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Biomolecular motors are tiny engines that transport materials at the microscopic level within biological cells. In

recent years, Elston and Peskin et al have investigated the effect of the elastic properties of the tether that connects the

motor to its cargo at the speed of the motor. In this paper we extend their work and present a tether in the form of

symmetric linear potential. Our results show that when the driving mechanism is an imperfect Brownian ratchet, the

average speed decreases as the stiffness of the tether increases in the limit of large motor diffusion coefficient, which is

similar to the results of Elston and Peskin. However, a threshold for the stiffness of the tether connecting the motor to

its cargo is found in our model. Only when the tether is stiffer than the threshold can the motor and its cargo function

co-operatively, otherwise, the motor and its cargo depart from each other. This result is more realistic than that of the

spring model of Elston and Peskin.
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1. Introduction

Molecular motors are a particular kind of proteins
which can move linearly along its designated track
against an external force by utilizing the biochemi-
cal energy source, adenosine triphosphate (ATP). The
tracks, called protein tracks, are filamentous struc-
tures: for example, myosin slides along an actin fila-
ment, kinesin and dynein along a microtubule. Many
of the molecular motors, for example the bacterial
flagellar motor and FOF1-ATP synthase, have the abil-
ity to rotate. In this manner, the motor proteins act
as miniature engines converting chemical energy to
mechanical work. Experimental studies on the motor
proteins at the level of single molecule have stimulated
the interest of many physicists to explore the physi-
cal mechanism of motor proteins. While the question
about how molecular motors operate has not been an-
swered definitively, many reasonable models for mo-
tor protein function have been suggested, of which the
Brownian ratchet model is a well-known example.[1~7]
In such a mechanism, the performance of the motor
depends on its own diffusion coefficient and also on

the diffusion coefficient of the “cargo” that the motor

transports.

It is instructive that within cells, cargo often
consists of larger organelles such as synaptic vesicles
or melanosomes but not single molecules.[®! Thus, in
general, the cargo the motor transports is consider-
ably larger than the motor itself in size. For exam-
ple, while the size of kinesin’s motor domain is only
7x4.5x4.5nm, it transports freshly synthesized synap-
tic vesicles with a diameter of 20-50nm from the soma
of a neuron to the synapses at the end of the ax-
ons up to a metre away. The torque generating sta-
tors of the bacterial flagellar motor are nanometres
in size, whereas flagella are generally several microns
in length. In in-vitro motility assay in bead geome-
try, the diameter of a bead is ~1um. According to
the Einstein relation D = kT /y = kgT/6mnr, where
v is the drag coefficient, diffusion constants decrease
sharply as particle size increases. Therefore, for the
Brownian ratchet models the relatively small diffusion
coefficient of cargo would seem to inhibit seriously any
step in the motor’s operating cycle that requires ther-
mal diffusion. However, an ingenious way to overcome

this problem was suggested by Berg and Kahn,?! and
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Meister et al,l¥] who argued that an advantage could
be gained if the linkage between the motor (stator)
and cargo (flagellum) were elastic. The basic idea was
that an elastic linkage would allow the small motor
to diffuse rapidly, thus stretching the linkage. As the
connection between motor and cargo relaxed to its
equilibrium length, it would provide the force neces-
sary to transport the cargo.

In recent years, Elston and Peskin et al!%1% have
investigated, in the frame of thermal ratchets, the ef-
fect of the elastic properties of the tether that connects
the motor to its cargo at the speed of the motor. In
their studies the linkage was a linear spring with zero
rest length. The motor’s speed increased as the spring
was softened when the driving mechanism was an im-
perfect Brownian ratchet, and when the driving mech-
anism was a correlated ratchet the behaviour was the
reverse. It should be noted that, to date, the exact
form of the linkage has not been clarified. When the
spring model gives a possible type of linkage, it al-
ways seems a little lacking somewhere. Because the
force produced by the spring is proportional to the dis-
tance between the motor and the cargo, this force will
become unlimitedly large when the distance is suffi-
ciently increased. This is obviously not in accord with
the reality, in which the interaction between the mo-
tor and its cargo will disappear at a sufficiently long
distance. Such an unrealistic property of the spring
model leads to an unrealistic behaviour of the motor—
cargo system in the case of soft linkage. Namely,
the mean speed of the system approaches a maximum
when the linkage is fully softened. However, from the
physical point of view too soft a linkage should not be
capable of dragging one cargo. Thus, in this paper we
adopt the symmetric linear potential as the linkage
between the motor and its cargo and investigate on
this assumption the influence of protein flexibility on
the speed of an imperfect Brownian ratchet. We ex-
pect to overcome the above shortcoming of the spring
model. For the facts mentioned above, and for sim-
plicity as well, we mainly consider the case of large

