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ABSTRACT

KINESIN-MICROTUBULE INTERACTIONS: TRANSPORT AND
SPINDLE FORMATION

By

Zhiyuan Jia

This thesis consists of two parts. The first part concerns the detailed modeling
of kinesin locomotion along microtubules. The second c-oncerns modeling the self-
organization process of kinesin and microtubules.

Kinesin-1 is composed of two identical heavy chains forming the two motor do-
mains, called heads by biologists. The neck linker connects the head and the coiled-coil
stalk. Kinesin-1 converts the chemical energy from Adenosine triphosphate (ATP)
hydrolysis into locomotion along the microtubule by alternately exchanging the trail-
ing and the leading head. Kinesin-1 takes 8 nm for each step by consuming one ATP
molecule. We carried out detailed simulations for the different chemical and mechan-
ical processes of the two heads of kinesin. Furthermore, simulations are performed
with different lengths of the neck linker and the mean speed of kinesin movement is
obtained. Our analysis and simulation shed light on understanding the processivity
of kinesin, the estimation of the tension in neck linkers and further the role of tension
in regulating the chemical states of two heads.

In the second part [36], Monte Carlo type simulations were implemented for the
self-organization of microtubules interacting with molecular motors. Microtubules
are treated as stiff polar rods of equal length exhibiting anisotropic diffusion in the
plane. The molecular motors are implicitly introduced by specifying certain prob-
abilistic collision rules resulting in realignment of the rods. This approximation of
the complicated microtubule-motor interaction by a simple instant collision allows us
to by-pass the computational bottlenecks associated with the details of the diffusion

and the dynamics of motors and the reorientation of microtubules. Consequently, we



are able to perform simulations of large ensembles of microtubules and motors on a
very large time scale. This simple model reproduces all important phenomenology
observed in in vitro experiments: formation of vortices for low motor density and

ray-like asters and bundles for higher motor density.
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Chapter 1

Introduction to Kinesin and

Microtubules

1.1 Microtubules

The microtubule is one of three cytoskeletons in a cell. The other two are actin
and intermediate filaments. The microtubule is the most rigid among them. The
cytoskeletons can form the scaffolds to support and maintain the shape of a cell. In
cell movement, the structure and the distribution of the cytoskeletons will adapt to
facilitate moving. Actin filaments and microtubules are also the tracks for molecular
motors to move on carrying cargoes such as mRNA, neuro-transmitters, etc. Micro-
tubules are also an indispensable part of the spindle, the machinery of cell division.

Microtubules have long rigid cylindrical structures (length tens of microns and
diameter approximately 25 nm) comprising of heterogeneous tubulin dimers, each
dimer consisting of an a and a § tubulin, which self-assemble, 13 protofilaments
being required side-to-side to form the circular cross section (see Figure 1.1). The
length of a tubulin dimer is 8 nm so a microtubule filament can be seen as a linear

periodic track with periodicity 8 nm. Since the microtubule is polymerized by af
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tubulin dimers, one end of it exposes § tubulin. The other end exposes a tubulin
and the g tubulin end has high polymerization speed and the a end has low speed.
Biologists designate the end with fast polymerization speed as the plus end and the

other end the minus end.

1.2 General Results with Kinesin

There are many molecular motors in each cell conducting different tasks to maintain
the functions of the cell. For instance, DNA polymerase and RNA polymerase are the
motors moving along the DNA strand performing the replication and the transcription
of the DNA correspondingly. In this thesis, we will focus on a particular molecular
motor, kinesin [33, 79], which moves on microtubules. Kinesin can carry cargoes from
one place to another within the cell and can work with other motors in the cell to
facilitate the division process.

Kinesin converts chemical energy, hydrolyzed from ATP (Adenosine triphosphate)
molecules, into mechanical movements in a walking process. Most members of the
kinesin family walk toward the plus end of microtubules. Only one subfamily, kinesin-
14, NCD, a representative member, walks toward the minus end [64]. In the first part
of this dissertation we will conduct detailed modeling of the walking of conventional
kinesin, also called kinesin-1, since it has been investigated most extensively by biol-
ogists. From now on, for brevity, we always use kinesin for kinesin-1. In the second
part of the dissertation, we will model the interactions between kinesins and micro-
tubules and reproduce the self-organization process of the microtubules into different
patterns.

Kinesin is composed of two identical heavy chains, each of them includes a N-
terminal motor domain, in which there is an ATP binding site. The neck-linker is

the segment in each heavy chain connecting the head to the coiled-coil stalk (See
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Figure 1.1: Schematic representations of microtubule. The dark monomer denotes 3
tubulins and the light monomer is for a tubulins.

Figure 1.2: Schematic representations of kinesin-1 (shown by permission from Cell
Press). The two motor domains (around 5 nm) are shown in the left hand end and the
two cargo binding domians are shown in the right hand end. The middle coiled-coil
part is the stalk, around 70nm.



Figure 1.2). Growing from the other end of the coiled-coil stalk are the two light
chains (arms), which can hold cargoes (e.g. mRNAs, protein complexes). Kinesin has
different microtubule binding affinities when in different nucleotide states [89], that is,
when its core contains either ATP, ADP, or is empty. Kinesin has the weakest binding
strength when its catalytic core contains an Adenosine diphosphate (ADP) molecule.
Kinesin binds to the microtubule strongest when in the ATP bound state. The
microtubule binding affinity has an intermediate strength when it is in the nucleotide
free state. Kinesin has been demonstrated to walk in a hand-over-hand manner[93,
8]. The two heads of the kinesin molecule alternately bind to and unbind from the
microtubule with mechanisms that provide a bias to the Brownian motion expected.
The center of mass of the kinesin moves 8 nm with each step, which is exactly the
length of one af tubulin dimer. Kinesin consumes one ATP molecule each step,
meaning that kinesin tightly couples a chemical reaction to a mechanical movement
[84, 17, 34, 83]. Kinesin walks processively on a microtubule, with experimental
results indicating that it can walk continuously for over 100 steps without falling off.

Kinesin primarily walks toward the plus end of microtubule while it will walk
backward more likely when a backward-pointing force of sufficient strength is applied
to it. The stall force of kinesin, around 7 picoNewton (pN), is the force where kinesin
has the same probability to walk either forward or backward. Thus, at the stall force,
the walking speed of kinesin is zero [13].

Currently, a consensus model regarding the walking of kinesin is proposed as

follows [94, 11].

1. Starting from a two head bound state where the leading head is in the nucleotide

free state and the trailing head has an ADP molecule bound in its catalytic core.

2. The trailing head detaches from the microtubule and begins a tethered diffusion
process. An ATP molecule comes and binds with the leading head. This ATP

4



binding releases energy which triggers part of the neck-linker to bind toward
the front of the leading head and become immobile (called zipping). The length
of the docked part of the neck-linker is about 2 nm at most. This neck-linker
docking [74], together with another mechanism, arising from the asymmetric
steric effect [87], such as the shape of the head and the shape of the binding
site, provides a bias for the trailing head to step toward the next binding site

in the positive direction of the microtubule.

. After the tethered trailing head reaches the next binding site, it binds to the
microtubule tightly with the release of ADP. This tight binding induces a strain
on the new leading head to prevent the binding of an ATP molecule. Then the
ATP molecule in the trailing head hydrolyzes and a P, is released. The hydrol-
ysis energy facilitates the unbinding of the trailing head and the intramolecular

strain caused by the binding of the leading head now is also released.

. Now the leading head is in the empty state and is ready for the binding of an
ATP molecule and the trailing head is in the weak binding state with ADP in

its catalytic core. This completes one chemomechanical cycle of kinesin.

