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In this review we investigate the rotation effect in the motion of coupled dimer in a two-dimensional
asymmetric periodic potential. Free rotation does not generate directed transport in translational
direction, while we find it plays an critical role in the motors motility when the dimer moves under
the effect of asymmetry ratchet potential. In the presence of external force, we study the relation
between the average current and the force numerically and theoretically. The numerical results show
that only appropriate driving force could produce nonzero current and there are current transitions
when the force is large enough. An analysis of stability analysis of limit cycles is applied to explain
the occurrence of these transitions. Moreover, we numerically simulate the transport of this coupled
dimer driven by the random fluctuations in the rotational direction. The existence of noise smooths
the current transitions induced by the driving force and the resonance-like peaks which depend
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on the rod length emerge in small noise strength. Thanks to the noise in the rotational direction,
autonomous motion emerges without the external force and large noise could make the current

reversal happen. Eventually, the new mechanism to generate directed transport by the rotation is
studied.

Keywords molecular motor, rotational effect, noise, rotation-translation coupling, directed
translational motion

PACS numbers 87.16.Nn, 87.17.Aa, 05.40.-a

Contents filaments, carrying out essential tasks such as organelle
transport [1-5].

! Introc%uctlon . . L Katsuyuki Shiroguchi and his co-workers proved that
2 Rotation-translation coupling 2 . . . .
o A there is rotational motion when myosin V walks along
3 Deterministic current behavior 3 . . .
: . . the actin filament by experiment [6]. Also the leading
4 Stochastic dynamic behavior 4 . . . .
. neck swings unidirectionally forward, whereas the trail-
5 Conclusions 6 . . . .
Ack led ; . ing neck, once lifted, undergoes extensive Brownian ro-
CHnowiedgemetts tation in all directions before landing on a site ahead of
References 7

the leading head. Dunn found that the unbound head
rotate freely about the lever-arm junction as it releases

1 Introduction from the actin filament. Also translational motion of a
neck during the transients was reported in his work [7].
The mechanisms of molecular motor in cooperative di- Extensive single molecule experiments have emphasized
rected transport have been the subject of much atten- the importance of the translational movement of the neck
tion, ranging from biophysics, chemistry and biomedical —and the rotational motion of the arm during the “hand-
research for several decades. In the last few years biolo- over-hand” mechanism.
gists have found that most of the motor proteins literally Molecular motors convert chemical energy from ATP
walk, in a “hand-over-hand” fashion, along polymeric hydrolysis into mechanical and/or chemical work during
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this process in a very efficient way [8]. The correspon-
dence between the conformational change in the neck of
ATP hydrolysis consumption and their contribution to
the motor protein motility has been a major research
topic. From a theoretical point of view, molecular mo-
tors are microscopic objects that unidirectionally move
along one-dimensional periodic structures. Understand-
ing this active system, which is constantly driven away
from the thermodynamics equilibrium, has been a chal-
lenge for physicists, biologists, and chemists. Therefore,
the study of stochastic dynamics of molecular machines
is often based on simple models that describe these com-
plex biomolecules as single-coordinate ratchets or oscilla-
tors [9, 10]. A number of investigations have been made
in the past few years on theoretical models based on
those most basic motility mechanism [11-15].

Recently researchers try to pay more attention on the
effect of the directed transport due to the structural dy-
namics of motor molecules which are typically dimeric
[16]. Some researchers suppose the dimer consists of two
harmonically coupled components and the atchet effect
is caused by the internal degree of freedom, an interac-
tion between the components of the dimer, such as the
work from Gehlen et al. [17] or the current may be ob-
tained via a pulling effect in a flashing ratchet potential
[18]. While some physical scientists prefer to consider a
motor particle as a simple rod which converts rotational
diffusion into directed translational motion by switching
on and off a potential [19]. However, little work has at-
tempted to simulate the effect of periodic rotation and
neither of them have consider the translational motion
due to the fluctuation in the rotational direction.

