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A one-dimensional hopping model is useful for describing the motion of microscopic particles in a thermal
noise environment. Recent experiments on the new generation of light-driven rotary molecular motors found that
amotor in state i can jump forward to state i + 1 ori + 2 or backward to state i — 1 or i — 2 directly. In this paper,

inspired by these experiments, such a modified periodic one-dimensional hopping model with arbitrary period
N is studied theoretically. The mean velocity, effective diffusion constant, and mean dwell time in one single
mechanochemical cycle are obtained. The corresponding results are illustrated and verified by being applied to

the synthetic rotary molecular motors.
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I. INTRODUCTION

Many physical [1,2] and biochemical processes, for exam-
ple, the motion of motor proteins kinesin, dynein, and myosin
[3-5], can be well described by periodic one-dimensional hop-
ping models [6,7]. So far, these models have been extensively
studied, and the mean velocity, effective diffusion constant,
and mean first passage time have been obtained [8—11]. In these
models, a particle in state i can jump forward to state i + 1
with rate u; or backward to state i — 1 with rate w;. Where
the forward and backward transition rates u; and w; satisfy
periodic conditions uyy; = u; and wy4; = w;, where N is the
number of states in one cycle. Meanwhile, for some special
problems, this simple hopping model has been generalized in
some aspects [12].

Recently, experimental data of a type of synthetic light-
driven rotary molecular motor, which was devised by Feringa
and coworkers, found that the motor in state i can jump forward
to state i 4+ 2 or backward to state i — 2 directly [13-16]. In
fact, it also has been found that, for many molecular motors
[17-21], there are usually more than two ways for the motor
to leave its present state. Therefore, it is necessary to study
more general one-dimensional hopping models, in which the
particle in state i is allowed to jump to other states besides
i—landi+ 1.

In this paper, one of the simple cases, which we call the
modified periodic one-dimensional hopping model, during
which, in addition to states i — 1 and i + 1, the particle in
state i also can jump forward to state i + 2 with rate u;, or
backward to state i — 2 with rate w;, is theoretically analyzed.
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the effective forward and backward transition rates, u.g and
Wefr, are obtained using the recent results [23], which are
then employed to get the rofational excess of this modified
one-dimensional hopping model, as discussed in detail in
Sec. V. Moreover, the results obtained here can be applied
directly to the recent experimental studies about synthetic
rotary molecular motors [16].

This paper is organized as follows. The modified model is
briefly introduced in the next section, and then in Secs. III
and IV, the formulations of mean velocity, effective diffusion
constant, and mean dwell time in one mechanochemical cycle
are obtained. In Sec. V, the theoretical results are illustrated
numerically and verified by experimental data of the rotary
molecular motor. Finally, this paper is summarized in the last
section.

II. ONE-DIMENSIONAL HOPPING MODEL WITH
NONADJACENT STATE TRANSITION

Our modified one-dimensional hopping model of period
N is schematically depicted in Fig. 1, in which u; is the
forward transition rate from states i to i 4 1, while u;
is the forward transition rate from states { to i + 2, and
likewise for the backward transition rates w; (i — i — 1)
and w; (i — i — 2). Periodicity requires u;y = u;,u;, \ =
UL, WiyN = Wi,w,, \ = Ww;,.

Similar to the analysis in [6,8], if p;(¢) is the probability of
finding the particle in state i at time ¢, then the master equation
reads

Using an idea similar to Derrida’s [8], the mean velocity V dpi() Uit Uy Pit + Wit Pt & W n Pian)
and effective diffusion constant D are obtained. Meanwhile, ar i—2Pi—2 i—1Di—-1 i+1Di+1 i+2Pi+2
by a rpethod simi.lar to the one in [9], the mean dwell ti.me in — (u; + U+ w; +w)pi. (1)
one single cycle is also obtained. The reason that we discuss
this simple case here is not only because it is theoretically — Let
convenient but also because the corresponding results can 400 +oo
be verified by the .exper}men.tal data [16]. Compared with Bi = Z Pinais 5 = Z (kN + i) insi )
the more general discussions in [22], the expressions of the Pl Pt
effective diffusion constant D and mean dwell time Tyywen
in one mechanochemical cycle are also provided, and then then
N +00