In step 2 of the above process, when the trailing head detaches from the micro-

tubule, it will diffuse subject to the physical restriction of the total length of the

neck-linkers and their flexibility. In this process, it can temporary bind to a rearward

binding site but this binding is weak because the trailing head is still in the ADP

bound state. There are two hypotheses for the trailing head not to release the ADP

when it binds backward. Its 3 sheet is in an upright position that inhibits the release

of the ADP molecule [45]. There may exist a specific configuration between the neck-

linker and the head which plays a role in preventing the release of ADP when the

neck-linker is pointing forward. Therefore the trailing head will eventually unbind

again, diffuse and bind to a forward binding site while ADP remains bound to it.
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After the neck-linker of the bound head is zipped, the tethered head cannot reach
the rearward binding sites because of the shortened neck-linker.

With regard to the bias of kinesin movement, there are basically two models for
it. One argues that ATP-dependent neck-linker docking throws the tethered head
forward to the next binding site. The other more emphasizes the diffusive search of
the tethered head for the next binding site with more likelihood of binding forward
because the neck-linker is zipped towards the front of the bound head. Both of them
conjecture that the forward binding of the tethered head, accompanied by the release
of ADP, is strong so that it completes a step. Certainly these two models are not
mutually exclusive and they actually work together in our model.

Steric asymmetry is another source of bias [87]. The evidence of steric bias can
be seen in a series of experiments where the kinesin can walk toward either the plus
or the minus end depending on the applied external force when there is no ATP
at all, only ADP or AMPPNP(Adenylyl-imidodiphosphate, a nonhydrolyzable ATP
analog). The X-ray crystallography of a kinesin-microtubule complex suggests the
different binding conformations of leading and trailing heads when kinesin is in a
two-head-bound state [45, 80]. The leading head is in a tilted configuration and the
trailing head is in a upright configuration. The backward binding of the trailing head
favors an upright conformation due to the forward tension. It is believed that the

tilted configuration is required for the release of ADP.

1.3 Literature Review

1.3.1 Theoretical Modeling Work of Kinesin

Biological experiments have stimulated many theoretical works to elucidate the dif-
ferent aspects of the walking mechanism of kinesin, such as the bias and the proces-

sivity of the movement. Basically there are two different approaches to the theoretical
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modeling. One is the continuum ratchet method, using a damped Langevin equation
[32, 41] or a set of coupled Fokker-Planck equations [32, 41] to describe the move-
ment of kinesin by assuming that kinesin is subject to different potentials when it
is in different chemical states. The potentials are chosen to be asymmetric over an
8 nm periodic interval to generate the biased movement of kinesin. The transitions
among the different potentials depend on the chemical states, the concentration of
ATP(ADP), and the external force and can be described by the transition rates, which
are tuned to coordinate the potentials. In this method, it is challenging to derive re-

alistic potential functions,(see for instance [38, 40, 42, 44, 59, 57, 65, 68, 73]).

In the following, we examine an example from [38], where the authors used the
Langevin model to discuss the speed dependence on ATP concentration, the stall
force, the trajectory, and the processivity of kinesin. The plus end of the microtubule
is taken to be the positive direction of the z axis and the coordinates of the tethered
head of the kinesin are (z,y), where y represents the one-dimensional displacement

of the head perpendicular to the microtubule. The Langevin system reads as

OH O0H;y.
. __Y9Y“ratchet _ ““bistable T for —aWr
7T = or p + Fea:t + 2KBT’)’-——dt ,

1.1)
oH OH; . W’ (
. _ _%Yratchet _ ?'bistable | Y / 2y

where 7 is the drag coefficient, dﬂvtz is white noise, H'r atchet is a periodic func-
tion in z, i.e., H’ratchet(x + 2L,y,t) = Hratchet(x’y’t)’ and L = 8nm is the
period of the microtubule. Specifically, H'r atchet is given by

Hy. 1tchet(®v:t) = S()C[Hz(z)Hy (v)] — ay, (1.2)

where C = 0.8 eV and a = 0.044 eV are constants, S(t) is a switch function
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1, on state
S(t) =
0.1, off state

which is supposed to produce a flashing ratchet. The authors select a number
P flashing between 0 and 1 in advance for the simulation, representing the prob-
ability of random arrivals of the ATP molecules. The motor is in the on state as a
simulation begins. A uniformly distributed random variable ( is generated in each
simulation step to compare it with pflashing' If pflashing > (, then the state

of the motor is switched off. Otherwise, it will stay in the on state.

The function Hg is given by

)
2
Hg(z) = ap+ Zl amcos 2L Z bmsin( nwx), (1.3)
m=

which is the truncated Fourier expansion of the following asymmetric potential func-
10/ = z z z
3oz lzl) 2z laz] <o

(5~ lag)) —10 5z~ [zl >0
I

where [?I] is the integer part of the ratio.

tion

U(z) =

The function Hy is given by

2y — -
Hy(y) = ezp(——(g-ﬁ—yo—)) - 2emp(y ﬁyo), (14)

where 8 = 5L = 40 nm and yg = L = 8 nm were used. The term Hy is supposed to

model the van der Waals interaction between the head of kinesin and the microtubule.

The function H bistable 1S given by



() -2(3))

where Ar is the distance between the two heads, C1 = 5.4eV represents the

Hy; stable(B87) = C1

coupling strength of the two heads, £ = 0.75L, and 2¢ is the distance between the two

minima of the potential.

By solving the above 2D Langevin equation (1.1), the authors produced trajecto-
ries of the two heads of kinesin in a hand-over-hand walking process. They also tested
the relation between the speed and the external force and found the value of the stall
force to be 6.4 pN, which is in close to the experimental result, around 7 pN. The au-
thors also tested the processivity of the model and claimed that the motor described
by their model does have processivity . The potentials and parameter values used in
this model have not been justified, however. For instance, they pointed out that the
last term ay in (1.2) is critical to have the processivity of the motor but they could

not give a physical or chemical reason for the use of this term.

From this example we can see that, to have a realistic continuum ratchet model,
it is critical to construct potential functions which can reflect the structure of the
kinesin heads in different chemical states and the interactions with the protofila-
ments of microtubules. For this we need further information about the structures

and interactions.

The second approach uses discrete chemical kinetic networks to model the free
energy transduction in the walking process [70, 23, 24, 71, 25, 52, 54, 88]. An example

from [23, 25] can help illustrate the basic idea of the stochastic discrete kinetic method.

A schematic illustration of the walking of a motor on a linear periodic track is
shown in Figure 1.3. Corresponding to Figure 1.3, the sequential kinetic equation can

be described as follows.
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Figure 1.3: Illustration of the kinetic diagram for a motor with N = 3 chemical states.
The squares represent the lattice sites on the track with d, being the step size of the
motor. Here we show two consecutive lattice sites labeled by ld and (I + 1)d. The
chemical reaction cycle of a motor consists of three states denoted by 0 é 1 and 2l

Ol represents the empty state. 1 | ™ represent the ATP bound state and 2; represents
the ADP bound state. (shown by permission from Physica A [24].)
UN-2 UN-1
0 1, = 2 = (N-1); = 0j,1, 1.5
lwll U w0 5 G4 (15)

where the lattice sites on the track are labeled by ! (= 0,£1,%2,...) and the
chemical states are denoted by j = 0 for the free state, i.e., no ATP bound state, and
j=12,...,N —1 for the other various bound states, where N is the number of the
total chemical states. Thus j ] represents the situation where the motor lands at the

th

lth lattice site and is in the j“'® chemical state. The distance between two lattice
sites, { and [ + 1, equals the step size d as is shown in Figure 1.3. The reaction rates
uj and w j are independent of the lattice position. Let Pj(l ,t) be the probability of
finding the motor at the site [ with the state j at time . The time evolution equation

for Pj(l, t) is
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0
B?Pj(l,t) ] 1P 1(l t)+ ]+1 ]+1 (1,t) [u +w ]P (l t), (1.6)
for j =0,1,..., N — 1 with periodic conditions

P_l(l,t) = PN_I(I —1,1), PN(l,t) = Po(l + 1,t), L7)

u_1=unN_1 and w T = w).
According to [21], the above equation can be solved explicitly to obtain the drift

velocity in terms of the reaction rates,

N—lw .
V=;— 1- J (1.8)
N j=0 J

while

N-1 . N=1 k w,
Ry = Zor-, rj=— (1+ > H ) (1.9)
]'_—

) —1i=1"J+1

The diffusion constant D can be expressed as

VSar+Upnsd
R 2 N
N
with
N-1 N-1 N-—1
Sy = ZO kz (k+ Ny i Uy = Zujr]s], (1.11)

while the supplementary coefficients are

11



j=% 1+ ¥ H—f"l_z . (1.12)

Among those chemical steps, if one or multiple steps are assumed to be load de-
pendent from the experimental observation, then one can derive the relation between

velocity and the external load.