In the present paper, we go further the latter model
in exploring and understanding the essential features of
the motor system. We also consider that the rod is con-
nected with two identical heads and could rotate around
the mass of center. Free rotation does not generate trans-
lational motion, while we find it plays an critical role in
the motors motility when the dimer moves in the plane
under the effect of asymmetry ratchet potentials. The
main motivation behind this work is to study in detail
the directed transport in the x direction induced by the
rotation effect of the model. A point worth emphasizing
is that there is no external force (even noise) drive the
system in translational dimension. The rotational effect
mechanism could transfer the energy from one dimension
to another and realize the directed motion in asymmetric
periodic potential. The instability induced by the rota-
tion makes the system need longer time to get directed
current. Moreover, we do not consider the behavior of
any single head and focus on the kinematics of the mass
of center and the rotational motion of the dimer.
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The paper is arranged as follows. In Section 2, we pro-
pose the system with translational and rotational degrees
of freedom to describe the model. We present results for
our model in the deterministic regime, varying the exter-
nal force in the rotational direction in Section 3 and the
behaviour of the current in the presence of thermal noise
in Section 4. Our conclusions are contained in Section 5.

2 Rotation-translation coupling

In the present work, we consider a dimer which consists
of two identical globular motors connected with a simple
rod of length [ whose degrees of freedom are defined as
the position of the center of mass x and a rotational angle
0 around the center [19]. The motor is free to thermally
diffusion in both x and 6.
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Fig. 1 (a) Postulated walking scheme for myosin V from Ref. [6].
(b) Sketch of the dimer with translational and rotational degrees
of freedom. It is depicted as particle 1 (the black one) and particle
2 (the white one) connected by a rod of length [. The potential con-
tours of the dimensionless double-sine potential in Eq. (1) shown
in the lower graph is periodic in the spatial coordinate with period

L and exhibits a broken spatial symmetry. Parameters used were
L=1,Up=1.

The potential energy of the motor is determined by
the locations of those two heads and the orientation of
the motor. Since the filament is periodic, the potential
along the translational direction is a periodic asymmetric
ratchet potential as

1 2 1 4
Us(2) = Ul sin( =) + 5 sin(—-) (1)
where Uy is the dimensionless amplitude of the ratchet
potential and L is the distance between the two minima,

Up(x) = Up(x + L).
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In general, it is simple enough to limit the motor in
a channel though setting y direction in a parabolic po-
tential, like U, (y) = w,y?/2. The motors hydrolyze ATP
and release the energy during a biochemical cycle, the ro-
tational angle would be changed continuously depending
on time. Smaller motions and rotations of the lever arm
have been associated with ADP release from the trailing
head [20]. Additional small steps and lever arm rotations
were detected when the leading-head lever arm stroked
before [21] or after [22] the trailing head detached. There-
fore, the rotation angle could be locally oscillating or
continuously rotating. We assume a cosine potential in
f-direction for simplicity,

Ug(0) = Uyor cos(8 + ) (2)

U,ot is the dimensionless amplitude of the cosine poten-
tial and ¢ is the initial phase which is usually defined as
Zero.

The total potential energy of the motor from the fila-
ment as a function of z and 6 is given by

Since most of the molecular motor transport occurs in
the overdamped regime, we can safely neglect inertial ef-
fects [23-26]. Thus, the motion of the dimer is described
as a whole with the following equations:

d oV (x,0
W= W
10— p - O g )

where x is the position for the center of mass, 6 is the
rotation angle (see Fig. 1), v, and - are the friction
constants in translational and rotational directions, re-
spectively. F'is an external driving force which could in-
duce the continuous rotation of the dimer and the auxil-
iary variable £(¢) represents the coupling of the dimer to
the environment and the environmental fluctuations. It is
modeled by a Gaussian white noise define with (£(¢)) = 0
and autocorrelation function

(€@)&(s)) = 2Dgd(t — s) (6)

with Dy is the noise intensity of the statistically indepen-
dent noises in rotation direction. To reduce the number
of parameters, we use dimensionless units only. Accord-
ingly, after simple algebra (the friction coefficient is ab-
sorbed into the time unit), Eqs. (4) and (5) become

T = —W—UO(200527T—xcos mlcosd
2L L L
4 27l 0
+ cos % oS %) (7)
0 =F —sinf + £(t) (8)
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For zero thermal noise, Eq. (8) has the same form as the
Adler equation [27].

The main interest in this article will be the mean cur-
rent of the center of mass in z-direction, which is the
time average of the average velocity over an ensemble of
initial conditions,

lim <:C(t) — z(0)

B t—00 t

Ty ) 9)

where the brackets denote averaging over different real-
izations of the noise. As there is no analytical method
to handle these situations effectively, we carried out ex-
tensive numerical simulations. We have numerically inte-
grated Eqs. (7) and (8) by the fourth-order Runge-Kutta
algorithm. Examining the trajectories of numerous mo-
tors allows us to determine the average behavior of the
system. We have chosen the following constant param-
eter values which will be used throughout the current
study: Uy = 1, U,ot = 1 and L = 1. For our purposes,
the simulations are performed an average over 100 tra-
jectories for velocities, the time step At = 0.001 and each
single trajectory covers a time span of 10* dimensionless
time units.