diffusion coefficient of the motor.

This paper is arranged as follows. In Section 2

v=JL =

a preliminary discussion of the Brownian ratchet is
presented. This section provides the necessary back-
ground for the analyses in later sections. A descrip-
tion of the problem under consideration is formulated
in Section 3. In Section 4 the behaviour of the motor—
cargo system is investigated for the case of large motor
diffusion coefficient. This is followed in Section 5 by
an analysis of the problem for the case of soft linkage.

We end with some concluding remarks in Section 6.

2.The tilted periodic potential
and imperfect Brownian

ratchet!

Consider a motor moving in a “tilted” periodic
potential ¢(z). A tilted periodic potential refers to a

potential that satisfies the condition!!

¢(z+ L) = ¢(z) + A¢, (1)

where A¢ is a constant. In an overdamped environ-
ment the dynamics of molecular motors on a periodic
potential ¢(z) is described by the following Fokker—

Planck equation:['!]

op(x,t)  0J(x,t)
ot ow @
P d
J(z,t) = —D (8;’ + k;}(ﬁ) : (3)

where p(z,t) is the probability density for finding the
motor at the position z at the time ¢ and J(z,t) is
the probability flux. Equation (2) reflects a conser-
vation of probability, from which it is inferred that a
stationary solution P(xz,t) = P(x) implies a constant
current J. Stationarity means that the time derivative
of P(z,t) equals zero. By using the following period-
icity and normalization conditions:

pla+ L) = plx), (4)

L
/0 pla)dz = 1, (5)

we can obtain the mean velocity of the particle in the

stationary state, that is/*!]

DL _
a /OL E~Yz)dz /OL E(z)dz — /OL E (z) /Oz E(z")dz'dx

(6)

! The main content of Sections 2-3 has been discussed by Elston and Peskin.) To completely depict the problems, here we

recapitulate part of their work.
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No.9
where < A¢>
epf - A2
" B(e) = exp(2D), (3)

Next consider the potential shown in Fig. 1. This
potential represents a “staircase” potential moving
It was called the

“imperfect” Brownian ratchet by Elston and Peskin.

against an applied load force Fj.

The mathematical description of the imperfect Brow-

nian ratchet potential is as follows:!*!

¢(z)=Fz, 0<z<L, (9)
¢(x+ L) = ¢(x) — (Fo — F)L. (10)
o(z) 4

FoL

\

RL

4
8

\

Fig.1. The imperfect ratchet potential plus an applied
load force Fj. The ratchet is characterized by the bar-
rier height FyL. (Adopted from Fig. 3 in Ref.[9]).

By substituting (9) into (6) the mean velocity of

an imperfect ratchet!!2! is obtained, i.e.
D wl2
=2 , 11
L o)~ el __* Y
exp(wp) — exp(wy)
where I
0
= — 12
wo kBTv ( )
F L
=, 13
=1 (13)

The unloaded velocity of an imperfect Brownian

ratchet is given byl?!

_ 2D exp(wp) — 1 (14)

YF=0) = 7 exp(wg) +1°

3. Formulation of the problem[g]

Image a rapidly diffusing motor moving along a
one-dimensional track towing a “heavy” (slowly dif-
fusing) cargo. Practically, the cargo is free to move in
all three dimensions. However, it is obvious that the
mean velocity of the cargo perpendicular to the track
is zero. So, for the sake of simplicity, in this paper
we only consider the motion of the cargo parallel to
the track. Let the position of the motor be denoted
by x; and the position of the cargo be denoted by z,
then the potential energy of the system will be of the
form!®!