The above example gives the basic idea of stochastic reaction network method
where a two-headed motor is simplified as one head without considering the coordi-
nation between the two heads. In [54], the authors considered the discrete reaction
network with two heads and produced the velocity-force relation. There are more ar-
ticles concerning the ratchet continunn method and the stochastic chemical reaction

network method cited in [47].

A great deal of mathematical analysis has been inspired by attempts to provide
rigorous results for the Brownian ratchet model of molecular motors, see [9, 12, 15,
16, 46, 66, 67] and the reference in these papers. Those mathematical analyses were
done for continuum ratchet models. For example, A Fokker-Planck equation was
considered in [15]. Assume the motor moves along a linear track and = denotes the
position of the motor. Let p = (pl, p9) be the probability densities of the motor at
different states, say ¢ = 1, 2, representing two states here. Assume that the two states
are subject to different potentials. For instance, the state 1 and 2 might correspond
to the zipped and unzipped state of the neck-linker. The time evolution of p is given

by the following coupled Fokker-Planck equation.

el g% (Ua‘ + ‘P,lpl) T V1Pt V2P2
inQ, t>0  (113)

Opg 1
¢t 0z ("—a; * ‘P2P2> V1AL T V2P2
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with the boundary conditions,

Op
05 + 01 =0
ap‘” ond, t>0 (1.14)

2 /
Ug+g02p2=0

and

p;(z,0) = p? >0,

inQ, i=12 (1.15)
/Q(Pl + pg)dz =1

where Q = (0,1).

In [15], the authors proved that the stationary distribution of the probability
density described by equations (1.13, 1.14, 1.15) decays exponentially.

To the best of our knowledge, there is no detailed simulation of the walking pro-
cess of kinesin that faithfully follows the experimentally established biochemical and
mechanical processes. In this thesis, we develop algorithms to model this chemo-
mechanical process and apply the algorithm to elucidate some fundamental issues
surrounding the walking of kinesin, such as the bias and the processivity. Inspired
by [95], we modeled neck-linkers as entropic springs, discussed the tension estimate
of the neck-linkers, and furthermore clarified the role of tensions of the neck-linkers

of kinesin.

1.3.2 Interactions of Kinesins and Microtubules

Organization of complex networks of long biofilaments such as microtubules and actin
filaments in the course of cellular processes and division is one of the primary functions
of molecular motors [32]. A number of in vitro experiments were performed (86, 90, 62,
81, 35, 63] to study the interaction of molecular motors and microtubules energized

by the hydrolysis of ATP in isolation from other biophysical processes simultaneously
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Figure 1.4: Experiment results of the pattern formation in [62](shown by permission
from Science). They used fluoresence to highlight the accumulation of the motors.
The positions where there are more motors are bright.

occurring in vivo.

In particular, the experiments in [62] used microtubules and kinesin as a model
system to investigate the self-assemble process of the spindle formation. Indeed, in
the cells of some organisms, for instance, plant cells, the randomly distributed mi-
crotubules are self-organized into the spindles via the interactions with the molecular
motors kinesin and dynein (see [37] and the reference therein). The experiments [62]
clearly demonstrated that at large enough concentration of molecular motors and
microtubules, the latter organize into ray-like asters and rotating vortices depend-
ing on the type and concentration of molecular motors. These experiments spurred
numerous theoretical studied addressing various aspects of self-organization of active

filaments systems [51, 61, 55, 14, 19, 50, 2, 3, 92, 49, 96].
The experiments [62, 81, 35, 63] suggested the following qualitative picture of
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motor-filament interaction. After a molecular motor has bound to a microtubule at
a random position, it marches along it in a definite direction until it unbinds without
appreciable displacement of microtubules (since the size of a molecular motor is small
in comparison with that of the microtubule). However, if a molecular motor binds
to two microtubules (some molecular motors (e.g., kinesin) form clusters with at
least two binding sites), it exerts significant torques and forces, and can change the
positions and orientations of the microtubules significantly, leading eventually to the

onset of large-scale ordered patterns.

In [51], a set of field equations were used to model the pattern formation observed
in the experiment [62, 81]. In a 2D square domain, let U be the local orientation
of microtubules and m be the concentration of the motors. The following equation
is introduced in [51] to describe the evolution of the orientation of microtubules and

the concentration of motors with respect to time.

T V2 -V (mD)
4 (1.16)

which is subject to the reflecting boundary conditions ﬁl boundary = —7n, where 1
is the normal outward vector at the boundaries. Their simulation results shown the
formation of the aster and the vortex patterns. Typically there are both aster and
vortex patterns at low motor concentration and the vortex becomes dominant at the
high motor concentration contrary to experimental evidence. The author failed to
produce the transition from vortex to aster dominance when the motor concentration

increases.

Following basically the same idea, the authors in 78, 60] divided the motor popu-
lation into two fractions, the free diffusion motors and the microtubule-bound motors.

The concentration of the free motors fluctuates due to the binding of the free motors
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and the unbinding of the microtubule-bound motors. So the first equation in (1.16)
was replaced by two equations to describe the evolution of the free motors and the

bound motors.

'3mf 9
TE =DV mf_7f-—*bmf+7b—)fmb
om
b_ —
X _6_t___v'(mbU)+7f—*bmf_7b—)fmb (1.17)
| 2T T) + myV2T + Fmy - TT +cV2T +69m),

where Tp—s f is the transition rate for the motor to change from the rod bound state
to the free state, vice versa for 7 f—b C, €, s and £ are parameters. Essentially,
the author obtained similar results to those in [51] and unfortunately also could
not produce the transition from vortex to aster patterns as the motor’s concentration
increased. In their simulation results, it seems what pattern will emerge relates to the
boundary conditions used. When all the other parameter values are the same, aster
patterns are more likely to appear with the reflecting boundary conditions and vortex
patterns are more likely to be seen in the parallel boundary conditions, meaning that
the orientation of the microtubules are perpendicular to the normal outward direction
of the boundaries.

Small-scale molecular dynamics simulations were performed to elucidate the na-
ture of self-organization [62, 81]. In these simulations the microtubules were modeled
by semi-flexible rods diffusing in viscous fluids. Molecular motors were correspond-
ingly modeled by short stiff linear springs with a large diffusion coefficient. Once
the motor diffuses to within a certain small distance from the intersection point of
two microtubules, it attaches to them with a certain probability pon, and marches
along with velocity v. The action of the motor is to exert forces and torques on

the microtubules, resulting in their mutual displacement and realignment. Then the
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motor detaches with a probability p of f- To model the dwelling effects of the motors
on the end-points of microtubules, observed for some types of molecular motors, an
additional probability Pend to leave the end-point was assigned. The corresponding
typical dwelling time t_,, 7 is of the order 1/p,,, 1. The simulations in (62, 81] in-
deed reproduced certain features of the observed phenomenology, such as the stability
of patterns and transitions between vortices and asters. However, in this approach
many fundamentally different time scales had to be simultaneously resolved compu-
tationally (e.g., fast diffusion of the motors and very slow pattern formation). As a
result, the method is very CPU-intensive, and only a small number of microtubules
were studied numerically, leaving many important questions, such as the nature of

the transition and structure of the phase diagram, unanswered.