3 Deterministic current behavior

A dimer such as the one described above moving in a
periodic asymmetric ratchet potential like Eq. (1) in the
absence of thermal fluctuations, exhibits no directional
motion. However, such motion can be induced by the ex-
ternal force in the rotational direction. The numerical re-
sults show that only appropriate driving force could pro-
duce nonzero current and there exists an optimal driving
value to determine the maximum current. In Fig. 2 we
plot the current J, as function of F' for Dy = 0. Accord-
ing to the analysis of dynamic, directional motion exists
only if |F| > 1 in the absence of thermal fluctuations, or
else the system will stay in a fixed point.

1.4 4
1.2 1
1.0
0.8
0.6 4
0.4 4
0.2 4

0.0 ——

cl FCZ

Fig. 2 Current J; vs. external force F'. Parameter values: [ = 1.0,
Dy = 0.
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Note that there is net directional flux in negative di-
rection when F,; < F' < F,o, as can be seen from Fig.
2. The lower threshold F,; corresponds to the force that
is needed to overcome the barrier of the cosine poten-
tial in the rotational direction. Except for the case of
|F| < |Fe1|, the net flux also locks into zero for large
driving force (|F| > |Fez|). Obviously, the results of pos-
itive F' are symmetrical with the case of negative F' as
cosmlcosf/L is an even function in Eq. (7). For this rea-
son, we only need to discuss the positive F' case in the
following part.

In addition, the behavior of the current in Fig. 2 also
indicates some transitions as the force is increasing to a
large value. For a detailed analysis we need to investi-
gate the walking patterns of the dimer. Figure 3 shows
the positions of the two particles as a function of time
which are computed for different values of load force in
the same time interval. During one step the two heads
approach each other in translational direction and then
separate again, while their order can change alternately.
A change in the rotation velocity 6 enables the motor to

26 -26
~27 P 27
-28 - -28
-29 - - -29
= 30 - } L 30
S
= [ RN S S S0 L -31
o
32 32
. s S - e 33
34 1 - -34
-35 4 L35
-36 — —————! 36
50 52 54 56 58 60 62 64 -0.40.00.4
Time U,
11 e -11
-12 - L -12
= 131 L-13
S
'z
A~ —14 14
,15 4 7 715
-16 T T T T T T =T -16
50 52 54 56 58 60 62 64 —0.40.004
Time U

X

Fig. 3 Example trajectories for two different force. we identify
the position of particle land the position of particle 2 with gray
dot line and black dot line. F' = 2.0 in the upper part and F = 6.0
in the lower part. The right curve in each part is the corresponding
potential in z-direction. Parameter values: [ = 1.0, Dy = 0.
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rotate several cycles in a potential periods until it is large
enough to traverse to the basin of attraction of the next
well. These numerical simulations actually reproduce the
expected mechanism, a “hand-over-hand” net advance of
the molecule which is also proved in other models [28, 29]
and there is strong evidence that kinesin also moves in
such manner [3, 30]. We notice that there is qualitative
difference between the trajectory for the case of small
force F' = 2.0 and large one F' = 6.0. Larger force makes
the dimer could rotate more times in a potential barrier,
see the lower part of Fig. 3. Also, in the latter case, the
particles requires much more time to traverse one well in
the ratchet potential.

In order to explain the transitions theoretically, we
calculate the characteristic exponents (or Floquet expo-
nents) of the limit cycle o

1 /7
Yo = T/ {272 [sin(27x) cos(rl cos )
0

+ sin(4mx) cos(2nl cos )] + cos 0} dt (10)

and the transition happens only if when vy = 0. To show
the occurrence of the transition, we plot the current J,
vs F' curve and the relationship between vy and F' in Fig.
4. We see the transition happens when the characteristic
exponents g approaches to zero.

@ 0.0]

6.10 6.15 6.20

AN

6.05 6.25

.6.00 6.05 6.10 6.15 6.20 6.25

F

Fig. 4 (a) Current J,—F curve which use the same parameter
values as in Fig. 2. (b) The characteristic exponents of the numer-
ical simulations as a function of F' in Eq. (10).

The agreement between the force value for the cur-
rent transition determined by Eq. (9) and the theoretical
calculating value 7y proves that the limit cycle collapse
causes the dimer traverse to the basin of attraction of the
next well. Therefore, we could get the conclusion that the
collapse of the limit cycle stability leads to the transition.

