% in the
presence of tau proteins [17]. Moreover, the adenosine triphos-
phatase (ATPase) of kinesins is accelerated when kinesins
meet tubulins where single tau proteins are attached [20].
This suggests that tubulins occupied by single tau proteins
do not act as obstacles to kinesins. The accelerated ATPase
by tau proteins is incorporated in our model by increasing the
turnover rate in the ATPase by 10% when kinesin heads are
bound on tubulins where single tau molecules are attached.

The probability that a kinesin unbinds from a MT increases
when it encounters tau clusters [17,19,20]. The increase in the
unbinding probability is determined by two probabilities: the
probability (Py,) that the kinesin head collides with the tau
clusters and the probability (Pyp cn) Of the kinesin to unbind
when its head collides with the tau clusters. P;,; can be obtained
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by using the model developed in our previous study [26]. The
value of Py cne is Obtained as 3.2 nm/ms using experimentally
observed run length (RL), the distance of kinesin molecules
to walk before they are released from the MTs, in the
presence of tau molecules [17]. A detailed description on the
method used to determine the value of Py cne 18 provided in
Sec. III.

The effect of tau molecules on the binding of free (unbound)
kinesins to a MT is also considered. The binding rate of
kinesins is observed to decrease over the concentration of
tau protein [17,21]. Thus, it is assumed that unbound kinesins
cannot bind to tubulins occupied by tau clusters. Note that
this is consistent with the previously mentioned hypothesis
that tau clusters act as obstacles for the heads of walking
kinesins. Even if a tubulin is not occupied by tau clusters,
the unbound kinesins are still unlikely to bind to that tubulin
if the neighboring tubulins on the left and on the right (with
respect to the direction of kinesin motion) are occupied by tau
clusters; the space is not enough for the heads to reach that
site. Thus, it is assumed that unbound kinesins cannot bind
to such tubulins. The same assumption is made for where the
neighboring tubulins in the front and the back are occupied
by tau clusters. The binding rate of tau molecules to MTs
obtained with these assumptions is similar to experimental
data [17].

III. PARAMETER VALUES

To establish a reliable model, the values of the parameters
are obtained based on the various experimental observations.
Parameters regarding walking and unbinding are provided in
our previous studies [25,26]. Details on the other parameters
regarding the binding (g ), interaction between tau protein
and MTs (K, -3 and Np.), and the interference between
walking kinesin molecule and tau molecule on MTs (Pyp cnt)
are explained in this section.

The value of the parameter (g.p) regarding binding is
obtained using the binding rate of kinesin molecules in the
absence of tau proteins. Gilbert et al. [38] mixed free kinesins
and MTs to measure the concentration of kinesins bound to
MTs over time. Then, they calculated the binding rate of
kinesins for various concentrations of tubulins. To calculate
binding rate from the model, one MT is located at the center of
the cylinder. The volume of the cylinder is determined so that
the concentration of tubulin in the cylinder is the same as the
concentration used in experiments. The Brownian motion of
the kinesin is considered using D;, D,, and rq;. Cargoes with
the radius 9.6 nm are used because this value corresponds
to a hydrodynamic radius of kinesins measured in previous
experiments [39]. The probability of binding to the MT is
predicted using Egs. (2) and (3). Then, several kinesins are
randomly distributed inside the cylinders. Next, times for those
kinesins to bind to the MT are predicted. The mean binding rate
of kinesins is calculated by averaging the times. The binding
rate calculated from the model is similar to the values measured
in the experiment for various concentrations of tubulins for
Grep = 1.3 x 10° s~!, as shown in Fig. 6(a).

The parameters (K, 1-3, Nmax, and Py cne) are identified
using experiments [17,22] regarding the binding of tau
molecules to MTs and several effects of tau proteins on the
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FIG. 6. Obtaining of the values of the parameters. (a) The binding
rate of kinesins to MTs for various concentrations of tubulins. (b) The
effects of K, 3 on the distribution of molecules on the MTs are shown.
(b1) Ratios of the number of tubulins occupied by two or more tau
molecules to the number of tubulins of MTs over various K, 3. The
hollow circles, stars, diamonds, and filled circles denote the ratios for
m, = 0.5, 1, 1.5, and 2, respectively. (b2) Average distance between
tau clusters. (c) The ratios of the RL in the presence of tau proteins
and the RL in the absence of tau proteins. The ratio is obtained from
the model for various Py cne. (¢) The changes in the RL due to the
parameter Py, cni. (c1) RL ratios for m, = 0.2; this ratio was observed
to be 0.87 in previous experiments. (c2) RL ratios for m, = 2, and this
ratio was observed to be 0.16 in previous experiments. Therefore, the
value of Pyp cnc 1S determined as 3.2 nm/ms where model predictions
match experimental observations.