In Refs. [2, 3] a continuum probabilistic model of alignment of microtubules
mediated by molecular motors was developed. The theory was formulated in terms
of a stochastic master equation governing the evolution of the probability density
of microtubules with a given orientation at a given location. The theory is based
on a number of simple assumptions on the interaction rules between microtubules
and molecular motors. In particular, only binary instant interactions of microtubules
called inelastic collisions are considered. These are mediated by molecular motors in
a two-dimensional microtubule-motor mixture of constant motor density. The motors
are implicitly introduced into the model by specifying the probability of interaction
of intersecting microtubules. Despite all the above simplifications of the biological
process of self-organization of the cytoskeleton, the model reproduced, on a qualitative
level, key experimental observations, such as the onset of an oriented (polar) phase
above a critical density of motors, formation of asters for large density of motors and
vortices for lower density, direct transition towards asters from the isotropic state for
large dwelling times of the motors at the end of microtubules, and a density instability

and the onset of bundle formation at very high motor density.
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However, due to significant complexity of the derived stochastic master equation
governing the evolution of the probability density of microtubules, the analysis in
Refs. [2, 3] was carried out in a relatively narrow range of parameters, namely, in
the vicinity of the orientational instability, which allowed rigorous reduction of the
stochastic master equation to a set of much simpler amplitude or Ginzburg-Landau
type equations for the local coarse-grained density and orientation of microtubules.
This approach yields some insights into the self-organization process, but, it obviously
has its own limitations.

We perform Monte Carlo type simulation studies of self-organization of micro-
tubules interacting with molecular motors. Instead of modeling the self-organization
process in all details as was done in Refs. [62, 81|, we use simplified interaction rules
suggested in the works [2, 3]. This simplification allows the elimination of fast time
scales associated with the diffusion and motion of the motors. Consequently, one may
focus on relevant time and length scales associated with large-scale pattern formation
and evolution. We studied very large ensembles of microtubules and addressed ques-
tions related to the structure of the corresponding phase diagram and the transitions
between various patterns. In agreement with the early experiments, we were able
to reproduce aster-like structures for a high motor density and vortices for a lower
density, as well as transitions to bundles. Our approach provides direct access to the
dynamics of the stochastic master equation and obtains insights far beyond the am-
plitude equations approach. Moreover, our method provides an efficient and fast tool
for simulation of complex biological process of cytoskeleton self-organization and can
be possibly extended to rather different systems, such as anisotropic granular media

and systems of self-propelled particles.
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Chapter 2

Regulation of Tensions of
neck-linkers in Chemomechanical

Processes

2.1 Experimental Results of Kinesin with Extended
Neck-linkers

In order for kinesin to walk over 100 steps without falling off the microtubule, there
must be at least one head bound to the microtubule at all times in the walking process.
So there must be a mechanism for those two heads to prevent both of them being in
the ADP bound state when both are attached to the microtubules. In other words,
there should be mechanisms for them to keep their chemical states out of phase. The
tension of the neck-linkers is such a candidate in the regulation of the chemical states

of the two heads (31, 77].

To test how the tensions in the neck-linkers help coordinate the chemical states

of the two heads, Amet Yildiz et al [95] did an experiment in which they inserted
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different materials with different lengths into the native neck-linker. As is shown in
Figure 2.1, they inserted three amino acids, represented by K(lysine)KG(glycine) in
part A in Figure 2.1, at the junction of the neck-linker and the coiled-coil stalk so that
the joint between the two neck-linker parts is more flexible. This mutant is labeled
OP. From the mutant OP, they inserted polyproline (P) helices with different lengths
at the position between KK and G to form the mutants 2P, 4P, 6P, 13P, 19P and 26P.
Finally 14GS is the mutant formed by inserting glycine-serine (GS) repeats instead

of polyproline.

Their experiment results shown that all of the mutants can still walk over 100
steps and have more or less the same run length as the wild type. However, the
speed of these mutants decreases as the mutants’ neck-linker becomes longer and the
inserted material becomes soft. The measured ATPase rates of the mutants are the
same as the wild type but much more futile cycles (where ATP is used but no step is
taken) were found in the mutants. The coupling ratio of ATP, defined as the quotient
of the number of steps over the number of hydrolyzed ATP molecules, decreases as
the similar tendency as the speed. The coupling ratio for the wild type is about 80%
but the 14GS has a ratio of only 10%.

The motility of kinesin is tested at different nucleotide conditions. If there is no
ATP at all, under external forces, kinesin can walk toward either the plus or the minus
end of the microtubules depending on the direction and the magnitude of the external
forces. A force of 3 pN (6 pN) is required for the motor to walk toward the plus (minus)
end. In this situation, there is no neck-linker docking at all and the direction of the
movement is decided by the direction of the external force. The authors also tested the
motor with only ADP or AMPPNP (Adenylyl-imidodiphosphate, a nonhydrolyzable
ATP analog) present and found that the amplitude of the external forces for the
motor to walk toward the plus end is 1 pN in ADP solution and 9 pN in AMPPNP
solution. A force of 2 pN in ADP solution and 12 pN in AMPPNP solution are
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required for the motor to walk toward the minus end. Therefore, the amplitude of
the external forces for the kinesin to walk toward the plus end is different in the
different nucleotide solutions, 1 pN in ADP solution, 3 pN in no nucleotide condition,
and 9 pN in AMPPNP solution. This evidence verifies the dependence of binding
affinities on the nucleotide states. On the other hand, the amplitude of the external
forces for the kinesin to walk toward the minus end is also different in the different
nucleotide solutions, 2 pN in ADP solution, 6 pN in no nucleotide condition, and 12
pN in AMPPNP solution. These differences in the amplitude of the external forces
applied to the kinesin for the plus end walking and the minus end walking at the
same nucleotide condition clearly indicate that there exists asymmetric steric binding
affinities for kinesin, in addition to the binding affinities on the nucleotide states
The step size histogram of the mutants indicates that kinesin still continues to
walk forward with the extended neck-linkers. There is only about 5% more backward
steps for mutants compared with the wild type. With the long neck-linker and soft
GS inserted, 14GS has much more lateral binding, meaning that the motor binds to
the sites on the protofilaments adjacent to the one where the bound head is on, (see

Figure 2.15).

2.2 Bias of Kinesin Walking

What is the origin of directional bias in the movement of kinesin along a microtubule?
Rice et al. [74, 75, 76] proposed a mechanism called the neck-linker docking to explain
the unidirectional stepping of kinesin. Actually neck-linker docking alone cannot
explain the results in Yildiz paper [95].

Assume that kinesin walks on a protofilament of the microtubule. Its bound head
is at the origin and the other head is in the tethered state. After the neck-linker

is docked toward the plus end of the microtubule, the root of the free neck-linker is
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located at £ = 2 nm. Assume the length of neck-linkers is long enough so that the
tethered head can reach the forward binding sites z = 8 and z = 16 and the backward
binding site z = —8 and £ = —16. The distance from the root of neck-linker in the
bound head to those four position is dl = 6, d2 = 10, d3 = 14 and d4 = 16. The
possibility for the tethered head to reach those sites decreases with respect to the

—cd?

distance and can be modeled as e i, 1 =1,2,3,4, where c is the parameter to
adjust the probabilities. After the normalization, we obtain the probability for the

tethered head to bind to one of those sites

2
p. ¢ l,H= Ze—Cdi,i=1,2a3’4- (2.1)

The probabilities for the tethered to bind to the position at x = —32, —24, —16, -8,
0,8,16,24,32arep_g39 = P§,p_g4 = 2P4P), p_16 = P, p_g = 2P4P1.p =
2P3Py + 2P| P, pg = 2PyP3, p1g = P, poy = 2P Py, p3p = PY. Grapha
in Figure 2.3 showed these probabilities and it does not have peaks at z = 16, 24
no matter how we adjust the value of parameter c in the formula. Therefore there
must be another mechanism to bias the kinesin walking toward the plus end of micro-
tubules. Entropy effects were investigated in [87] and showed that there is a 6K gT
free energy difference per step between walking toward the plus end and toward the
minus end, i.e., E}:}ee - Ebf,l:ee = —6K BT, where fw and bw denote forward

and backward. According to Arrhenius transition rate theory, this difference in free

energy favors a biased forward walking with

e6 1

T e T .