4 Stochastic dynamic behavior

The deterministic ratchet problem is a good starting

Li-Yan Qiao, Yun-yun Li, and Zhi-Gang Zheng, Front. Phys. 10, 108701 (2015)
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point for analyzing the system in the presence of thermal
noise. We now investigate the effect of noise. In general
the translational diffusion alone is too small to generate
directed motion. The current here arises as a consequence
of both the external force and noise in the rotational di-
rection.

Numerical simulations of the current depending on
the external force obtained with different values of the
noise intensity parameter Dy are shown in Fig. 5. Ob-
serve that the behavior of the current when Dy = 0 and
Dy ~ 0 display similar features, the noise is smoothing
the transitions. In the presence of thermal fluctuations
the noise-induced current exhibits many interesting fea-
tures. There are two distinct regimes which will be dis-
cussed in the following section: (i) small Dy and small
external force F, there exists resonance district; (ii) large
Dy and no external force F' = 0, there is directional cur-
rent and even current reversal when the noise strength
is getting larger.

1.4

1.21

1.01

0.8 4
0.6 1
0.4
0.2

4
F
Fig. 5 Current J; vs. F for Dy = 0, Dy = 0.01, Dy = 0.05,
and Dy = 0.5 (From top to bottom). Parameter values, [ = 1.0.

Inset: Enlargement of the small-force regime for Dy = 0.01 and
Dy = 0.05.

We first study case (i), examining the effect of noise in
the interplay of small noise and external force. From the
inner figure of Fig. 5 we can observe a resonance-like peak
in the regime F' < 1, which is denoted as Fy. The value
of Fjy does not change even with different small Dy. It is
worth emphasizing that the role of external force is more
important in the presence of small noise, and the corre-
sponding relatively regular injection of energy “quanta’
also defines an approximate time scale that gives rise to
resonance-like phenomena. We change the length of the
rod [ and the results exhibit several resonance-like peaks
when [ > 1, see the lower graph of Fig. 6.

To study these effects theoretically, we now turn to
the stochastic process described by the Langevin equa-
tion (8) which could be alternatively written in term of

Li-Yan Qiao, Yun-yun Li, and Zhi-Gang Zheng, Front. Phys. 10, 108701 (2015)

the probability density P(6,t) that satisfies the following
Fokker—Plank equation [31]:

OP(6,t) 0 0?

—1 2t = ——(F—sin0)P(0,t) + Dy—=P(6,t)(11

() = Z(F s O)P(9,) + Dy PO, 0)(11)

This equation is complemented by natural boundary con-
ditions P(z,t) — 0. An exact analytic solution of Eq.
(11) seems impossible. After initial transients have died
out, we get the stationary solution as t — oo in the con-
dition that |F| < 1 and Dy — 0,

Py (0) = 6(0 — arcsin F') (12)
with
0Py
=0 (13)
then

(cosOYp,—0 = V1 — F2,

Considering the dimer dwells in the potential wells in
most time in the presence of small noise, the velocity
near the potential well is exactly crucial to the average
current. We get the velocity of the particle in the poten-
tial well from Eq. (7) which would have the form of the
parabola equation. Because of cos(nlcosf) € [—1,1], it
is easy to get the maximum velocity of the center of mass
when we take some value ag for cos(nlcos6). Here, the
potential U, is spatially periodic, so

Fl<1 (14)

lcosf = arccos(ag)/m + 2k ~ 0.42 + K,
K=01,---,N (15)

Then we could estimate the resonance peak F from Eq.
(14) and Eq. (15),

0.42l+ K)2 (16)
For different values of the rod length [, the resonance
peaks of the current in the case of small force and weak
noise occur more than once. The estimation values of Eq.
(16) in the upper part of Fig. 6 coincide precisely with
the numerical results of Eq. (9) in the lower part for the
parameter [ = 5.5.

Without the external force the numerical evaluation
of the current as a function of the noise intensity Dy
yields a rich behavior, featuring an amazingly steep cur-
rent reversal, see Fig. 7. Note that the direction of the
net current shows highly nonintuitive behavior. The di-
rected current first increases with increasing Dy, reaches
a maximum and then decreasing with Dy. On further in-
creasing Dy after Dyg the current reverses to the other
direction.