U(z1,22) = ¢(21) + S(|lz1 — 22]), (15)

where ¢(z1) describes the interaction between the mo-
tor and track, whereas S(|z1 —x2|) describes the tether
that connects the cargo to the motor. It is assumed
that ¢(z1) is a tilted periodic potential, as shown in
Eq.(1)

For the case of symmetric linear potential between

the motor and its cargo, S(r) takes the form
S(r) = &|r|, (16)

where the gradient of the potential k is a measure of
the intensity of the potential and r is the distance be-
tween the motor and cargo.

The probability density for finding the motor at
the position z1 and the cargo at the position x5 at the
time ¢ is denoted by p(z1,x2,t). It is governed by the

diffusion equation!”’

8p (9.]1 8]2

— — =0 17
ot T on, T, (17)

0 oUu
Ji(zy,29,t) = =Dy <—p-|-L > , (18)

Oxq ksT Oz,
Op p 90U
2(931):1/‘27 ) 2 <ax2 + kBT 8$2> ’ ( )

where J; and Jy are probability fluxes for the motor
and cargo, respectively, and D, is the diffusion coeffi-
cient of the motor and D5 is the diffusion coefficient
of the cargo.

Because, as expatiated in the Introduction, the
diffusion coefficient of the motor is much larger than
that of the cargo, it is reasonable to assume the
limit Dy — oo. Define the marginal probability den-
sity p(®)(x2,t) and the “marginal” probability flux
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JO)(z4,t) respectively as follows:

tive potential” felt by the cargo and has the form!®!

i o U(zy,x
PO = [ panantin @) 6V = kT [ e (—%) dar.
o oS (24)
S (@2, 1) :/_ Ja(@1, 2, t)das . (CADR T easy to verify that ¢()(xy) satisfies the tilted

periodicity condition
Here p(®)(z,,t) is probability density of finding the
¢ (x5 + L) = ¢V (23) + Ad. (25)

cargo at the position x4 at the time ¢, disregarding

the status of the motor, and J(®)(z,,t) is flux corre- .
Equations (22), (23) and (25) are exactly those for a

It can be proved that they . . o . oo )
particle with diffusion coefficient Dy moving in a tilted

9]

sponding to p(©(z,,1).

satisfy the diffusion equation! oo . o .
periodic potential ¢ )(acg). We can obtain the mean

9p®  9J© 0 - velocity of system only if we calculate out ¢(%)(z5),
ot dry (22) which is the task of next section.
8p(©) 4. Solutions for x > Fj

Pl d¢(°)(mz)> . (23)

JO(zy,t) = -D
(22, ) 2<8x2 ksT  dzs

The form of ¢(®)(x3) is now studied in detail. Us-
In the above equation, ¢(®)(z5) represents an “effec-  ing Eqs.(15) and (16) for U in Eq.(24) yields

oo

O (zy) = — kBTln/

—0C

exp <—kBlT[¢(;B1) + K|z — :c2|]> dz;

=—kgTln /oo exp <kBlT[¢(r +x2) + n|r]> dr, (26)

— 00

where use is made of the transformation r = x1 — x5 in the second step. The tilted periodicity of ¢(z1) allows

it to be written in the form

p(w1) = p(x1) — Fay, (27)
where F' = —A¢/L and ¢(z1) is periodic in the general sense (i.e., p(z1 + L) = ¢(x1)). By substituting Eq.(27)
into Eq.(26) we obtain

o0

0 (zy) = — kBTln/

— 00

exp <_kBLT[¢(r +as) = F(r+ ) + f{|r|]> dr
=— Fzy —kgTIn [/Ooo exp <—k]3%[go(—r +x) + (F + n)r]> dr

+ [ e (~agletr + o) + (= ) (28)

