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Abstract

Utilizing the mechanical energy converted from chemical energy through hydrolysis of ATP, motor proteins drive cytoskeleton filaments to
move in various biological systems. Recent technological advance has shown the potential of the motor proteins for powering future nano-bio-
mechanical systems. In order to effectively use motor proteins as a biological motor, the interaction between the protein motors and bio-filaments
needs to be well clarified, since such interaction is largely influenced by many factors, such as the coordination among the motors, their dynamic
behavior, physical properties of microtubules, and the viscosity of solution involved, etc. In this study, a two-dimensional model was proposed to
simulate the motion of a microtubule driven by protein motors based on a dissipative particle dynamics (DPD) method with attempt to correlate
the microtubule’s kinetic behavior to the coordination among protein motors.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In recent decades, the rapid development of advanced expe-
rimental techniques, such as atomic force microscopy, optical
trap nanometry, and fluorescence microscopy, has made it pos-
sible to investigate the dynamics of proteins at single-molecule
level with different time scales from millisecond to second. The
high resolution of the experimental techniques permits probing
conformational changes and functions of motor proteins, such as
myosins, kinesins and dyneins. These protein-based supramo-
lecular complexes have been extensively studied due to their
great potential to act as a biological motor at the molecular scale
for nano-bio-mechanical systems or devices. These biological
motors can convert chemical energy to mechanical energy
through ATP hydrolysis, thus providing power to drive cytoske-
letal filaments such as actin filaments and microtubules [1-5].
Efforts have also been made to control the path for these
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cytoskeletal filaments to move, which makes the development of
nano-bio-machines provided by the motor proteins possible.
Using a highly oriented polymer film functionalized with
myosin subfragments [6] or kinesin [7], the success in driving
actin filaments or microtubules in straight lines has been de-
monstrated. Suzuki and co-workers [8] reported the directional
motion of actin filaments driven by aligned and immobilized
myosin molecules using microlithographically-patterned resist
polymers. In the presence of detergent, kinesin can be selectively
attached onto a glass surface, from which the photo-resist poly-
mer has been removed, rather than on the photo-resist polymer
itself [9]. The tracks are channels bordered by walls of the resist
material, within which microtubules rarely climb up the walls, so
that the microtubules can move only along the designed tracks.
Controlled movement of microtubules along tracks can also be
achieved using micrometer-scaled grooves abricated lithogra-
phically on glass surfaces [10,11]. These recent studies have
brought the motor proteins closer to bio-engineering applica-
tions as a molecular motor. Among different motor proteins,
dynein has attracted increasing interest due to the fact that it
moves 10 times faster than kinesin [12].
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In order to drive a cytoskeleton filament, motor proteins
must grab the filament, hydrolyze ATP and then convert re-
leased chemical energy to mechanical energy, thus driving the
filament to move. Understanding the mechanism responsible for
this energy conversion and driving process is of importance to
utilization of motor proteins in future molecular machines.
Considerable experimental efforts have been made to investi-
gate relevant issues, including the structure of motor proteins
[13—15], elastic behavior of motors and cytoskeletal filaments
[16—19], and the motility of motor proteins [20,21], etc. In
addition, the rapid progress in the development of advanced
experimental techniques, such as atomic force microscopy [22],
optical trap nanometry [23] and fluorescence microscopy [24],
has provided researchers effective tools to investigate the
dynamics of single-molecule in situ with spatial and temporal
resolutions down to A and us ranges, respectively. This allows
direct observation of dynamic processes involving motor pro-
teins, for which macroscopic ensemble-averaged measurements
do not work. Two fundamental protein-motor parameters,
coupling efficiency and step-size, which can only be indirectly
inferred from in vitro motility assays are now accessible using
single-molecule techniques that allow direct and simultaneous
observation of ATP-turnover and force generation. However,
the filament’s motion driven by a number of motor proteins is a
very complex process, involving ATP hydrolysis, energy con-
version, driving and drag actions, which are greatly influenced
by the coordination among protein motors. It is not easy to
experimentally determine the roles that the individual factors
play in the entire process. In order to elucidate experimental
observations and understand mechanisms involved, computer
modeling has been used to achieve the goal. In 1957, Huxley
suggested that a motor protein could be treated as an elastic
spring storing mechanical energy and this idea became the basis
of a powerstroke model [25]. A swinging lever-arm model, in
which the neck region of a myosin consisting of one or more so-
called 1Q motifs serving as binding sites for calmodulin or
calmodulin-like light chains, was proposed [26]. The resultant
complex of extended o-helical heavy chain and tightly bound
light chains serves as a lever arm to amplify and redirect smaller
conformational changes within the myosin motor domain,
which occurs when interacts with nucleotide and actin fila-
ments. A so-called biased Brownian ratchet model was pro-
posed to study the action of myosin on actin filament, including
directionally biased Brownian motion [27]. A hand-over-hand
model was proposed to simulate the walking motion of two-
headed kinesin [28]. In the model, two identical motor domains
alternatively swing forward at each step while one motor
domain remains attached on the track. Further studies suggest
that some kinesin molecules exhibit a marked alternation in the
dwell times between sequential steps, causing the motors to
“limp” along the microtubule. Such type of movement of mic-
rotubule suggests an asymmetric hand-over-hand mechanism,
called an inchworm mechanism [29], in which one head always
leads in the movement. In addition, Qian studied force—velocity
relationship and the stochastic stepping of single kinesin based
on the theory of Markov processes [30]. Gao et al. proposed a
molecular dynamics model based on free energy simulations