Fo=1/1-(
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There are two main physical mechanisms who govern

4 o *
34 on
3 2 o
11 ax
04 ¥
0.03
0,02
n
0.01
0.5 0.6 0.7 0.8 0.9 1.0

F

Fig. 6 The lower part is the current Jp—force F' relation for
| = 5.5, while the upper part is the corresponding estimation value
of F from Eq. (16) under the condition of take K from 1 to 5.
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0.1
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10
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Fig. 7 Current J; vs. thermal noise strength Dy for the follow-
ing parameter values in Egs. (7) and (8): Up =1, U, =0, L =1,
F = 0. The current in this case becomes positive for sufficiently
large noise strength.

the occurrence of current reversal: the noise-induced pos-
itive motion and the ratchet effect. The direction of the
directed transport is determined by the interplay of the
potential geometry and thermal fluctuations. Observe
that the system shows a current reversal for large noise
and the current vanishes at very high noise strength, the
effect of the potential is drowned out by the noise in this
case. The mechanism of the current reversal differs dis-
tinctly from the case in Ref. [32]. A satisfying (analytical)
explanation has not been found.

In the preceding section presented we have proposed
that there is only thermal noise in rotation direction and
no thermal noise in translational direction. Here, we will
explain why we have to give this assumption. We shall
first try to add thermal noise in both degrees of freedom.
It is further assumed that these noises are independent
random variables. Rewrite Egs. (7) and (8) as

77TU0
2L

2 lcos®
(2 cos ET cos T8

L L

Tr =
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4 27l cos 6

-+ cos T coSs T

)+ &) (17)

0=F —sinf+&(t) (18)

where & (t) and &»(¢) are independent é-correlated Gaus-
sian white noises with zero average and the correlation
function

(€(t) =0
(i (1)&;(s)) = 2Di6(t — 5)d4;,

As indicated in Egs. (19) and (20), we distinguish
between D; and D, being the intensities of the noise
sources in the dynamics for & and 6. The ratio of Dy
and Dy can be merged into a dimensionless parameter
a, allowing us to define Dy = Do and « := D1/ Ds.

(19)

i=1,2 (20)

0.25

0.20 1

0.15 1

0.10 1

0.05 1

0.00

0.01 0.1 1
o

Fig. 8 Current J; as a function of the dimensionless parameter
«. Parameter values: [ =0, D2 = 0.8, and F' = 0.

Since the current has the optimal value in Dy = 0.8
to get the maximum current when D; = 0 (see Fig. 7),
we set Do as a constant parameter to obtain Fig. 8. In
the case of Dy # D3, Fig. 8 shows that the smaller the «
the stronger the directed current is. One observes a ob-
vious negative current when the ratio is extremely small,
while a further increase of noise density D suppress the
influence of the noise effect and the asymmetric ratchet
potential. The current decreases to zero when D; could
be compared with Ds. It proved that the mainly effective
noise to induce the resulting directed transport is & in
the rotational direction. The rotational diffusion plays a
more significant role than the translational diffusion.

5 Conclusions

In our work, a model that describes the motion of a two-
head dimer in a ratchet potential is proposed. Through
cooperation particles could transfer energies from rota-
tional direction to the transport in the translational di-
rection. Without any directed force and additional ther-

Li-Yan Qiao, Yun-yun Li, and Zhi-Gang Zheng, Front. Phys. 10, 108701 (2015)
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mal noise in the translational direction, these models per-
form directional transport. The rotation of a dimer and a
proper asymmetric potential are enough to produce the
macroscopic motion of the particles toward particular di-
rection.

The behavior of the current depends sensitively on
system parameters such as external force F' and noise
strength Dy which exhibit several novel features. There
exists an optimal value of driving force and there are sev-
eral transitions with increasing external force. An analy-
sis of stability analysis of limit cycles is applied to explain
the occurrence of these transitions.

In the presence of thermal fluctuations the noise could
smooth those transition peaks in the J,—F curve. In the
case of small force we found resonance-like peak which
depends sensitively on the length of the rod. Without the
external force the thermal noise in the rotational direc-
tion could also induce directed current and we have also
observed current reversals as noise strength is getting
larger. Besides, we also explained why we have to add
noise in the rotational direction rather than the transla-
tional direction.

In conclusion, we have developed a realistic model of
motor proteins which could simulate physically their co-
operative directed transport in a “hand-over-hand” fash-
ion. The properties of this model are qualitatively con-
sistent with recent experimental results. This rotation-
translation coupling model give us a simpler and feasible
perspective to understand the motion mechanism of the
motor proteins, no matter the myosin superfamily or
other molecular motors such as kinesin.
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