The second integration in logarithm is infinite as k < F, so we have to limit x to being larger than F'. In this

case ¢(0)(w2) can be calculated out through some algebra, resulting in

¢ (z3) = —Fay — kgT'In 1 + Iz(fz) ; (29)
1—exp (—ﬁ(n—l—F)L) 1—exp <—ﬁ(n—F)L>
where
L
I (2s) = /0 exp <_kBLT[<p(_t +o0) + (k4 F)t]> dt (30)
and

Lo () = /OL exp <_I€BLT[¢(t b )+ (r— F)t]> dt. (31)
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The details of this calculation are outlined in the ap-
pendix. Note that I41(z3) and Iz(z2) are both periodic
with respect to z5. Equations (29)—(31) may be used
to compute the effective potential for any x which sat-
isfies kK > F'. There appears an additional advantage
of allowing the limiting behaviour of ¢(©) as k > F
or as Kk — F to be read off by inspection. When & is
much larger than F' in Eq.(31), the value of ¢(t + z3)
is much smaller than that of (x — F)t for any given t¢.
Therefore, how ¢(t+x2) depends on t is of little signif-
icance to the value of the integration; it is the same for
the case of Eq.(30). Thus, we can replace ¢(t 4 z3) by
o(z2) in Eq.(31) and ¢(—t + z2) by ¢(z2) in Eq.(30)
and obtain

I (22) ~exp <ﬁ90($2))

x /OL exp (lmiT(n+F) ) dt, (32)

Ir(x2) ~exp ( ,%1:,&(562))

L 1
X ex —— K —
/0 p( kBT(

By substituting them into Eq.(29) and replacing

1 1
exp <—kBT(n + F)L> and exp <—kBT(n - F)L)

by zero we obtain the following expression for $(°)
as kK >> F"

F)t) . (33)

— FCL‘Q — kBTln(Il + IQ)
~ — Fxo + ¢o(z3) + const
=¢(z2) + const, (34)

¢(n>>F)( )

where

L
1
const = — kgT'ln {/0 exp <ﬁ(n+F) >d

+ /OL exp <ICBLT(K: - F)t> dt} (35)

On the other hand, ob-

viously, #(©) approaches negative infinite as x — F,

which is independent of zs.

but it is interesting to examine the shape of ¢(©) for

Il(iEQ) =
0<xzy <L,
Il(.’Eg + L) = Il(xg),

kBTex _Fo.’,EQ 1+ [ex —ﬂ
K P kBT P k‘BT

approximating to F. Denote the limit of Iy by I} as

Kk — F,ie.
o 1
I = ’;151}?]2 /0 exp < pavald (t-i—xg)) dt. (36)

Due to the periodicity of ¢(z), I} is a constant, in-
dependent of z5. In addition, when x approaches F
the second term in the logarithm of Eq.(29) dominates
the logarithm, which means that we can omit the first
term. Thus, for & that is only a bit larger than F, ¢(©)
has the following approximate form:

D) (@2) ~ = Fs

1

1
1—exp <—kB—T(I€ - F)L>
= — Fzy + counst. (37)

— kBTln

Therefore, in the limit of high-gradient linear poten-
tial the cargo feels the same tilted periodic potential as
the motor, except for an additive constant, but in the
limit of F-gradient linear potential the cargo feels only
a constant force, independent of the detailed shape of
If thermal

activation is required for the motor to surmount en-

the potential in which the motor moves.

ergy barriers as it moves along the track, a symmetric
linear potential with a low gradient between the motor
and the cargo can significantly increase the velocity at
which the cargo is transported.

Consider the particular case in which ¢(z) has the
form of an imperfect Brownian ratchet (with no load

applied), that is

ba)=0, 0<z<L, (39)
¢(z + L) = ¢(x) — FoL (39)
In this case p(z) becomes
o(z) = Fpz, 0<z<L. (40)

By using Eq.(40) in Eqgs.(30) and (31

and making some derivations we obtain the following

), respectively,

expressions for I; and Is:
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and
kBT F0$2 OL IQ(L - 332) (IQ - Fo)L
I(z2) = - 1 02 g - - -
2(w2) ¢ < kBT> { * ( P (kBT> > P < kT P kT ’
0<zy <L, (43)
12($2 + L) = 12(1:2) (44)

Hence, ¢() can be evaluated by substituting Eqs.(41)—
(44) into Eq.(29). Figure 2 shows plots of ¢(°) versus
xo for different values of k, where they are compared
with the imperfect ratchet potential. The two limiting
cases, i.e. Egs.(34) and (37), are clearly exposed.

