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Abstract—Myosin and kinesin are biomolecular motors
found in living cells. By propelling their associated
cytoskeletal filaments, these biomolecular motors facilitate
force generation and material transport in the cells. When
extracted, the biomolecular motors are promising
candidates for in vitro applications such as biosensor
devices, on account of their high operating efficiency and
nanoscale size. However, during integration into these
devices, some of the motors become defective due to
unfavorable adhesion to the substrate surface. These
defective motors inhibit the motility of the cytoskeletal
filaments which make up the molecular shuttles used in the
devices. Difficulties in controlling the fraction of active and
defective motors in experiments discourage systematic
studies concerning the resilience of the molecular shuttle
motility against the impedance of defective motors. Here,
we used mathematical modelling to systematically examine
the resilience of the propulsion by these molecular shuttles
against the impedance of the defective motors. The model
showed that the fraction of active motors on the substrate
is the essential factor determining the resilience of the
molecular shuttle motility. Approximately 40% of active
kinesin or 80% of active myosin motors are required to
constitute continuous gliding of molecular shuttles in their
respective substrates. The simplicity of the mathematical
model in describing motility behavior offers utility in
elucidating the mechanisms of the motility resilience of
molecular shuttles.
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|. INTRODUCTION

MOTOR PROTEINS, such as myosin and Kkinesin, are
biomolecular motors that actuate movement in living
cells. Myosin and kinesin are typical biomolecular motors
ubiquitous in the cells. Through repeated mechanochemical
cycles of hydrolysis of adenosine triphosphate (ATP), myosin
and kinesin attach to and detach from the actin and microtubule
filaments, respectively, to constitute movements. The actin and
myosin pairs produce contraction movements in muscle cells,
while microtubule and kinesin pairs contribute to intracellular
material transport. These biomolecular motors can be harnessed
in vitro for nano- and microscale synthetic applications
[11121131[41[5116117], which include biosensors
[8][91[10][11][12], biocomputers [13], and molecular
communication devices [14][15]. In such applications,
biomolecular motors drive their associated cargo-loaded
cytoskeletal filaments, forming a molecular shuttle system.
Owing to their small size and high energy conversion efficiency,
molecular shuttle systems are indispensable to applications
involving active transport.

The two biomolecular motors often utilized for molecular
shuttles, kinesin and myosin, have distinct properties. On the
one hand, microtubule-based molecular shuttles move over
kinesin-coated surfaces with speeds of 0.5-1 um/s along rather
straight trajectories with the path persistence length of 0.1 mm
[16][17]. On the other hand, actin-based molecular shuttles
move over myosin-coated surfaces with speeds of 2-7 um/s
along rather twisted trajectories with the path persistence length
of 0.01 mm [18][19]. These differences affect the performance
of devices that utilize molecular shuttles [20][21]. The higher
gliding speed of actin-based molecular shuttles is preferable for
fast detection and computation, in contrast to the lower
microtubule-based gliding speed. While microtubule-based
molecular shuttles are easier to guide with tracks made by
conventional photolithography [22][23], more sophisticated
electron lithography is needed to make actin-based guiding
tracks [24].

Another factor to consider is resilience of motility against
defective motors. When biomolecular motors are adhering to
the substrate surface, some of them become defective due to
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unfavorable interactions between the surface and the
biomolecular motors. Defective motors do not hydrolyze ATP
and may only bind to their associated filaments. Thus, defective
motors do not translate them, and these motors act as impedance
to propulsion of molecular shuttles. The impedances by
defective motors lead to slowing down, fishtailing [25],
swirling [25], and even halting of molecular shuttles. In
biophysical studies, to achieve smooth movements of
cytoskeletal filaments gliding over biomolecular motors in in
vitro motility assay, defective motors have to be carefully
removed prior to observation of movement, and the surfaces
should be passivated to prevent “non-ideal” adhesion of
biomolecular motors to the surface leading to denaturization,
especially for the actin and myosin system [26]. In applications,
polymer materials such as photoresists are used for substrates,
and these polymers facilitate denaturing of motor proteins [27],
which makes motility resilience of molecular shuttles of
practical importance.

Understanding the motility resilience of both microtubule-
based and actin-based molecular shuttles presents important
practical insights in using molecular shuttles, as well as
biophysical perspectives of biomolecular motors and
cytoskeletal filaments. Nevertheless, systematic experimental
investigations are hampered by difficulties in controlling the
precise amount of defective motors on substrate surfaces.
Computer simulations are useful in offering systematic means
for investigating this problem but at extensive computational
cost. Alternatively, a mathematical model capturing the essence
of underlying mechanisms would be a complementary approach
with an advantage of providing a simplified view of these
mechanisms. In this study, we investigated the resilience of
motility of molecular shuttles driven by biomolecular motors
against the presence of defective motors. The simplicity of the
mathematical model makes it easy to gain insights into the
motility resilience of molecular shuttles.