and experimental binding constant measurements, which makes
it possible to develop a kinetic scheme to understand the ATP
hydrolysis by F1-ATPase [31].

The previously proposed models are primarily used to ex-
plore the driving mechanism for a single motor on a cyto-
skeleton filament. However, a filament is usually driven by a
number of protein motors, which is influenced by many factors,
including the density of motors, the coordination among motors
that largely affects the driving and drag forces, and the re-
sistance of surrounding liquid to the filament’s motion, etc. The
existing models are not very suitable for investigating the
effects of these factors on the filament’s movement.

In recent years, the dissipative particle dynamics (DPD)
technique [32] attracted interest due to its large time steps that
markedly decrease the computing time so that the powering
process of motor proteins involving many factors could be
investigated. In 1992, Hoogerbrugge and Koelman proposed a
simulation model based on the dissipative particle dynamics
(DPD) to study the hydrodynamic behavior of motor proteins
[32,33]. In this model, a liquid phase is modeled using dissipative
particles and their motion is simulated based on some collision
rules. Thermal and hydrodynamic effects could be included in the
model, which are of importance to studies on the fluctuation of a
microtubule. The DPD method has demonstrated its advantages
in simulation of complex fluids and soft materials [34—38]. This
method may provide more details of the motor protein’s behavior
than the stochastic model [30] or the ratchet model [27]. It should
be indicated that, compared to the molecular dynamics model
such as that used by Gao et al. [31], the DPD model may be
limited for qualitative prediction and explanation due to its non-
conservation of energy. Since the objective of this study is to
improve the understanding of the driving mechanism of dyneins
on a microtubule, especially to study the coordination functions of
motor protein, rather than quantitative prediction, the DPD
appears to be a suitable approach for the present study.

In this study, the authors combined the dissipative particle
dynamics (DPD) technique with a bead-and-spring model, and
applied the developed method to investigate the motility of a
filament driven by motor proteins. Effects of motor density, the
coordination among motors, and the microtubule length on the
movement of a bio-filament and related issues such as the
driving and drag forces were investigated to gain an insight into
the interaction between motor proteins and the bio-filament.