10
——— k=6
——-Kk=20
............................. £=200
&
/M
=
~
) \ .
- impertect Brownian ratchet T~ N ]
-10} I N
~ ]
—20 . . . . . . .
0 1 2 3 4
z2 /L

Fig.2. The effective potential (in units of kgT') felt

In the limit of high-gradient linear potential it
is shown that ¢(z) plus a constant is the effective po-
tential in which the cargo moves. Therefore, the mean
speed in this limit is given by Eq.(14) with D = D,

that is, for an imperfect Brownian ratchet,

<F0L> )

exp| —— | —

2D

lim lim v= 202 x oL/ g

Kk—00 Dy —»00 L FyL 1
exp T

On the other hand, in the limit of F-gradient linear
potential the cargo merely feels a constant force Fj,

so its speed is

Dy Fy
kT

lim lim v=
k—Fo D1 — o0

(46)

Returning to the case of arbitrary value of &
(within the region k > Fy), the effective potential in
which the cargo moves is given by Eq.(29) and satisfies

by the cargo for an imperfect Brownian ratchet. The the requirements for the property of a tilted periodic
different curves represent different values of « (in units
of kgT/L). The imperfect ratchet potential with zero

load force is also plotted against a control (solid line).

potential. But the mean speed for such a system is

already known and given by Eq.(6), that is,

. Do L
Dlllgloov = I I 7 . ) (47)
a/ E_l(a;g)dm2/ E(m2)da;2—/ E_l(acz)/ E(z})dxhdzs
0 0 0 0
where
(r)
exp| ——
_ kT
e FoL 1 (48)
exp T
and
Fﬂ','g
I
» $0)(z2) oo (17
E *(x2) =exp | — =
kT 1—ex —L(n—i—F)L
P\ ksT
Fx
Ig(mz)exp<ﬁ>
+ (49)
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In the above equation I;(z2) and I3(x2) have been
given by Eqs.(41)—(44). In fact, Eq.(46) can be also
achieved by taking the limit of kK — Fj in Eq.(47).
In doing so, use is made of Eq.(36). Finally, for
large D; Eqgs.(41)—(44) and (47)—(49) give a formula
for the mean speed of the motor—cargo system when
the motor is driven by an imperfect Brownian ratchet
and tethered to the cargo through a symmetric lin-
ear potential with gradient x larger than the ratchet’s
strength Fj.
speed is plotted in Fig. 3, where the speed v is in units

A computational result for the mean

of =2 and the potential strength « is in units of

kT
BT. The height of the ratchet barrier is 4kgT. The

upper horizontal line represents the Fy-gradient limit
for infinite Dy, and the lower horizontal line corre-

sponds the strong potential limit for infinite D;.

4.5

4.0

3.5¢1

3.0}

v/(D2/L)

25T

2.0

1.5 . .
0.5 1.0 1.5 2.0 2.5

lg(~/(ks T/L))

D
Fig.3. The average speed in units of —2 versus the
kT

logarithm of the potential strength & in units of
for an imperfect Brownian ratchet with the barrier
height 4kgT in the limiting case D1 — oco. The up-
per horizontal line denotes the value of the speed in
the limit k — Fp, and the lower horizontal line is for
k — oo. The vertical line represents the threshold
ko = Fop.