This manuscript is an extended version of our conference
paper for 13th EAI International Conference on Bio-inspired
Information and Communications Technologies (BICT2021)
conference paper [28]. In the conference paper, we showed how
a mathematical model could be used to predict the gliding speed
of the actin-based molecular shuttles against defective motors.
In this study, we have extended the application of the model to
the microtubule-based molecular shuttles as well, which
enabled comparisons between the two types of molecular
shuttles with distinct biophysical properties.

Il. MATHEMATICAL MODELLING

To predict the translocation of cytoskeletal filaments under
impedance by defective motors, we developed a 1D
mathematical model based on a previous study [29]. Our 1D
model assumes that cytoskeletal filaments are propelled by
active motors acting against impedance generated by defective
ones (Fig. 1). The gliding speed (v) is assumed to depend on the
average force acting on each active motor (f):
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where v,,,, 1S the maximum speed of the translocation of
cytoskeletal filaments, and f;,; is the stall force of the
associated biomolecular motors. Although (1) results from
cyclic binding and unbinding of active motors to cytoskeletal
filaments, for simplicity, spontaneous dissociations of active
motors are not explicitly included. This treatment can be
validated provided that the motor density is high enough such
that the spontaneous detachments of cytoskeletal filaments are
rare [30].
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Fig. 1. A schematic drawing of molecular shuttles gliding over
biomolecular motors in the presence of defective motors.

The acting force, f, is assumed to be exerted by the defective
motors. During the cytoskeletal filament translocations,
defective motors undergo repeated cycles of associations with
cytoskeletal filaments, elongation and then dissociations from
the cytoskeletal filaments (Fig. 2). When the cytoskeletal
filaments approach closely, the defective motors bind to these
filaments with a rate of 1/7;. Once bound, defective motors are
gradually stretched by the cytoskeletal filament translocations,
building up tension that impedes further cytoskeletal filament
translocations. When the tensions reach the rupture force of the
biomolecular motors, frp,¢, the defective motors dissociate
from the cytoskeletal filaments. For simplicity, spontaneous
dissociations of defective motors from cytoskeletal filaments
were neglected here. It is assumed that cytoskeletal filaments
move with a constant gliding speed depending on the acting
impedance, then the durations, 7,, that the defective motors
remain bound to cytoskeletal filaments depend on the
cytoskeletal filament speeds and they are given by 7, =
— frupt/ kv, where k is the spring constant of the defective
motors. Thus, the time-averaged force generated by a defective
motor, fyer, is given by:

1 T1t+T
B gt )

T1+7,

fdef =
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Guided by Fig. 2, the integral in (2) can be evaluated, leading
to (3).

T
def - 2(1—kVT1/frup!) ©

Y7 %

bind stretch detach

Fig. 2. A schematic representation of the time evolution of the force
generated by a defective motor.

Since the number of the active motors binding to cytoskeletal
filaments with the length of L is psL and that of the defective
ones pdL, where pq and pq are the line densities of active and
defective motors, respectively, the impedance per active motor
is given as follows:

=Pa__ Jrupt
fimp =2 2(1-kvT1/ frupt)’ @

From (1), once the impedance is given, the gliding speed of
cytoskeletal filaments can be calculated. On the other hand, to
determine the impedance from (4), the gliding speeds of
cytoskeletal filaments are needed. Thus, to obtain the
cytoskeletal filament gliding speed, we need to solve (1) and (4)
self-consistently. The gliding speed can be obtained from
graphs at the intersection of (1) and (4) (Fig. 3), or analytically
asin (5):

=frupt (1 +kaax1'1) +

2kty frupt

_ frupt P_d)
2fstatt Pa’ |’

(1 + kaaxT1>2 + 4kVmaxT1 (1 (53)
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The solution (5b) is unstable as is shown in the Sec. III.

The parameters used in this study are listed in Table 1. The
gliding speed, v, is a function of p;/p,. To make comparisons
with experiments [31][27], we also use active motor ratio,
given by (7):

r= —Pa_ (7

patpd’

TABLE 1: PARAMETERS USED

Parameter = Description | Microtubule- Actin-
kinesin myosin
Vinax Maximum 0.8 um/s [32] 7 pm/s
gliding [33]
speed
[staut Stall force -5pN [32] -0.4 pN
[341[35]
frupt Rupture -7pN [36] -9.2 pN
force [37]
k Spring 100 pN/pm 300
constant [38] pN/um
[39]
T Binding 0.2 s [40] 0.025 s
period [39]

Ill. MODEL PREDICTIONS

In this section, we obtain generic predictions of the
mathematical model. These generic predictions are applied to
microtubule-based and actin-based molecular shuttles in Sec.
IV.