binding rate of unbound kinesins, and the RL of kinesins. Dixit
et al. [17] used a very small concentration (50 nM) of dimer
tubulins compared to their concentration in cells (~20 uM).
The binding rate of tau molecules to MTs is low for such small
concentration of tubulins. To compensate this slowed reaction
rate, they lowered the ionic strength in the assay. They reported
that almost every tau molecule in the assay binds to the MTs
when m, is small. Thus, it is difficult to determine the value
of K, precisely using their results. Hence, in the model, a
large number (1000 nM~") is used for K,.1. Then, the number
of bound tau molecules and the binding rate of kinesins are
calculated with this model for various K, », K, 3, and Npx.
When K,» =7 x 1073nM~!, K,3 > 2 nM~!, and Ny =
12, the binding of tau and binding rate of unbound kinesins
have similar values to the experimental results obtained by
Dixit et al.
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The RL of kinesins in the presence of tau proteins [17]
is used to obtain the value of the parameter regarding the
unbinding probability Py cne. This is the probability of the
kinesin to unbind from the MT when the kinesin contacts a
tau cluster. When m, is 0.2 or 2, the RL of kinesins decreases
to 87or 17% of the RL in the absence of tau protein. When
Pyb.cnt = 3.2 nm/ms, the model predicts similar RLs, as shown
in Fig. 6(c).

It is assumed that the changes in Ny, and Pyp one due to
the concentration of tubulin are very small. Thus, the values
for Nyax and Pyp o Obtained using Dixit et al. [17] are used
in our model. However, K, ;_3 can be affected considerably
by the concentration of tubulins and ionic strength. Therefore,
the values of K, |_3 obtained from [17] can be different from
their values in cells. Thus, the values of K, ;_3 are obtained
again by using the experimental data of Ackmann et al. [22]
because the concentration of tubulins and ionic strength of
their experiments are similar to those in cells. K, ; = 3 uM™!,
Kyo=3x1073 uM~!, and K, 3 > 10 uM~" give similar
results to the experimental results, as shown in Fig. 5(a). If
K.3 > 10 uM™!, the effects of K, 3 on the number of tau
clusters and on the distance between tau clusters are negligible
as shown in Fig. 6(b). Thus, a value of 10 uM~! is used for
K, 3 in this study.

IV. RESULTS

In this study, the motion of a small cargo (with a diameter
of 50 nm) transported by single kinesins is investigated.
A previous experimental study revealed that the equivalent
viscosity of the cytoplasm in neurons varies upon the diameter
of cargoes [40]. According to those results, the equivalent vis-
cosity for the cargo (with a diameter of 50 nm) is tenfold that of
the viscosity of water. The axon is modeled as a single cylinder
with a constant radius, 1 wm (average diameter of axons in the
brain) [41], along its length. The MTs in the axon are aligned
with the axis of the axon. Every MT has the same length as
that of the axon, and they are distributed, as shown in Fig. 7(a).

A. Transport velocity

Because the Brownian motion and rebinding can occur
several times during a long-range transport, a transport velocity
is different from the walking velocity of the kinesin. A large
number N,(= 200) of transport processes are computed and
used to obtain the value of the transport velocity. Each of
these transport processes is a different cargo moving along
a different axon. Thus, a new distribution of tau proteins on
the MT is created for each of these 200 transport processes.
The distribution is created because the binding of tau protein
on the MT is stochastic. The time required for the cargo to
reach the end of the axon is calculated for each transport
process. The transport velocity is obtained by dividing the
transport distance (50 pm) by the mean value of the transport
time. To predict the effects of MT density and concentration
of tau protein [t] on the transport of cargoes, the velocity
of long transport (50 pum) is calculated. The number of
MTs (Numr) in axons is varied from one to six. A value of
Nyt = 1 in an axon of 1-um diameter corresponds to the
approximate density of MTs in pathological neurons from
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FIG. 7. Average velocity of cargoes. (al)—(a6) The arrangement
of MTs at the cross section of the axon. (bl), (b2), and (b3)
The average velocities corresponding to [t] =0, 3, and 6 uM,
respectively. (c1) Velocities in axons with the same m.. However,
[tr] and Nyr of the axons are different. The velocity for [t] =
3 uM is presented by the gray bars. The black bars denote the
velocity corresponding to [t] = 6 uM. The numbers in parentheses
indicate Nyr. (c2) The velocities over m,. Circles in the inset graph
represent m, corresponding to [t] = 3 uM, and asterisks denote m,
corresponding to [t] = 6 uM.