5. Solutions for « < Fj

Alternatively, consider the case of small values of
k (compared to Fp) for finite values of D; and Ds.
Under the circumstances the cargo mainly trails far
behind the motor, and it seems reasonable to expect
that the net effect of the cargo on the motor is to
produce a constant load force x in the negative & di-
rection. On the other hand, the fact that the effective
potential (%) (z5) is of linear form for the limiting case
D; — oo and kK — F{, which is the result of the previ-

ous section (see Eq.(37)), also indicates the rationality
of our assumption. Thus, the cargo feels a constant

force k and moves at a speed

Dzlﬁ: D2
cargo -4 __ = 50
ksl LV (50)
where is the mobility of the cargo and similar
B
L
to w) = ]: T s discussed before. On the other hand,
B

the load—speed curve of an imperfect Brownian ratchet
gives the speed of the motor which is followed by the
constant load force k. Using Eq.(11) with D = D,
yields

2
D1 wy

L x (exp(wp) — 1)(exp(wy) — 1)
exp(wp) — exp(wy)

—w

(51)
On the ground of physics the motor and the cargo

must move at the same speed. Combining (50) and

motor

cargo _ 4, produces the result

(51) and making v

Dy "
*= D~ (@) el 1§ O

exp(wp) — exp(w)

— w

Equation (52) implicitly determines wj, or equiva-
lently, s, which is denoted by k. Substituting kg
into Eq.(50) or Eq.(51) determines the common speed
of the motor and cargo, which is denoted by v,,.
Now we understand that the motor—cargo system
has the speed of v,, as kK = Ko. But what about the
speeds when k > kg and k < Ko7 Note that v°?'8° is a

motor

linearly increasing function of k, and v a decreas-

cargo motor

ing one. So v is larger than v as kK > kg. We
need not be afraid that the cargo moves so fast that
the motor lags behind, because the cargo will be pulled
back by the linear tether when it moves beyond the
motor. However, when & is smaller than kg, the speed
of the cargo induced by the tether is lower than that
of the motor, so the cargo always moves behind the
motor and the distance between them becomes larger
and larger, until eventually the cargo is dissociated
from the motor and diffuses freely in liquid. There-
fore, the constant force kg may be interpreted as the
minimum &k, thus the cargo can keep up with the mo-
tor. Namely, if we want the motor to be able to drag
a cargo the tether connecting the motor to the cargo
must be sufficiently strong. Here the common speed
of the motor and cargo for the case of kK > kg and
finite values of Dy and D5 is not given, for this is not

of current interest. Note that w; is within the range
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0 < wy < wy, or equivalently, 0 < kg < Fy. The min-
imum potential gradient kg depends not only on the
strength of the ratchet Fjy but also on the ratio of dif-
fusion coefficient of the cargo to that of the motor (i.e.
€). Ko increases with Fj increasing and decreases with
¢ increasing. All these results accord with intuition,
and confirm the rationality of kg. Figure 4 is a plot of
Ko as a function of €. The height of the ratchet barrier
is taken as 4kgT.

4

ro/(ksT/L)

lge

Fig.4. The minimum force k¢ in units of kgT/L as
a function of €. The height of the ratchet barrier is
taken as 4kgT.

The limiting case D; — oo, i.e. € — 0, is of
our interest. Let Dy — oo with all other parameters
fixed. From Eq.(52), this implies that w; — wy, and
then Eq.(50) yields

Dy,  DyFy

hm Vp—sF, = —Wwp = .
Di—o0 " ° L kBT

(53)

This result is identical with that obtained in the above
section (i.e. Eq.(46)), which confirms that our theory
is exactly self-consistent. w; — wy means that, for
large values of D1, the minimum force kg required for
the cargo to move together with the motor approaches

Fpy-the strength of the ratchet dragging the motor.
6. Conclusions

Currently, researchers have suggested numerous
models to understand the mechanism of how biomolec-
ular motors convert chemical energy to mechanical
work. However, most of them treat the structural
proteins as rigid bodies. The work by Elston and Pe-

skin represented initial investigations into the role of

elasticity in molecular motor functions. In their stud-
ies they selected the form of the linkage between the
motor and the cargo as a spring. Here we have ex-
tended their work and investigated the feasibility of
an alternate form of tether between the motor and the
cargo: namely, the symmetric linear potential. The re-
sult given here is qualitatively the same as the result
given in Ref.[9]: that is, the mean speed of the motor—
cargo system decreases monotonically as the linkage is
stiffened. Our results show that the tether with the
form of a symmetric linear potential is equally applica-
ble but simpler. Analytical solutions are achieved for
large D1, whereas only solutions with the form of a
Fourier series are obtained by Elston and Peskin.[?:1%]
This means that our results are more convenient for
computing.