It is evident from Fig. 3(a) that when the slope of (4) is larger
than that of (1), there is only one solution of (5a) despite the
value of p;/p,. On increasing p,/p, (the red curves #1 to #4
in Fig. 3(a)), the gliding speed continuously decreases until v =
0 at pg/pq = 2 fstau/ frupe (Fig. 3(b)). In other words, the
stationary-motile transition is continuous. The slope of (4)
when p,/p, = 2 fstall/frupt is given by Zfrupt/kflfstall' The
slope of (1) iS — Vpax/ fstau- Thus, the condition is obtained
that the continuous transition occurs at —KkT; Vyq, /2 frupe = 1.

In the event that —KT;Vpqx/2frupe > 1, that is, the slope of
(1) is steeper than that of (4), depending on p;/p,, there are
three cases. Case 1: at small p;/p, (the red curve #1 in Fig.
3(c)), there is only one solution of (5a). Case 2: at intermediate
Pa/Pa (the red curve #2 in Fig. 3(c)), there are two solutions of
(5a) and (5b). These two solutions coincide at the critical value
of pa/pg (the red curve #3 in Fig. 3(c)) given by

2
(P_d) — 2fstaul 1— Frupt <1+k17max1'1> ' (6)
Pa’ ¢ frupt 4KkVmaxT1 frupt
Case 3: above the critical value (the red curve #4 in Fig. 3(c)),
there is no motile solution and only a stationary solution is
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obtained.
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Fig. 3. (a, ¢) Schematic plots of the gliding speeds as functions
of impedance given by (4) with various active motor ratios,
overlaid with the f — v relation of (1). (b, d) Gliding speeds, v,
as function of active motor ratio, r. (a) and (b): continuous, (c)
and (d): discontinuous. The arrows in (a) and (¢) point to the
direction of increasing p;/pq-

When there are two solutions at intermediate pg/pg, (52) is
stable while (5b) is unstable as described below. First, we
consider fluctuations in the gliding speed around the solution
with a higher gliding speed, (5a). Although we have so far only
discussed averaged behavior, the cytoskeletal filament gliding
speed may fluctuate about the average with occasional
increases or decreases. For example, for the high speed solution
(Fig. 4 (a)), if the cytoskeletal filament speed increases (the
yellow arrow #1 in Fig. 4(a)), the impedance coinciding with
the new higher speed is larger, hence causing the filament speed
to decelerate back to its original gliding speed (the yellow arrow
#2 in Fig. 4(a)). If, on vice versa, the cytoskeletal filament speed
at this high speed solution decreases due to fluctuation,
impedance will drop, causing the filament to accelerate back to
its original gliding speed. The high speed solution is hence a
stable solution. Conversely, for the low speed solution by (5b)
that is plotted in Fig. 4(b), when a cytoskeletal filament happens
to be accelerated by fluctuation (the yellow arrow #1 in Fig.
4(b)), the impedance at this new higher speed is smaller, leading
to the further acceleration of the cytoskeletal filament (the
yellow arrow #2 in Fig. 4(b)), showing that the solution is

Authorized licensed use limited to: Dedan Kimathi University of

unstable. Taking the stable solutions, we obtain the gliding
speed as a function of py/p, or r. The gliding speed is
independent of the length of the cytoskeletal filament, and
Pa/ Pq is the single parameter that determines the gliding speed.

=7

Fig. 4. Schematic representations of stability analysis of steady
state solutions of molecular shuttle gliding speed. (a) Stability
analysis of the steady state solution with high gliding speed, a
stable solution. (b) Stability analysis of the steady state solution
with low gliding speed, an unstable solution. The red curve
represents (4) and the blue line represents (1). Yellow arrows
with numbers represent increasing or decreasing speed. The
black arrows indicate a shift in impedance at that point.

Continuity of the stationary-motile transition can have
significant effects on the behavior of cytoskeletal filaments
placed on surfaces close to the critical ratio of (6). In
experiments, there is always some inhomogeneity of densities
of active and defective biomolecular motors. Such
inhomogeneity may cause inhomogeneity of motility within a
cytoskeletal filament. Some parts of the cytoskeletal filament
may be in regions with slightly lower p;/p, than its critical
value of (6), hence they may be propelled, while the other parts
may be in regions with slightly higher p;/p, than its critical
value, and hence they may be stationary. The inhomogeneity in
motility may cause undulation and even breaks of cytoskeletal
filaments.

IV. APPLYING PREDICTIONS TO MICROTUBULE-KINESIN AND
ACTIN-MYOSIN SYSTEMS

Here we apply the above generic predictions of the
mathematical model to microtubule-based and actin-based
molecular shuttles.