Alzheimer’s disease patients (1.2/4m?) [42]. The MT density
for Nyt = 6 is similar to the MT density in healthy neurons
(7.1/pum>).

The velocity predicted by this model has the following
features. First, the transport velocity along a healthy axon
(i.e., no tau molecules and high density of MTs, Nyt = 6)
is very similar to a normal walking velocity of 800 nm/s of
kinesins [43], as shown in Fig. 7(b1). However, the long-range
transport can be delayed because the walking of kinesins does
not take place when they are not bound to MTs. However,
the delay is negligible in healthy axons because the unbound
kinesins can bind to one of the MTs in a very short time.
Second, the change in the transport velocity over MT density is
considerable only when the axon contains a large concentration
of tau protein, as shown in Fig. 7(b). Also, the effects of
[t] on the velocity are not noticeable if the number of
MTs is sufficient. Lastly, the velocity in the presence of tau
molecules can be determined by a single variable, namely,
m. proportional to the ratio of [t] and Ny even though the
motion of the kinesins is changed by both variables ([7] and
Nwmr). Figure 7(cl) shows that velocities for different [7] and
Nmr are similar if m, has the same value. This feature can also
be observed from the strong correlation between velocity and
m., as shown in Fig. 7(c2).
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B. Motion of the cargo near tau clusters

The changes in transport velocity due to tau protein are
not noticeable unless the axon has a small number of MTs
and a large concentration of tau protein. However, the motion
of kinesins near tau clusters is significantly disturbed. Thus,
we investigated the use of this disturbance to estimate the
condition of MTs. If kinesins encounter tau clusters, they
bypass the cluster, or they are released from the MT. When
a kinesin is unbound due to interference with tau clusters but
diffuses forward, the motion of its cargo is not disturbed by
the cluster. However, if the kinesin diffuses backward and
rebinds to the MT, then the kinesin walks along the MT and
encounters the tau cluster again, as depicted in Fig. 8(a). As a
consequence, the motion of the cargoes is delayed when they
encounter tau clusters.

However, various stochastic behaviors of kinesins also
cause local delays in transport even when the kinesin is not
close to tau clusters. Therefore, a new metric is required to
distinguish the delay originating from tau clusters and other
delays induced by the stochastic motion of kinesins. If a
large number of transport processes are averaged, stochastic
characteristics of kinesin behavior can be canceled out.
Thus, a large number N,(=200) of transport processes are
simulated for a single axon. Because 200 transport processes
are accomplished in the same axon, the distribution of tau
protein on the MTs is also the same in these 200 transport
processes. Then, the probability of a cargo to be present
at any location along the axon at any given time (i.e., the
spatial probability distribution) is estimated. Specifically, the
position of the cargo is captured with a constant sampling
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FIG. 8. Effects of tau clusters on the motion of the cargo.
(a) The cycle of the motion near a tau cluster. (b) The average
spatial probability distribution (ASPD) of cargoes when the tubulins
located at 10 wm along the MT axis are occupied by tau clusters.
Other tubulins are free of tau proteins. (¢) An ASPD of an axon with
[t] = 0 uM and Nyt = 6. (d) An ASPD of an axon with [t] = 6 uM
and Nyr = 1. (e) The normalized mean standard deviation (std).
(f) m, using the same symbols as in (e).
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time (0.1 s) in this paper. The position of the cargo in the
captured images is classified with a 1-um resolution. When
a cargo is present at the same location for a longer period,
then the probability of the cargo to be present at that location
is higher. If there are no spatial changes in the properties
affecting the motion of cargoes along the axon (i.e., viscosity,
temperature, diffusivity, or ATP concentration), the cargoes
spend equal time in each section of the axon. Then, the
probability distribution is spatially uniform. Otherwise, the
probability distribution fluctuates along axons.

To reveal the effects of a tau cluster, tau molecules are
positioned on a MT at a distance of 10 um from its end. All
other tubulins are free of tau molecules. The average spatial
probability distribution (ASPD) increases in front of the cluster
and decreases behind the cluster, as shown in Fig. 8(b). In the
absence of tau clusters, ASPD is almost uniform along the
axon, as shown in Fig. 8(c). This indicates that on average no
acceleration or delay occurs at any particular location. When
multiple tau clusters are present on a MT, ASPD fluctuates
over the axon, as shown in Fig. 8(d).