2. Model design
2.1. Part A: principles

2.1.1. The DPD simulation method

DPD is a particle-based method [32], in which a fluid is
treated as a group of interacting particles. Each particle rep-
resents a fluid element containing a number of molecules. The
interaction between two particles is a sum of conservative force,
dissipative force and random force:

Fig=> (Ff +F) +F}). (1)
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Fy < is a intermolecular force (conservatwe) which is a function
of the distance between two particles. 7 is a damping force
(dissipative) that is primarily responsible for the viscous effect
affected by the relative velocity between a pair of particles. F/
is a stochastic force caused by the thermal motion of molecules.
Since the forces are pairwise, the momentum of the entire
system is conserved and its macroscopic behavior directly
depends on Navier—Stokes hydrodynamics [32]. The conser-
vative force is expressed:

ri<re

FC _ {aij(rc — ry) Py )
0, ri=re

where a;; is the maximum repulsive force between particles i
and j, which can be determined from the liquid’s compressibil-
ity; r;=|r;—rj, rc is a cutoff radius, and 7; is the unit vector
from partlcle i to particle j.

For a liquid phase consisting of two different types of particles,
A and B, the particle—particle interaction is approximated by letting

aaa = agg = do
asg = ao(1 + &). (3)

A positive & results in a larger repulsive force between A and
B, while a negative & leads to smaller repulsion so that species
A and B can be mixed more easily. The value of £ ranges from
—0.5 to 0.5 [35].

The dissipative force and random force can be written as:

F = —ywP(ry) (75 vp) Py
F}} = owR (ry) AL 27y (4)

0® = 2vykgT (5)

where o is the amplitude of noise amplitude, and {;; is a random
noise term with zero mean and unit variance. 7y is a friction
coefficient, which is related to o, as Eq. (5) describes. =3 is
recommended based on previous work [39]

It needs to be 1ndlcated that F and F are mutually related
through w® and w®
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For a system in equilibrium, its temperature may be deter-
mined from the velocity of particles driven by thermal force:

3kgT = (mv?) (7)

2.1.2. The bead-and-spring model for a polymer chain

In this model, a microtubule is simply treated as a polymer
chain. A bead-and-spring chain structure is used. Two adjacent
beads are connected by a spring, and the force between neigh-
boring beads i and ; is expressed as [40]:
Fjj = K(rj — req) 7y (8)
where K is the spring constant and r.q is the stress-free spring
length,

For a microtubule, the spring constant of microtubule is
expressed as:

K=" 9)

where E is the elastic modulus of the microtubule, which is
determined experimentally, 4 is the cross-sectional area of the
microtubule and L is the length of the microtubule.

In the present study, only unidirectional movement of mic-
rotubule was investigated. To simplify the model, the bending
strength of microtubule was not taken into account.

2.1.3. The DPD algorithm

Once the force on a liquid particle is given, its velocity and
trajectory can be determined using a modified Velocity—Verlet
algorithm [41]:

Al A =70 + a0 + 5 (a2 P40 )

(4 A2) =T0) + 580 7 )

Flt+An) = f( ,(t+At) +v (t+ At/2))

Vit 4 Ar) =Vi(t + t/2)+—At £+ Ar) (10)

where7;() and 7;(¢ + At) are respectively the positions of parti-
cle i at time ¢ and time ¢+ Az, respectively. v;(¢), v;(t + At/2),

and V(¢ + At) are the c velocity of the particle at ¢, 7+ A#/2 and
t+ At, respectively. f (t) and f (t + At) are respectively the
total forces on the particle at # and 7+ Ar.

2.2. Part B: model design

A microtubule shows polymorphism: the variation in the
number of protofilaments. In experimental conditions, it usually
contains microtubules having 14 protofilaments or 13 proto-
filaments. In order to simplify the model, a microtubule with 13
protofilaments was used.