Indeed, Arrhenius transition rate theory [32] gives
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kfw =Ae

Then the probability for the forward and backward reactions are

kb

_Ffw LTI
kfw-l-kb,w'

kfrw n kbw and wa =

P fw =
Simple computation gives us (2.2).
After we take into account the bias for forward walking from the entropic effect

in the above formula, we arrive at the following modifications to (2.1):

cd? 2
Py e 13 P, £%24
p1’3=_f_wn__, Ppg="t " n-pp, B ecBy py (o o)

(2.3)

By using the probability from (2.3) to compute the binding probabilities for the
different binding sites, we produce a similar graph to that from the experimental
results, (see 2.2). Therefore this simple argument indicates that neck-linker docking

and entropic bias work together to be able to generate the bias seen in the experiments.

2.3 Processivity of Kinesin Walking

For kinesin to walk along a microtubule for a few micrometers without falling off,
the kinesin must coordinate the chemical states of their two heads to be out of phase
so that one of the heads is always bound to the microtubule. The mutants with
longer neck-linkers can walk over 100 steps as the wild type. The mutants having

long and(or) soft neck-linkers have small tensions in their neck-linkers. On the other
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hand, if tension is the only factor to regulate the processivity, then small tensions in
the mutants should lead to the loss of processivity. Therefore, the processivity of the
mutants actually indicates there are other mechanisms in coordinating the chemical
states.

In Figure 2.4, H1 is represented by the light head and H2 is represented by the
dark head. We now examine how the chemical states of the two heads change during
one step in the walking process. Starting from the moment when kinesin is in the
two-head-bound state with the trailing head in the ADP bound state and the leading
head in the empty state, and ending at the moment when the trailing head has taken
one step forward and has become the leading head in the empty nucleotide state and
the leading head has become the trailing head in ADP bound state, we can decompose

this time period into several subdivisions according to the temporal order as follows:

* TH1 =TaMT * Tdif fusion t TdADP * TH1 47p
* THo =TATP *TATPhydro t TdP,
* Tl*ﬂ =T4MT * Tdi f fusion T TdADP

Td MT is the time period between the moment when H1 acquires ADP and the
moment when the head unbinds from the microtubule. Tdi f fusion is the time of
diffusion of H1 until it binds again to the microtubule. Td ADP is the time taken for
H1 to release its bound ADP after H1 binds to a forward position. THl is the
ATP
time period between the moment when ADP is released until the moment when H2
releases a phosphate. T ‘AT P is the time period for H2 to bind an ATP molecule and
the ATP molecule is trapped, i.e., the neck-linker is docked. T AT Phydro is the
time elapsed from when the ATP is trapped in H2 until the ATP is hydrolyzed into
ADP - P. Finally, Td P. is the time needed for H2 to release the P’i after hydrolysis.
1
If T;Il > TH?’ then both heads will be in the ADP bound state at the same time,
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Figure 2.4: A chemomechanical cycle of kinesin. The letters represent the nucleotide
states of a kinesin catalytic core; E is for the empty state, T is for the ATP bound
state, D is for the ADP bound state, DP is for the intermediate state after the ATP
molecule is hydrolyzed. The dark solid oval represents head2 and the light solid oval
represents headl.
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which has the weakest binding affinity to the microtubule and so the kinesin is likely
to fall off. Therefore processivity requires T;fl < TH2'

Given the inequality T;‘Il < THZ’ we next determine how T;fl and TH2
change with the length and the tension of the neck-linkers. There are two hypotheses
concerning the tension of the neck-linkers: the front-gated-head model [30, 77] and
the rear-gated-head model [31]. The front-gated-head model postulates that in the
two-head-bound state with the leading head in its empty nucleotide state and the
trailing head in its ADP bound state, the tension in the leading head neck-linker
prevents ATP molecules binding to the leading head until the trailing head detaches
from the microtubule. The rear-gated-head model [31] postulates that the tension
in the trailing head neck-linker favors the dissociation of the trailing head from the

microtubule. These hypotheses imply the following conclusions, respectively.

o T AT P \, as the tension®\,

) Td MT /" as the tension™\

On the other hand, if the length of the neck-linker is longer, then we know

° Tdi ffusion /" as the neck-linker length /
Therefore we have
° T;Il /" and TH2 \\ as the tension™\, and the neck-linker length

These changes with respect to the tension and the neck-linker length may break
the inequality T;‘fl < TH2 and further induce the loss of processivity. To restore
. * . *
the balance, we could either decrease TH1 or increase TH2' To decrease THl’
Td ADP ought to decrease as the tension is small. This conclusion so far has not
been supported by experimental results. To increase TH2’ we can increase either
T AT Phydro or Td P, °r both. Under the condition of saturated ATP, the rate-

limiting step in the ATP hydrolysis process turns out to be the P; release. Therefore
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it is reasonable to postulate that Td P. is regulated by tensions. This is the other part
1
in the updated rear-gated-head model [85]. The tension of the neck-linker enhances

the release of F; after the ATP molecule is hydrolyzed.
) Td P. depends on tensions and Td P. /" as tension \.
1 1

Although these two models are not mutually exclusive, the front-gated-head model
has obtained more support, especially because it is more consistent with new data
[30]. Here our analysis shows that the rear-head-gated model should work with the

front-gated-head to guarantee the processivity of kinesin.

2.4 Biochemical Reaction Cycle of Kinesin

The biochemical reaction pathway of kinesin can be described as follows. E represents
kinesin and M is the microtubule. M-E means that the kinesin is bound to the

microtubule.

M-E+ATP =M .E-ATP =M -E*. ATP = 0
2.4

M-E*-ADP-P:M-E*-ADP+PZ-=M-E+ADP

Here an ATP binding process is divided into two steps. First an ATP molecule
arrives and binds to the catalytic core weakly and is easy to dissociate. If this weak
binding induces a conformational change of the catalytic core, denoted by E*, then
the ATP molecule is trapped into a tight binding state. After the ATP is trapped,
it will go through the hydrolysis process. Theoretically every biochemical reaction
is reversible. Because some reverse reaction rates of the hydrolysis process are very
small, we ignore them and come up with the following biochemical reaction process

for our model.
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Reaction rate s—1
0
e s e
k ATP 3uM™ s
k AOT p 150
kzip 700
kAT%hydro 100
k dP: 120
kdADP 300

Table 2.1: The reaction rate constants

k% . L
M- E + ATP ATP M- E.-ATP 2P M.E*. ATp | ATPhydro
ATP (2.5)

kdp.
M-E*.ADP.-P —'M-E*.ADP +P, kaabP \p g 4 ADP

The neck-linker zipping takes place in the step where the ATP molecule is trapped,

changing from the weak binding state to the strong.

The reaction rates used in the simulation are found from the other experimental

results [18, 91] and the authors in [95] didn’t measure these reaction rates.

Considering the regulation of the reaction rates by tension [32, 69], we adjust the

F8Y/KgT —F8/KgT
=k?lMTe /KB ’kzipzkgipe ¢/ B

, where the force F' is computed as a scaler by (2.9) and

reaction rates according to k AMT

F§%/KgT
de=k2]3ie C/ B

6L, i = 1,2, 3 are the characteristic distances along the chemical reaction coordinates.

In the simulation 5% = 0.7, 62 = 2.0, and 5§ =1.0.
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2.5 Tension Estimate of the neck-linkers

The estimate of the tension in the neck-linkers is critical in our modeling. The neck-
linker is considered as an entropic spring, either a freely-jointed chain (FJC) or a
worm-like chain (WLC) [32, 69]. When it is modeled as a FJC, the force-extension

relation is determined only by the entropic effects. This is given by

Fpjo(r) = ? @2 (2.6)

where b is the length of a monomer of the freely-jointed chain, z is the extension of
the polymer, here computed as the end-to-end distance of the polymer, £¢ is the total
length of the polymer, ¢ = Nb for a polymer with N monomers, K Bis Boltzmann’s
constant, and T is the absolute temperature.