, Di = Pn+i>  Si = Snis Zﬁi = pi=1, (3
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FIG. 1. Schematic depiction of the modified one-dimensional hopping model of period N, in which the particle in state i can jump forward
to state i + 1 with rate u; or to state i + 2 with rate u; or jump backward to state i — 1 with rate w; or to state i — 2 with rate w;. The rates
u;,u;,w;, and w; satisfy the periodicity conditions u;y = u;,u;, y = u}, wiyy = w;, and w;, y = w;.

and p;,5; satisfy

dp;(t) ;o _ _ ;o
pra (W;_pPi—o + ui—1Pi—1 + Wit1 Piv1 + Wi pPit2)
— (i + u; + w; + w)p;, “)
ds;(t) _ _ _ _
T = (Uj_o8i—2 + Ui 15i—1 + Wig15iq1 + Wi ,5i42)

— (i +u; + w; + w)s; +2u;_,pi—o + ui—1 pi
— W1 Pis1 — 2W; 5 Pita. @)

In the long time limit, we assume, as in [8], that

pi(t) = pi,  §i() — ait +b;, (6)

where p;,a;,b; are constants to be determined (see the
Appendix).

III. MEAN VELOCITY AND EFFECTIVE

DIFFUSION CONSTANT

Mathematically, the definitions of the mean velocity V and
effective diffusion constant D are as follows (see [8,24]):

V= tim WXL %[(ﬁ(z)) —

t—oo dt 2 t—o0

(x(0))],
)

where (x¥(1)) := 21_700 i* p;(t) is the average kth moment of
the particle position at time . One can easily show that

N _
d{x(t ds;
V = lim @) = lim asi
t—oo dt 1—00 4 - dt
1=
N
_,13?05 Quj_ypi—o +ui—1 pi—1 — Wiy1 Pis1—2W] 5 Pit2)

i=1

/
i_aDi—2 F Ui 1 Pic1l — Wit Pit1 — 2W, 5 Piv2),

uMz

®)

where p; is the long time limit of p; [see (2) and (6)], and it
can be obtained by (A1) or (A5). Meanwhile,

2
(l)
Z Z (kN +1i)? (4] _y PrN+i—2 + i1 PrN+i-1

’ ~
+ Wit1 PrN+it1 T Wiy PkN+iv2

—(u; + u; + w; + w)Prntil
N
= > [(duj + 2u; — 2w; — 4w))5;

i=1
+ (4u; + u; + w; + 4w))p;l. 9)

Combining Egs. (6)—(9), we have

N
D= Z[(2u§ +ui —

i=1

w; — 2w;)(ait —+ b,)

N
1
+ §(4M; +u; +w; +4w)pi] -V Zl:(ail + by)

N
= [Qu} + u; — w; — 2w)b;
i=1

N
1 !/ !/
5 @Gui +ui o+ w; A+ dw)p] - V> b (10)

i=l1

where 13 = (b1, ...,by)T satisfies (6). In numerical calcula-
tions, b can be replaced by any solutions of Eq. (A8) (for
details, see the Appendix).

FIG. 2. Kinetic model of the synthetic rotary molecular motors
recently devised by Feringa and coworkers [16]. The processes
1 — 2 and 3 — 4 correspond to photochemical conversions, while
2 — 3 and 4 — 1 correspond to subsequence thermal conver-
sions. The rates u,,ws,us, and w; depend on the environmen-
tal temperature 7, and the transition rates u;,u3,w,, and wy
and all u; and w; for i =1-4 scale linearly with the light
intensity /.
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FIG. 3. (a) The mean velocity and (b) the effective diffusion constant of the synthetic rotary molecular motor, as depicted in Fig. 2, as

functions of temperature 7.