A microtubule with 13 protofilaments is composed of three-
start helices of monomer [42], as Fig. 1 (a) illustrates. The
diameter of its cross-section is about 25 nm. To simplify the

Fig. 1. Structure of a microtubule: (a) a three-start helices structure, (b) a polymer
chain structure used to model a microtubule.
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Microtubule microtubule

~
Solution particles

Fig. 2. Sketch of a model system.

model, we treated a microtubule as a polymer chain consisting
of springs and beads. A segment of microtubule of 25 nm long
was treated as a unit bead, as illustrated in Fig. 1 (b). Since this
study focus on the longitudinal movement of microtubule, only
longitudinal stiffness of microtubule was taken into account. In
this study, the solution in which a microtubule moves is water.

Dimensionless simulation was conducted in the study. We set
m=r,=T=1, where m is the dimensionless mass of a
solution particle, ?C is the dimensionless diameter of a solution
particle at 7.=100 nm, and 7 the corresponding dimensionless
temperature at 7=298 K. According to previous work [43],

a;=T75kgT/p is chosen for water, in which p is a number
density. In addition, p>3, =3 and time step Ar=0.04 turn
out to be adequate choices. Therefore, p=3, =3 and At=0.04
were adopted in the present study.

The vertical dimension of the system for this study was set as
40 (Fig. 2). Since different lengths of microtubule were used in
the modeling, the horizontal dimension was set to be as twice as
that of the longest microtubule. Period boundary condition was
applied to both vertical and horizontal dimensions.

According to the power stroke model [25], a motor protein
was treated as a strained elastic string after receiving energy
from ATP hydrolysis. The strained spring generated a driving
force for a microtubule to which it attached. When attached to
the microtubule, the strain spring energy was released and thus
drove the microtubule to move. For a single motor of dynein c,
each power-stroke resulted in a displacement of about 8 nm as
determined experimentally [44].

Hence, for each stroke, the driving force of a motor on a
microtubule may be expressed as:

Fy=k-AS (11)

where £ is the spring constant of the motor and A¢ is the stroke
distance of dynein c.

A microtubule bead
attached by a dynein

Spring 1

Spring 2 (Stalk)
Motor 7

A motor is attached to a
bead of microtubule

Spring 1 is detached from
the bead after its stored

energy is consumed

4+— Stem (a)

(b)

The motor drives the
head to move

Wiy @

Spring 2 drags the head if it
continues to move
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The motor is attached to
another bead after it receives

a unit of energy (ATP)

Fig. 3. The sketch of an attaching and detaching process.
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Fig. 4. An attaching and detaching cycle for dynein c.

In the model, two springs are used to represent the power stroke
action as shown in Fig. 3: spring 1 is used to drive a microtubule to
move forward, and spring 2, which represents the stalk of dynein,
is used to capture the microtubule. The motor is attached to a glass
surface by its stem, which is assumed to be rigid and can only
wave around the fixed position. The stress-free length of the stalk
is 15 nm and that of the stem is 13 nm. The diameter of motor is
about 15 nm [11]. When a motor is attached to a microtubule,
spring 1 is full of strain energy given by ATP hydrolysis and it
drives the microtubule to move (the driving period is defined as
Tactive)- After the displacement (8 nm) is accomplished and the
strain energy in spring 1 is consumed, spring 2 starts to drag the
bead. As suggested [45], there exists a drag process by motor
proteins; this is also logically expected, since the motor
detachment may take some time that should not be ignored at
the nano-scale. In the model, we assume that there is a short period
(Tarag) for a motor to be completely detached from a microtubule.
During T4y, the motor drags the microtubule, since the latter still
moves even there is a resistant force from the solution. During the
following period of detachment (7.¢), the motor would obtain
another energy unit from ATP hydrolysis and then grab the
microtubule again, followed by another cycle, as Fig. 3 illustrates.

The total attachment period 7., is the sum of T,y and
TdragsTon = Tactive T Tdrag- 1h€ cycle period time of dynein ¢ is
about 10 ms. The duty ratio for dynein ¢ is 0.14. Hence for
dynein c, T, is about 6 times as long as 7.