If the neck-linker is treated as a worm-like chain which considers both the elastic

and entropic effects of the polymer molecule in the force-extension formula. Then we

have [69]

KpT 1 _l+£
p 4(1_%_)2 4 L]’

c

(2.7)

Fwre =

where £p is the persistence length of the polymer related to the material property
and the shape of the cross section of the polymer. The persistence length of a polymer
is a quantity used to measure how rigid the polymer is. Given a polymer chain, if we
take a segment from it with the arc length £grc and the tangent angles of the two
ends of the segment are denoted by 67,609, then we have the following formula for

the correlation of these two angles [32, 69]

—tarc
<cos(01 - 92)> —e 2p
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Material types | {c(nm) | £p(nm) | sp(nm)

Wild type 5.7 1.4 5.29
oP 6.84 14 5.86

2P 7.46 2.10 7.33

4P 8.08 2.28 7.95

6P 8.70 2.43 8.53

13P 10.87 2.82 10.33

19P 12.73 3.05 11.69

26P 14.90 3.25 13.13
14GS 12.16 1.08 7.08

Table 2.2: The total lengths, persistence lengths and natural lengths of the neck-
linkers.

The correlation relation decays exponentially with the arc length £gre [32, 69]. In
this thesis, the persistence lengths of the native neck-linker, the proline insertion

ZpTOhne = 4.4nm, and

and the GS insertion in the experiment are é’zp‘)t = 1.4nm,
ZI();S = 0.8nm, [95]. The persistence length of the microtubule is about 1 mm.
When there is no external force applied to a worm-like chain, its mean square

end-to-end length is given by [32, 69]

<R2> - 2@% (C_KC/KP -1+ ﬁ—;) (2.8)

The mean square end-to-end length of an FJC with N monomers is <R2> =N b2,
[22, 32, 69].

Molecular dynamics simulations [36] were used to estimate the internal tension
stored in the neck-linker and found to be about 12-15 pN when both heads are bound.
Calculation using (2.7) shows that the tension is 9.7 pN when the motor is in its two-
head-bound state with £ = 8nm if we use K BT = 4.2 pN - nm and choose 15 as
the total number of amino acids comprising each neck-linker. The experiments in
[95] suggest that kinesin will easily dissociate from the microtubule when the applied
external force is larger than around 10 pN. Therefore, we truncate the force of (2.7)

at 25 pN.
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In Table 2.2, the total length of one neck-linker is given for the wild type and each

of the mutants. The persistence lengths and natural lengths are also given.

In the supplemental documents of [95], the authors used the length of each amino
acid to be 0.38 nm and the length of a coil of the polyproline helix to be 0.31 nm
in their computation. They did not include the lengths of the three amino acids,
KKG, in their length estimate. In the thesis, we include KKG in the total length
computation. Therefore the {¢ values in Table 2.2 are neither the same as the values

in in Figure 2.1 nor the same as those in the supplemental documents of [95].

In the supplemental material of [95], they estimated the tension stored in the neck-
linkers when the kinesin is in two-head-bound state. Some mistakes can be easily
found in their computation. They used {¢ = 11.4nm, £p = 1.4nm, z = 8 — ¥ =
8 —2.05=5.95~ 6 and KbT = 4.1 in (2.7), ¢n the natural length of the polymer,
and found 3.9 pN as the tension for the kinesin in two head bound state with the
neck-linker undocked. It is not clear how to arrive at 2.05 nm for ¢p,. One possibility
is that it is from /29 x 0.382, which is the formula for the mean square end-to-end
length of a freely-jointed chain and 29 = 15 + 14 is the sum of the total number
of amino acids for the 14GS mutants. They followed the same idea to estimate the

tension when the neck-linker is docked.

It is easy to see that Fp LCW [C (&) = oo. This is consistent with the en-
tropic nature of these forces because there is only one configuration when the exten-
sion equals the total length, corresponding to the minimal entropy state. Actually,
for the worm-like chains, the entropic effect becomes dominant when the extension
approaches to the total length. The entropic force is not a real force acting in the
polymer but a quantity to describe a tendency for the polymer to restore to the maxi-
mal entropic state. Therefore it is not accurate to estimate the tension of neck-linkers
by using the formulae (2.6) and (2.7) when the extension is large. A reasonable com-

promise is to cut off the force at 25 pN and to introduce the square root of the mean
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square end-to-end length (2.8) as the natural length 5 by modifying formula (2.7)

as follows.

4
0, 0<s<¥n
KnpT -

Fz)={ -8 ! _liz=tn 220 (29)
tp 41 - a:—fp )2 4 flc—iIn
c— tn
| 25, F(z) > 25

where Zp is the effective persistence length of the neck-linkers of the mutants and is

computed by

7 wt Etht mutant egzutant

If two neck-linkers of the mutants are viewed as a whole worm-like chain, then the

natural length is calculated as the square root of <R2>:

n = <R2> - \12?;,2, (e_%c/zp 1+ %) (2.11)

which is shown in Table 2.2.

In our simulation, we model the motion of the tethered head in three-dimensional
space. The formula (2.9) only gives us the magnitude of the force. We use X7 to
denote the position vector of the tethered head and XH2 to denote the position vector

of the bound head. The extension z in (2.9) is equal to Euclidean norm of the vector

XH2 - le’ ie, z = |IXH2 _XHIH‘ The orientation is n = T&—gg‘%ﬁm

Therefore the force vector acting on the tethered head is

F(Xyyq) = F(o)n (2.12)
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Material types | K(pN/nm) | In(nm)

Wild type 0.91 5.29
1) 0.91 4.92

2P 0.65 4.99

4P 0.50 5.20

6P 0.41 5.47

13P 0.25 6.98

19P 0.19 8.38

26P 0.14 10.05
14GS 0.56 6.21

Table 2.3: The spring constants and the natural lengths of the neck-linkers

The neck-linker can also be approximated as a linear spring, in which the restoring
force is the product of the spring constant and the extension relative to the natural
length. The spring constant can be estimated from the linearization of (2.7), using
to denote the spring constant, K = 3an: |:1:=0 = 32Kc Z. A spring composed of
two different materials, with the spring constants k1 and K9, has an effective spring

constant

. (2.13)
K1 + )

The formula (2.10) can be derived from (2.13) as follows. For the extended neck-

linker of the mutant kinesin, denote its effective persistence length by fp. According

to (2.13), we have

3KgT 3KgT
BKBT 2 1cu 15) 2eznutantézwtant 014
2cip  3KgT . __3KpT (214
2 }:u ;J 2€gzutant€lr)nutant

The formula (2.10) is obtained by solving (2.14) for Zp.
The engineered neck-linker of kinesin mutants can be idealized as a freely-jointed
chain composed of the inserted part and the native part that are treated as worm-like

chains, but freely jointed to each other. This treatment gives the following formula
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for the natural length of the neck-linkers of the mutants.