For microtubule-based molecular shuttles, using the
parameter values listed in Table 1, —=KT; Vpmqx/2frupe = 1.143,
so that the stationary-motile transition is slightly discontinuous.
In Fig. 5, with r of greater than 0.412, there is only one motile
solution. With r between 0.372 and 0.412, there are two motile
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solutions. At r = 0.372, the two solutions coincide. Below r =
0.372, there is only a stationary solution. Fig. 6 shows gliding
speed of microtubule-based molecular shuttles for various r.
The stationary-motile transition occurs at the active motor ratio
of 0.372, which is reasonably close to experiment and
simulation results [31].
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Fig. 5. Plots for microtubule-based molecular shuttles of the
gliding speed, v, as a function of impedance given by (4) with
various active motor ratios, r (red curves), overlaid with the
f — v relation of (1) (blue line). The active motor ratio is 0.328,
0.372, 0.412, and 0.454 from left to right. The critical active
motor ratio in this case is 0.372.
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Fig. 6. The microtubule gliding speed, v, as a function of the
active motor ratio, 1.

For actin-based molecular shuttles, —kT; V4, /2 frupt =
2.853, so that the stationary-motile transition is discontinuous
(Fig. 7). The gliding of actin filaments can only occur with a
rather high active motor ratio of 0.854 or more (Fig. 8). This
range of active motor ratio allowing motility is somewhat
higher than that obtained in the experiment [27] and reasonably
close to that obtained in the simulation [41]. This discrepancy
from the experiment can be explained by the surface density of
the accessible myosin motors on polymer substrates [41].

A few differences should be noted when comparing actin-
based and microtubule-based molecular shuttles. The range of
active motor ratio allowing motility is considerably narrower
for actin-based molecular shuttle in contrast to that for
microtubule-based molecular shuttles. The need for the higher
critical active motor ratio for gliding of actin filaments over
myosin than for microtubules over kinesin motors is consistent
with the fact that more procedures to remove defective heads
are needed to achieve consistent gliding for actin-myosin in
vitro motility assay. The stationary-motile transition occurs
abruptly in actin-based molecular shuttles but rather
continuously in microtubule-based molecular shuttles.
According to the discussion at the end of Sec. III, it appears
consistent with the fact that actin filaments often show
undulated conformations and break on insufficiently prepared
surfaces although flexural rigidities of cytoskeletal filaments
also play an important role.

—— Equation (1)
—— Equation (4)
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Fig. 7. Plots for actin-based molecular shuttles of the gliding
speed, v, as a function of impedance given (4) with various
active motor ratios, r (red curves), overlaid with the f — v
relation of (1) (blue line). The active motor ratio is 0.800, 0.854,
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0.908, and 0.962 from left to right. The critical active motor
ratio in this case is 0.854.
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Fig. 8. The actin filament gliding speed, v, as a function of the
active motor ratio, 7.

V. CONCLUSIONS

Our 1D mathematical model showed that the active motor
ratio pg/(pa+pg) was the single important factor that
influenced motility of molecular shuttles, and that active ratios
of more than 40% and 80% were required for continuous
gliding movement of microtubules over kinesin motors and for
actin filaments over myosin motors, respectively. Our model
successively reproduced experimental results and revealed that
microtubule-kinesin was more resilient against contamination
of defective motors than actin-myosin was.

A shortcoming of this study may be that only 1D movements
were considered. This may affect the value of the critical active
motor ratio because cytoskeletal filaments gliding over
biomolecular motors, in particular actin filaments gliding over
myosin motors, can show undulation, which may alter the
critical active motor ratio of the stationary-motile transition.
The use of computer simulation can offer a complementary
approach to this study by dealing with such movements
[32][42].

The simplicity of our mathematical model was shown to be
useful in elucidating movements. Considering the simplicity of
the model, its predictions agreed surprisingly well with
previous results of experiments and simulations for both
microtubule-kinesin and actin-myosin systems. The agreements
can be further explored by using a more realistic relationship
between force and speed such as the Hill equation for actin-
myosin [43]. However, a drawback would be the complexity of
the mathematical expression and the increasing numbers of
parameters, which may make it complicated to elucidate the

Authorized licensed use limited to: Dedan Kimathi University of

underlying mechanisms. Using Michaelis-Menten kinetics of
ATPase activities of active motors and other dependencies of
the parameters against biochemical variables, such as ionic
strength, this model may be used to extrapolate the biochemical
variables of assay conditions. It is desirable to take advantage
of the simplicity of the presented model to interpret
experimental results and to reduce the parameter space before
attempting to run computationally expensive simulations.
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