In the model, the driving period (T,eve) Of dynein ¢ was
assumed to be the same as 7y, Which can, of course, be
adjusted to match experimental observation. Such an assump-
tion should not lead to misleading information when studying
the mechanism for motor-microtubule interaction, rather than
intending to obtain accurate quantitative data. Fig. 4 schemat-
ically illustrates the three periods of an attaching and detaching
cycle for a dynein c.

3. Results and discussion
3.1. The effect of motor density on the microtubule motility

Since the attachment of protein motors onto a microtubule is
statistically random, the coordination among protein motors

should affect the motion of a microtubule driven by the motors.
The coordination among protein motors is dependent on the
number of protein motors, which can affect the driving and drag
forces on the microtubule and thus its motion. In order to gain
an insight into this issue, the movement of a microtubule driven
by dynein ¢ with different motor densities was simulated. The
system for modeling was set as 200 x 40 as shown in Fig. 2. The
length of a microtubule was set as 100, consisting of 100 beads.
In order to study how the density of motor protein affected the
microtubule’s movement, different motor densities, which
represent the number of dynein ¢ motors per micrometer
along the longitudinal direction of the system, were used in the
simulation. Motors were randomly distributed in the longitudi-
nal direction, along which the microtubule moved.

Fig. 5 illustrates the displacement of a microtubule along the
longitudinal direction against time or time steps for different
densities of dynein c. As shown, when the microtubule was
driven by a motor, a stepwise-curve was observed. In this case,
as the motor was attached to the microtubule, it drove the
microtubule to move over one step () with releasing its stored
energy. The motor then dragged the microtubule before it was
completely detached from the microtubule. As a result, the
microtubule stopped to move due to the drag from both the
motor and the surrounding liquid. After an off-attaching period
Tof, the motor was attached to the microtubule again (in another
position) and another attaching—driving—detaching cycle
began. This stepwise curve was observed experimentally, as
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Fig. 5. (a) The simulated displacement of a microtubule vs. the time (different
motor densities were used in the simulation, respectively); (b) Stepwise movement
of a microtubule driven by a single dynein c [44].
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Fig. 6. (a) The velocity of microtubule vs the density of motors; (b) The sliding
velocity of microtubule vs the surface density of dynein ¢ [44].

Fig. 5 (b) illustrates [44]. The experiential stepwise curve is not
as regular as the one from simulation, since a realistic moving
process on nano scale could be very sensitive to any disturbance
from the surrounding medium under the experimental condi-
tion. The stepwise curve was also observed when more motors
were involved; however, the curve became less stepwise. As
shown in Fig. 5 (a), the movement of microtubule becomes
continuous with an increase in the motor density and the dis-
placement—time curve eventually turns into a line.

The velocity of microtubule increases as the density of
dyneins (the number of dynein ¢ motors per micrometer) in-
creases, since the time interval during which the microtubule
stops to move decreases as Fig. 5 (a) illustrates. As a result, the
average velocity increases, i.e., the average slop of the curve
increases. Fig. 6 (a) illustrates the increase in velocity against the
motor density. As shown, the velocity increases rapidly with an
increase in the density of molecular motors until saturation when
the motor density reaches a certain level. The saturation of
velocity may be largely attributed to an increase in the drag from
the motors as the motor density increases, which renders the
coordination among motors poor. A balance between driving
and drag is eventually be reached, leading to a stable velocity as
the motor density reaches a certain value, as Fig. 6 (a) illustrates.

The relation between the velocity V; and motor density D
may be approximately represented using the following equa-
tion: Vy=Vso*(1—(1—-0.14)"), where Vgy=9.225E-5. Experi-
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Fig. 7. (a) The simulated velocity of microtubule against its length (b) Experimentally
observed sliding velocity of a microtubule against its length (cited from Ref [46]).

mentally, a similar relationship was observed between the
velocity and motor density: Vexp=Vo(1—(1—f ™), where £ is
the duty ratio=0.14 for dynein ¢ and N is proportional to the
motor density [44]. Fig. 6 (b) illustrates the experimental result,
which is consistent with the modeling result.