In = \/2 <R2>wt +2 <32>mu (2.15)
0, 0<s<lIn

F(z) = (2.16)
k(z = In), 2l

Using the above formulas, we have the parameter values for the spring constants
and natural length in Table 2.3.
For the wild type kinesin, we model its two neck-linkers as a whole worm-like

chain and the natural length is equal to

L’%’t =Wt = \J%IQ, (e-%c/ep -1+ ﬁ—;) (2.17)

2.6 Algorithm

The whole simulation process can be described as follows. Here, ( is used to denote

different random numbers with uniform distribution between 0 and 1.
1. Headl dissociation

e Start from a two-head-bound state on the microtubule, with the leading
head (the head close to the plus end of microtubule) in its nucleotide free

state and the trailing head in its ADP bound state, see figure 2.4 and 2.5.

e Headl dissociation. Test for the random dissociation of headl from the
microtubule and ATP binding in head2. The neck-linker zipping induced
by ATP binding in head2 may or may not imply the detachment of headl

from the microtubule depending on the length of neck-linkers.
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Figure 2.5: Illustration of the binding sites for the wild type kinesin. Three vertical
stripes represent three protofilaments of the microtubule. Assume that kinesin can
only bind to the sites on these three neighboring protofilaments. The oval with X
inside denotes the bound head, i.e., head2 in the algorithm and the dark head in
Figure 2.4. The oval represents headl in the algorithm, the light head in Figure 2.4.
The five forward binding sites for headl are represented by squares. The number
of binding sites for the mutants will increase depending on the reachable range of
headl of the mutants. Notice that the binding sites are arranged to reflect the helical
structure of the microtubule.
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2. Tethered diffusion.

e Headl experiences a 3D diffusion process during which it might bind to a
rearward binding site. If so, this binding is weak and headl will detach
again. If headl diffuses to a forward binding position and binds to it, then
it can release ADP rapidly, bind to the microtubule strongly and completes

a step.

e The movement of the tethered head is modeled by a Langevin equation.
Let le be the position vector of the tethered head. Newton’s second

law gives the equation for the motion of Xle

.. . daw
mXH]. = —’yXHl + F(le) + ‘/2KBT7—dt—’ (2.18)

where m is the mass of the head and + is the drag coefficient. %Vg—/

represents white noise and W(Xyy1 ,t) is Brownian motion. F(XHI) is the
sum of the entropic force and any external force acting on the head. The
external force in our simulation is zero and the entropic force is computed
by (2.12). The order of magnitude of the mass is 10~ 17 and the inertial
time scale is defined as m/vy and m/vy =~ 10-103, which is so small that
the inertial term can be ignored. The above equation becomes a Langevin

equation

aw

— (2.19)

’yXHl = F(XH].) + ZKBT'Y

Solving this stochastic differential equation by using the Euler scheme, we

have the following iteration formula for (2.19) from ¢" to M+l _ 4 +dt,

xpHl_xn o %F(X?ﬂ)dt +v2Dar(w™H —wny  (2.20)
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where we have used Einstein relation D = I—{%I

e When the distance between the tethered head and some binding site is less
than a given threshold, r cutof f = 2.5, a binding probability is considered

by using the following formula:

e_ﬁd2
P . =
binding — ﬁd"’(

cosf, wild type

(2.21)
)2

cosf)“, mutants

where d is the distance between the tethered head and the binding site
and cosf = vy - v9, where v] is the orientation of the plus end of the
microtubule and v9 is the orientation of the binding site to head2. 8 = 1.5
is used in the simulation to approximate the swing process of headl induced
by the neck-linker docking.

Other binding probability formulas are tested. The following one is to

model the binding through the electrostatic attraction:

Pyinding = PiPo (2.22)
where
1, d<0.1
Pd = ¢ (2.23)
1-cje ¥BT4, 01<d<25,
and Pp = e_c3|3in(a/2)|, where a = 6 + C4£CZ_—Sw and w is a random

variable with a normal distribution of mean zero and standard deviation

one. ¢y and c9 are chosen to make (2.23) a continous function. We used
c1 =13and cg = —-4.2rcutoffln(l/cl).
e The chemical state of head2 stochastically update. If it has not bound
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an ATP, then continue to test for random ATP binding and then neck-
linker zipping in head2. The random test of ATP binding is as follows. If
¢ < kXT P[AT P]dt is true, then an ATP molecule binds to the catalytic
core of head2, where [AT P] represents the concentration of ATP. If ATP
has bound, then test for random ATP hydrolysis and Pi release until head2

arrives at the ADP bound state.

e When head? is in its ADP state after ATP hydrolysis, kinesin may fall
off or just release the bound ADP molecule. If headll happens to be in a
rearward bound state, then head2 will either release the ADP molecule and
not unbind from the microtubule or stay in its ADP bound state for the
next update. If headl is in the tethered diffusion state, head2 will either
release the ADP or possibly unbind from the microtubule depending on
the relative position of headl to head2. Let the positive direction of y
in (z,y,2) coordinates point to the plus end of microtubule, (see Figure
2.5). X:il_n(tn) and X%’_u are the y-coordinate of headl and head?2 at time
tn. If X:i/_n(tn) < x?f’m + Cyatinglc: then ADP release in the head2 is

considered, i.e., that random event is tested. We use C = 0.2 in

gating
the simulation. Otherwise unbinding of head2 will compete with the ADP
release in head2. If unbinding of head2 takes place, then the kinesin falls
off. If the ADP is released in head2, then a futile ATP hydrolysis cycle is

recorded.
3. Forward binding.
® Py din g is tetsted agaist a random number in [0, 1] and if it is greater,

then headl binds to the binding site immediately.

e After headl binds to a forward binding site, it releases the ADP quickly

and then is in a strong binding state. Head2 continues the process from
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step 2 and eventually arrives in the ADP state. Next ATP binding does
not occur in headl until ATP hydrolysis is complete in head2 and head2
is in a weak binding state. Now the headl and the head2 have exchanged

their trailing and leading roles and are ready for a new step.

To compute the average speed and run length of kinesin and its mutants, we run
5000 chemomechanical cycles for each of them. All the continuous paths are detected
from those 5000 steps and assume that there are Npat h continuous paths. The run
number, Nrn, of a path is defined as the total number of steps in this continuous
path and the run length, Lyyn, of it is defined as the total distance traveled. Three

different ways are used to compute the average speed. The first formula is given by

The total distance traveled in Np ath paths

V] = (2.24)

The total time spent in Np ath paths
For each path, we find the corresponding run number and its median value of all
N%edian_

the run numbers,

. _ The length of the ith path with Ny, > NTRedian
Lo th

The corresponding time for the 7

(2.25)
path

Vo = <V1,> ,over all the paths with Nrn > Nﬂﬁedwn (2.26)

To compare the result of run length between the simulation and the experiment,
we follow the method used in supplemental material in [95] where the mean run length

is defined as follows.

pmean _ L un>500LTun
run The total number of the paths with Lyrn, > 500

(2.27)

The third way to compute the speed is
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(2.28)

v <The length of the ith path with Lyryn > 500>
3~ ’

th

The corresponding time for the ¢“’* path

The average speed calculated from these three different definitions are very close,

see Figure 2.6.

2.7 Simulation Results

First of all, the ratio of the speed of the kinesin to the concentration of ATP is
calculated and the result with the Michaelis-Menton chemical kinetics, (see Figure
2.7).

Mutants with extended neck-linkers have smaller tension when taking an 8 nm
step and so they tend to take more time to detach from the microtubule, according
to the rear-gated head hypothesis. Also the long neck-linker mutants can reach more
backward binding sites so that they may have more backward temporary binding.
More backward binding needs more time for them to dissociate from the microtubule.
Our result supports this conclusion, Figure 2.8 showing clearly the average dwelling
time to be an increasing function over the mutants. Here the dwelling time is defined
as all the time when head1 is not in the diffusion state in one chemomechanical cycle.

Our detailed simulation of the stepping process of kinesin and its mutants with
extended neck-linkers has reproduced the experimental results qualitatively. There
are mainly two differences between our simulation results and the experimental out-
comes. The magnitude of the speed from the simulations is large although it does
clearly show the small speed for the mutants with the longer neck-linkers. The second
difference is that the speed of 14GS is larger than the speed of 19P and (or) 26P in
some simulations.

Speed in Figure 2.10 shows the decreasing tendency as is seen in the experimental

result. In our simulation, the speed among the mutants 13P,19P,26P and 14GS does
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Figure 2.6: Speed of the wild type, OP-26P and 14GS mutants computed by formulas
(2.24, 2.26, 2.28)

44



550
500  @eemm-mmmm -

as0 @~ 1

&H
Q
(=]

Speed, nm/s
W
3

300 .