Different from the spring model, in our model
there is a threshold k¢ for stiffness of the linkage (i.e.
the strength of the symmetric linear potential) con-
necting the motor to its cargo. Only when the stiff-
ness exceeds the threshold can the cargo keep up with
the motor. Otherwise, the cargo will be dissociated
from the motor and diffuse freely in liquid. Gener-
ally, this threshold is lower than the strength of the
imperfect Brownian ratchet for finite motor diffusion
coefficients. But with increasing motor diffusion coef-
ficient (diffusion coefficient of cargo fixed) it achieves
the strength of the imperfect Brownian ratchet as the
diffusion coefficient of the motor approaches infinity.
However, in the article of Elston and Peskin®! the
cargo always moves forward, keeping up with the mo-
tor, even when the linkage is sufficiently weak. Obvi-
ously, such a consequence of the spring model is not
in accord with the reality, in which too soft a linkage
should be not capable of dragging the cargo. Now, this
discrepancy is erased by introducing the above thresh-
old in our model. The explanation of such a difference
between our model and the spring model is as follows.
For a spring connecting the motor to the cargo, since
the force produced by the spring is proportional to the
distance between the motor and the cargo, the mini-
mum force required for the cargo to keep up with the
motor can always be reached by stretching their dis-
tance. However, in our model such a mechanism does
not exist, in that the force produced by the symmet-
ric linear potential is a constant, independent of the

distance.
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Appendix The procedure of deriv- by using the relationship
ing Eqs.(29)—(31) from Eq.(28)

0o 0 (n+1)
/ - / | (54)
In this appendix a brief description of how to de- 0 n—0nL
rive Egs.(29)—(31) from Eq.(28) is presented. First
rewrite the integrations of Eq.(28) in a piecewise form Then Eq.(28) becomes

0 (n—‘,—l)L 1
¢ (z3) = — Fay — kBTan [/ exp <—B—[<p(—r +x) + (F + n)r]) dr

n=0 L

(n+1) 1
—I—/ exp <—[<p(r +x2)+ (k — F)r]) dr| . (55)
nL kgT
Making the variable transformation t = r — nL yields
o 1
¢ (zy) = — Fay — kgTln Z / exp <—[<p(t +ao—nLl)+ (F+k)t+ (F+ n)nL}) dt
o kgT
E 1
+/ exp< —[p(t +x2 +nL) + (k F)t—l—(n—F)nL])dt . (56)
0 kT

By using the periodic condition ¢(z + nL) = p(z) and drawing the last term of each integrand out of the
integrations we obtain

¢ (23) = — Fy — kBTanO lex (F ZB’;ZnL> /0 exp <—kBLT[<P(—t +x2) + (F + I‘é)t]) dt

texp ( kBFT”L> /O exp ( kBlT[ (¢ +a2) + (k F)t]> dt

(oo}

=— Fay — kBTan [Il (z2)exp ( (7 ZB’;an>
+I2(5'32)8XP< (kBT)nLH ; (57)
|
where and
I (zy) = /OL exp <_I€BLT[¢(_t+x2) + (n—l—F)t]) dt Ir(zz + L) = L(2). (61)
(58)

Because I; and I are independent of n, they can be

and drawn out of the summation symbols of Eq.(57). Then

L
1 . . .
Iy(z2) = / exp <_ kBT[(P(t +ag) + (K — F)t]> dt. by using the following equation:
0

(59) 1 ad "
Due to the periodicity of ¢(x), I; and I5 are also pe- 1z Z 7, 0<z<l, (62)
n=0

riodic with respect to xs, i.e.

Li(ze + L) = I (22) (60)  Eq.(29) is finally achieved.
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