3.2. The length of microtubule and sliding velocity
Previous work demonstrated that the motility of microtubule

was affected by its length [46], which should also be influenced
by the coordination among protein motors. For a fixed motor
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Fig. 8. Farivs Farags Fim_drag, and F_grag Vs. the density of dynein ¢ motors.
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density, the longer a microtubule, the lower degree should be the
motor coordination. This consequently affects the microtubule’s
velocity. In order to elucidate the relation between the micro-
tubule length and velocity, the motion of microtubules having

different lengths driven by motors with the same density was
simulated. In the model, the average density of motors was fixed
as 10 dynein ¢ motors per micrometer along the longitudinal
moving direction. Motors were randomly distributed in the
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system. In the model, microtubules having different lengths, 6,
12, 25, 50, 100, 150, 200, 300, and 400, respectively, were
studied.

Fig. 7 (a) illustrates the longitudinal velocity of a micro-
tubule against its length. The velocity increased initially with an
increase in the length, which became stable after reaching a
critical length. Similar trend was observed in reported expe-
riments [46] as shown in Fig. 7 (b).

For a short microtubule, motors have a lower probability to
attach and drive it. Hence, the microtubule should move slowly
as the total driving force from motors becomes smaller. With an
increase in the length of microtubule, more motors have the
opportunity to attach and drive it with more local acceleration
events associated with motor attachment, thus resulting in an
increase in the velocity of microtubule. However, along with the
increase in the driving force, the drag force from motors also
increases, accompanied with poor motor coordination as indi-
cated earlier. Meanwhile, the drag force from solution also
increases due to the increased velocity and length of a micro-
tubule. As a result, the velocity of microtubule eventually be-
comes saturated as the microtubule’s length reaches a certain
value.

3.3. Force analysis

As indicated earlier, a microtubule may exhibit very different
kinetic behaviors when driven by a single motor and a group
of motors, respectively. The higher the motor density, or
the longer the microtubule, the more motors attached to the
microtubule simultaneously. Therefore, understanding how
motors work coordinately to drive microtubule is of importance
to gain better understanding of the effect of motor density on
microtubule’s kinetic behavior, which is crucial to future nano-
bio-mechanical systems. Obviously, the coordination of motors
directly affects the driving and drag forces to a microtubule. In
this study, we investigated the effects of the motor density on
drag force (Farag) and driving force (Fayiy). There are two net
drag forces: one from motors, Fin_arag = ') Fiy_grae (Fhy a0
when the motor 7 is in its period 0ftg4mg) and the other from
the interaction between the microtubule and solution particles,
F_rag = Zf\i . zjﬁl F }j) . Ny is the total number of motors, N,
is the number of beads within a microtubule, and N, is the
number of solution particles. The driving force is the total force
from all motors that are attached to the microtubule, Fyiy =
Fo_diiv = va:"l r’;l_driv. F,i,_drag and F}, 44y are the drag force
and driving force from motor i. The total force (Fi) on
microtubule is the sum of Fy, grag T F's_drag T Fariv-

Fig. 8 illustrates average Friv, Farags Fm_drago aNd Fy drag
with respect to the density of dynein ¢ motors (the number of
dynein ¢ motors per micrometer). With an increase in the motor
density, Farivs Farags Fm_drag» and Fs_grag increased. It is under-
standable that the first three forces are proportional to the motor
density, since they are directly contributed by individual motors
and affected by their coordination. Regarding the drag force
from solution, although increased initially, it reached a stable
value when the density exceeded 20. Since F_gra is related to
the velocity of microtubule beads relative to solution particles, it

is mainly influenced by the velocity of the microtubule. As
demonstrated earlier, the velocity of microtubule increased ini-
tially with an increase in motor density, associated with a
corresponding increase in drag force from solution. However,
the velocity of microtubule became stable when the density
exceeded 20 (see Fig. 6 (a)). Hence, F_grae should also become
stable when the motor density exceeds this value as Fig. 8
illustrates.