The std of ASPD [e.g., std of probabilities shown in
Figs. 8(c) and 8(d)] is calculated to quantify the spatial
fluctuation of the ASPD. The ASPD and its std vary from
axon to axon because the distribution of tau molecules on
the MT is different over axons even when Nyt and [7] are the
same over axons. Thus, we simulate 20 different axons (i.e., 20
different realizations of ASPD) for each Nyt and [t]. Through
these simulations, we also obtain 20 std values of ASPD for
a given Nyr and [t]. The (o) shown in Fig. 8(e) is the mean
value of these 20 std values. Then, the (o) is normalized by
the mean std value (o) corresponding to healthy axons (i.e.,
Nyt = 6 and [t] = 0 uM), as shown in Fig. 8(e). The result
is surprising because the changes in std by [t] and Ny are
significantly larger compared to the changes in the transport
velocity depicted in Fig. 7. This strong dependency of ASPD
(or std of ASPD) on [t] and Nyt can be used to estimate more
effectively the condition of MTs in the axon.

C. Cargo traffic in an axon

When a large number of cargoes is transported to synapses,
the transport is predicted by considering the following in-
teraction between different kinesins and between different
cargoes. First, the interference between walking kinesins is
taken into account using previous work [26] because that work
characterizes the stepping motion of a kinesin when other
kinesins are nearby. Second, effects of a bound kinesin and its
cargo on an unbound kinesin are incorporated into the model
by preventing the unbound kinesin from landing on the tubulins
around the bound cargo. Third, the interaction among unbound
cargoes can be considered by using different values of viscosity
when calculating the Brownian motion of the unbound cargoes.
The change in viscosity depends on the ratio between the total
volume of cargoes in the axon and the volume of the axon. The
volume ratio is less than 0.5% for the number of cargoes used
in this study (<250). In previous studies [44], the increase
in viscosity at such low volume fraction was observed to be
very small (<10%). Thus, the effects of the interaction among
cargoes are assumed to be negligible.
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FIG. 9. Cargo traffic. (a) c,on Over time for [t] =0, 2, 4, and
6 M. Numbers shown in circles represent ¢i,. Ny is 1 for all these
axons. (b) The rate of c,,, between 30 and 50 s. Circles, asterisks,
diamonds, and triangles denote the rates of ¢, for [7] =0, 2,4, and
6 uM, respectively. (c) An ASCD of an axon with ¢;, = 5 s~! and
[t] = 6 uM. (d) The normalized mean std with the same symbols
as in (b).

To study the transport, kinesins attached to cargoes are
supplied near the minus end of MTs at a constant supply rate
(¢in). Then, the number of cargoes (caxon) in an observation
volume (i.e., 0-5-um segment of the axon with a single MT)
is captured over time. Note that the value of ¢y, 1S measured
for 50 s in ten different axons for each ¢;, and [t]. Then the
values of caxon are averaged over the axons. The changes in
the traffic of cargoes over time are depicted in Fig. 9(a). In the
beginning (¢ < 10 s), the number of cargoes in the observation
volume increases with the supply rate (¢i,). During the time
interval 10 <t < 30 s, cixon keeps increasing, but its rate of
change decreases over time because some cargoes flow out of
the observation volume toward the synapse with a rate of ¢qy;.
When ¢ > 30 s, the rate of change of cuon 1S constant over
time. caxon does not change over time if the axonal transport
system is able to transfer cargoes with the rate ¢;,. Otherwise,
Caxon INCreases over time with a constant rate (i.e., ¢jn — Cout)-
In the absence of tau molecules, the axon can transport cargoes
toward synapses without a continuous accumulation of cargoes
if ¢, < 10 s7!, as shown in Fig. 9(b). If [t] =2 uM, the
cargoes accumulate in the axon if ¢;, > 15s~!. If [z] =2 and
4 uM, the cargoes accumulate in the axon even for small ¢,
(i.e.,5s57).

Similar to ASPD, averaged spatial concentration distribu-
tion (ASCD) of cargoes can be calculated using the spatial
concentration distributions obtained with a uniform time
sampling. The method to acquire ASCD is similar to that of
ASPD. In the presence of tau molecules, ASCD fluctuates, as
shown in Fig. 9(c). This result suggests that local traffic jams
of cargoes are generated by tau clusters. The (o) is normalized
with the mean value (oy) of std for [t] = O uM and dotc;, =
5s~!. The normalized mean std increases significantly in the
presence of tau molecules, as shown in Fig. 9(d). Also, the
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number of local traffic jams increases when more cargoes are
injected into the axon. The local delay in transport caused by
tau clusters [described in Fig. 8(a)] can be caused also by the
interaction among walking kinesins and by the interference
between bound cargoes and unbound cargoes. Thus, the
normalized mean std for high ¢;, is large in such situations.