250 7

20 0 200 400 600 800 1000

ATP concentrationu M

Figure 2.7: The speed of wild type kinesin vs ATP concentration (uM)
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Figure 2.8: The average dwelling time of the wild type, 0P-26P and 14GS mutants
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Figure 2.9: The average diffusion time of the wild type, OP-26P and 14GS mutants
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Figure 2.10: Speed of the wild type, OP-26P and 14GS mutants
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Figure 2.11: Coupling ratio of the wild type, 0P-26P and 14GS mutants
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Figure 2.12: Runlength of the wild type, 0P-26P and 14GS mutants. The mean run
length is shown in the insets.
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Figure 2.13: Trajectory samples of wild type kinesin and OP, 2P, 4P and 6P mutants.
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Figure 2.14: Trajectory samples of wild type kinesin and 13P, 19P, 26P and 14GS
mutants.
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Figure 2.15: Stepsize histogram

of the wild type and mutant kinesins.

53



400
(] 60
€ E
3 200 340
o O 2
0 0
8 10 12 14 16 10 20 30 40
Stepsize nm Stepsize nm
150
[ep] 267
£ 100 £ 40
8 50 820
0 0
10 15 20 25 30 10 20 30 40
Stepsize nm Stepsize nm
60
(138 80
E 40 € 60
3 3
S 20 e
0 0
10 15 20 25 30 10 15 20 25 30
Stepsize nm Stepsize nm

Figure 2.16: The histogram of stepsize from the simulation results for the wild type,
6P, 13, 19P, 26P, and 14GS mutants. The histograms of experimental results are
shown in Figure 2.15.
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Figure 2.17: Trajectory samples of wt, 6P, 13P, 19P, 26P, and 14GS from the experi-
mental results. These trajectories have more or less the same slope because they are
obtained from different ATP concentrations. See the simulation results in Figure 2.18
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Figure 2.18: Simulation results for the trajectories of wt, 6P, 13P, 19P, 26P, and 14GS.
The same ATP concentration, 1 mM, is used in the simulation. See the experiment
trajectories in Figure 2.17
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not decrease dramatically and seems more or less to be the same. One of the possible
reasons is that the tension of 14GS calculated by (2.9) is actually larger than that
of 19P and 26P and this large tension comes from the entropy effect of 14GS since
it is softer, i.e., with a small persistence length. We also observed from Figure 2.2
that the 14GS mutant has more small step lateral walking. The extended neck-linker
length of 14GS is 12.13 nm, very close to 12.76 nm, the neck-linker length of 19P,
but the histogram, Figure 2.15, of 14GS is different from that of 19P where 14GS
does not have a peak at 24 nm. We tested an idea to reduce the entropy effect
so that the speed of 14GS may become small. We use the binding probability of
14GS Pbindz'n g = e—ad2 which only considers the attraction distance without
considering the orientation term cosf in (2.21). This consideration comes from the
observation of the histogram of 14GS in which there are more small lateral steps
because the soft 14GS segment in the neck-linker makes the mutant much more flexible
so that it can more likely bind to the lateral binding sites. With this modification,
the speed of 14GS becomes smaller than the speeds of 19P and 26P mutants.

The trajectory samples are shown in the Figures 2.13 2.14 and 2.18. Each sample
represents the trajectory of a ten-step run of one head of the kinesin. Because those
samples are taken randomly, the slopes of these trajectories do not represent the
average speeds of each type of kinesin, which is shown in the Figure 2.10. The results
in the Figures 2.13 and 2.14 indicate that the speed of wild type is greater than that

of the mutants.

The histograms of step sizes of all motors are shown in the Figure 2.15. The
simulation results are shown in the Figure 2.16. The simulation results are consistent

with the experimental results when any backward walking is ignored.
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2.8 Discussion

In the front-gated head hypothesis, it is suggested that ATP does not bind to the
empty front head until the rear head dissociates from the microtubule [77]. If we
assume that the movement of the tethered head is purely diffusional, then this front-
gated head assumption may lead to a forward step of kinesin without consuming
an ATP molecule. Indeed, a kinesin head can be seen as a sphere of radius around
3 nm. According to the Stokes’ law [32], the diffusion constant of such a sphere
is around D = 6.7 x 107 nm2/s, which is very close to a reported experimental
measured value D = 2.24 x 107 nm2 /s. For wild type kinesins, they mainly walk
on the axis of a protofilament so the walking can be modeled as one dimensional
diffusion process. For a 1D diffusion, if the part(iiczle is not subject to external forces,
the first passage time [32] is equal to ¢ fp = _it)‘_fll, which gives the average time
for the tethered head to diffuse through the distance dstep and bind to a front
binding site, completing one step. Next we examine what the probability is for the
motor to bind an ATP molecule during the period ¢ fp In consideration of the
diffusion constant, the time step size used in the simulation is dt = 10—8 second.
Correspondingly, the first passage time ¢ fp needs around N step = [%t‘l] = 1143
time steps. On the other hand, on average, the probability of an ATP molecule to
bind is ¢ = dt{ATPlk - p, = 10~8 x 3 x 103 = 3 x 10™° when [ATP] is 1000pM
and sz P takes the value in Table 2.1. Given N step = 1143, the probability for the
kinesin to bind one ATP molecule is 1 - (l—q)NStePﬂ—1 =1-(1-3x 10—'5)1144 =
0.034. This result indicates that the diffusion is so fast that the kinesin could have
finished one forward step even without an ATP binding, not to mention neck-linker
docking. Block in [11] pointed out that it takes less than 100us for a kinesin to finish
a diffusive search process. A time of 100us corresponds to 10000 iteration steps.

Given N step = 10000, the probability for the kinesin to bind one ATP molecule is
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1-(1- q)10001 =1-(1-3x 10_'5)10001 = 0.26, which is much larger than
0.034 but it is still not large enough. Therefore this simple calculation suggests it is
unlikely for the empty front bound head not to bind ATP molecules until the rear

head unbinds from the microtubule and starts a diffusive process.

To solve this puzzle, we may assume that the front bound head of the kinesin
begins ATP binding before the rear head detachment. The timing point may be
reasonablely assumed at the moment when the P; is released and the rear head is
in the weak binding state. This assumption does not conflict with the result from
[56] where kinesin spends most time of a cycle in a two-head-bound state and it
quickly moves to the next front binding position in company with the ATP binding
when there is a high ATP concentration. Certainly another scenario is that the rear
head remians parked somewhere after it unbinds from the microtubule and rapidly
swings to a forward site with a force provided by the neck-linker docking that is
induced by ATP binding. This is the polymer gating mechanism in [1, 7, 27] where
the tethered head parks in front of the microtubule bound head and does not bind to
the tubulin until an ATP binds to the bound head. But the data in [56] suggest that
the tethered head parks behind the bound head instead of in the front of it. Surely,

more experiments are expected to elucidate the details of the polymer gating.

The movement of the tethered head is believed to involve a swing process induced
by the neck-linker docking. The experiments [56, 95] suggest that kinesin spends
most of the time in a two-head-bound state and it quickly swings to the next binding
site when the neck linker is zipped induced by the ATP binding. To model this
process, we suggest an idea where an overdamped beam equation may be employed
to describe this swing movement. We consider the neck-linkers as an elastic beam, in
which the potential is stored when the kinesin is in the two-head-bound state in which
we postulate that the neck-linkers are somehow twisted. And this is where the stored

potential energy may reside. When the tethered head unbinds from the microtubule,
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the released potential, coming from the release of the strain, immediately changes the
orientation of the tethered head such that it cannot easily bind back to the initial
site again and throws the tethered head to the next front binding position. We may
set the root of the neck-linker in the bound head at the arclength 0 and the the
root of the neck-linker in the tethered head at arclength ¢c. We need to determine
the appropriate boundary conditions to descr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>