Comparing to the drag force from solution (Fs_grg), the drag
force from motors (Fy,_drag), Was larger. This implies that motors
play important role in dragging the microtubule, so that the coor-
dination among motors should have a strong influence on the drag
action. When comparing the total drag force to the total driving
force, though they both increased with an increase in the density
of motors, one may see that the ratio of these two forces is close to
1. This may make the microtubule moves at a constant speed.

Fig. 9 illustrates Fiy and Fy, (o against the time step for
different densities of dynein motor. As illustrated, the total force
on microtubule fluctuated with time. With an increase in motor
density, the fluctuation frequency increased. However, the av-
erage total force for a long period was zero. This indicates that
statistically a microtubule moves at a constant average speed but
acceleration exists once a motor is attached to the microtubule.
Such acceleration becomes less visible with an increase in the
motor density.

The total force from motors, Fy, i1, Showed similar fluc-
tuation but its average was non-zero, since the average force
from motor should be non-zero in order to overcome the re-
sistance from the solution as well as that from motor’s drag when
the microtubule is moving. The positive value corresponded to
the driving force provided by the motor when it was attached to
the microtubule, while the negative value corresponded to the
drag force from the motor during the detaching period (Tgrag)-
The fluctuation frequency became higher as the motor density
was increased, leading to more stable motion of the microtubule.

The effect of the coordination among motors and its
influences on the driving and drag forces, average Fyriv, Farag,
Fin_drag> and F_grag against the length of microtubule were also
investigated. As shown in Fig. 10, with an increase in the
microtubule’s length, Fyr.g, Fariv, and Fp, grae continuously in-
creased. The increases in the forces are attributed to the fact that
a longer microtubule can be attached by more motors that result

300
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250 m Fdrag
A Fm_driv
200 x Fs_driv
g — Poly.
8 150
T8
100
50
0 50 100 150 200 250 300 350 400 450
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Fig. 10. The forces Fyriv, Farags Fm_drags ad Fg_grag vs. the length of microtubule.
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in not only a larger average driving force but also a larger drag
force due to inharmonic attachment by an increased number of
motors. Besides, the resultant increase in microtubule’s velocity
also increased the drag force from solution.

In summary, the present modeling study has demonstrated
effects of motor density and microtubule’s length on the mic-
rotubule’s velocity, driving and drag forces. The coordination of
motors certainly has strong influences on these parameters,
which have been qualitatively demonstrated in this modeling
study. It should be pointed out that in the present study the
authors do not attempt to establish quantitative relationships
between the motor coordination and the kinetic behavior of a
bio-filament driven by multiple protein motors. To do so, it is
necessary to define an adequate statistical parameter to describe
the motor coordination and further quantitative investigations
and statistic analysis are needed.

4. Conclusion

A microscopic model based on the dissipative particle dy-
namic method and a bead-and-spring configuration was proposed
to explore the driving mechanism for molecular motors attached
to a microtubule. Effects of motor’s density and the length of
microtubule on the motion of a microtubule were studied, with
the aim of demonstrating the influence of the coordination among
protein motors on the motion of a microtubule.

It was demonstrated that with an increase in the motor’s
density, the average velocity of a microtubule increased and
eventually became saturated. The microtubule’s length showed a
similar influence on the velocity. Detailed information on changes
in the driving and drag forces with respect to the motor density
and microtubule’s length was obtained from the modeling study.
The computational results are in agreement with experimental
observations reported in literature. The observed phenomena are
greatly related to the coordination among protein motors.
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