V. CONCLUSIONS AND DISCUSSION

Various dynamics of kinesin-mediated transport and the
effects of tau protein are studied using our multiphysical
model. The walking motion and unbinding motion of kinesins
from MTs are considered with a previously developed model.
The Brownian motion of cargoes released from the MTs
is created using random numbers generated with normal
distribution. This approach mitigates computational effort
because this method does not require very short time steps in
the simulation. Because the Brownian motion of the unbound
kinesin is much faster than the random motion of their
cargoes, extremely short time steps are required to capture its
position. Instead, the probability for the position of unbound
kinesins is used to reduce computation time. Then, the reactive
zone is defined around the MTs to correlate the probability
for the position of unbound kinesins and their binding
probability.

The affinity of tau proteins to binding sites of MTs
depends on the number of tau molecules bound on the
binding sites. This behavior creates nonuniform distributions
of tau molecules on the MTs. This nonuniform distribution
is generated by our stochastic model to study the kinesin
motion in the presence of tau protein. Then, various types
of kinesin motion considered in our model are modified by
the interaction between tau protein and kinesin molecule.
The values of parameters are carefully determined based on
several experimental observations. Therefore, our model can
be used to predict the long-range transport along axons in the
absence/presence of tau protein.

If cytoplasm is not crowded with kinesin molecules, the
interaction between kinesin molecules is negligible. In this
circumstance, the model predicts that the transport is degraded
noticeable only when the density of MTs is low and the
concentration of tau protein is high. When cells need to
transport a large number of cargoes, the interaction between
cargoes can affect the transport. An accumulation of cargoes
in the axon is predicted when plenty of cargoes have to be
transported. In addition, the cargoes can possibly accumulate
even for relatively small number of cargoes if there is tau
protein in the axon.

A key prediction obtained from our model is the local traffic
jams (or delays) near tau clusters. Moreover, the results of the
model suggest that this behavior can be useful for monitoring
the condition of MTs. This local behavior near tau clusters is
highly sensitive to the concentration of tau protein and to the
density of MTs. Changes in the normalized mean std of ASPD
(or ASCD) are much larger than the decrease in transport
velocity. For example, when Nyt =4 and [t] = 6 uM, the
velocity decreases by only 6% compared to the velocity along
a healthy axon (Nyt =6 and [t] =0 puM). However, the
std of ASPD increases by 260% compared to its value in a
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healthy axon. The strong dependence of ASPD on [r] and
Nyt can be effectively used to estimate the condition of MTs
in the axon when direct observation on the condition of MT is
unavailable.

Another advantage of the analysis on the local traffic jams
of the transport is that it can be observed with relatively low
precisions or resolutions. One can measure the binding rate,
the unbinding rate, or the RL of kinesins to estimate the
condition of MTs. However, a high temporal resolution and
a high precision are required to observe those quantities. For
example, a high temporal resolution (<0.01s) is necessary
to detect changes in the binding rate. Also, single particle
tracking techniques with high precisions (<100 nm) are
needed to detect changes in the RL, and that can be challenging.
However, ASPD or ASCD can be obtained with relatively
low temporal and spatial resolution. For example, our model
predicts significant changes in ASPD by tau protein with a
resolution of 0.1 s and 1 wm. These resolutions suggest that
ASPD and ASCD are more effective metrics to estimate the
condition of MTs than transport velocity, binding rate, and
unbinding rate of kinesins.

Both transport velocity and local changes depend on the
type of (obstacle) molecule interacting with kinesins on MTs
and its size.

PHYSICAL REVIEW E 95, 012405 (2017)

(1) In the presence of obstacle molecules which cause
frequent unbinding of kinesins from MTs, the local changes
near the obstacle molecules would be noticeable like the
transport in the presence of tau protein. When the concentration
of the molecule is not significant, the change in the transport
velocity is small because unbound kinesins are able to bind to
MTs in a short time.

(2) In the presence of obstacle molecules which are large
but do not affect the unbinding probability of kinesins from
MTs, kinesins are likely to spend a long time on MTs to bypass
the large obstacle molecules. Then, both the transport velocity
and local motion would change remarkably.

(3) In the presence of small obstacle molecules which do
not affect unbinding probability of kinesins, both the transport
velocity and local motion are not affected significantly by
the molecules. By applying the interaction between obstacle
molecules and kinesins, our model is able to quantitatively
predict the long-range transport in the presence of different
obstacle molecules.
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