IV. MEAN DWELL TIME IN ONE SINGLE
MECHANOCHEMICAL CYCLE

Let T; be the mean first passage time (MFPT) of the
particle starting at mechanochemical state k (—N + 1 < k <
N — 1) to reach the next mechanochemical cycle (backward
or forward), i.e., to reach any of the states i with |[i — k| > N.
Then the mean dwell time Tgwey of the particle in a single
mechanochemical cycle can be obtained as follows:

N-1

Tawenn = Z piTy.
k=0

Y

The mean first passage time 7; can be obtained by the
methods presented in [9,25]. For example, Ty can be obtained
as follows: Let 7; be the mean first passage time of the particle
starting at state i (—N + 1 < i < N — 1) to reach one of the
absorbing boundaries i = —N, — N — I,N,N + 1; then T is
governed by

7o Vi Ty +u Ty +wi Ty + wTi

i , 12
u! + w! (12)

in which u = u; + u}, w/ = w; + w!. T; can be obtained by
Eq. (12) and the absorbing boundary conditions

T,=0, i=-N,—N—1,NN+1. (13)
4x10'5
3f T -
’I
'f — T'=300 K
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Consequently, the mean first passage time Ty for the particle
at state k = 0 to reach another mechanochemical cycle can
be obtained by Ty = Ty. The mean first passage times T; for
k=1,...,N — 1 can be obtained similarly. Finally, the mean
dwell time of the particle in a single mechanochemical cycle
can be obtained by formulation (11).

It can be verified that, if u; = w; =0for 1 <i < N, ie,
the model is reduced to the usual periodic one-dimensional
hopping model, then Tyywen = Tp = -+ - = Ty—1.

V. NUMERICAL RESULTS

To illustrate and verify the methods to calculate the mean
velocity V, effective diffusion constant D, and mean dwell
time Tgwen, We discuss a class of synthetic rotary molecular
motors here that was recently devised by Feringa and cowork-
ers [13,16] and that can be schematically depicted by Fig. 2.
The rotation of such molecular motors can be described by the
modified one-dimensional hopping model with N = 4.

In numerical calculations, the parameters obtained by
experiments [16] are used. The transition rates are as follows
(with units of s~1):

uy =274x107, u;, =0.7x107,
k B T __AGy3
Uy = ——e k7|

- uh =0.35x 107,

D
o)
— T=300K||
N T=290K
: --- T=310K

0 1 2 3 4 5

(b) !

FIG. 4. (a) The mean velocity and (b) the effective diffusion constant of the synthetic rotary molecular motor, as schematically depicted in

Fig. 2, as functions of light intensity /.
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FIG. 5. The Péclet number Pe = V /D has a maximum as a function of both (a) temperature 7' and (b) light intensity /.

u3 =20.6 x 107, uy =0.8x 107,

kpT
Uy = BTe—f w, = 0.55 x 1075,
kgT _ac
wy = BTK%, w; = 0.7 x 1073,
wy =2.1x107°, w)=0.35x%x 107,
kgT _ac
ws = BTe—%, wh = 0.8 x 1075,
wy =32x107, w, =0.55x%x107". (14)

Here kg = 1.38 x 1072®> J K~! is Boltzmann’s constant,
h = 6.626 x 1073* J s is Planck’s constant, R = 1.9872 cal
K ' mol!isa gas constant, and the empirical values AG;;
are (kcal mol™1)

AGas = 25.6,
AGy =253,

AG3; = 30.3,
AG 4 = 30.

15)

Since the processes 1 — 2 and 3 — 4 are photochemically
induced conversions, the adjacent transition rates u;,us,ws,
and w; and all the nonadjacent transition rates u; and w; fori =
1-4 scale linearly with the light intensity /. Illumination with
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A = 365 nm corresponds to light intensity / = 1 (for details,
see [16]).

The numerical results of the mean velocity and effective
diffusion constant as functions of temperature 7 are plotted in
Fig. 3. In the calculations, we assumed that the motor rotates
/2 in each of the four processes. The velocity v =1 s~!
means the motor completes one quarter rotation per second,
with a similar meaning for the effective diffusion constant
D. Figures 3(a) and 3(b) are almost the same as the ones
obtained in [16].! Note that in [16], different methods are used
by Feringa and coworkers, which implies that our methods
to get the mean velocity and effective diffusion constant of

The values of velocity V versus temperature T [see Fig. 3(a)] are
the same as the ones obtained in [16] [see Fig. 3(A) therein]. But
for the effective diffusion constant D, the values obtained here [see
Fig. 3(b)] are only half of the ones in [16] [see Fig. 3(B) therein].
The reason is that a factor of 1/2 is included in our definition (7), but
no factor of 1/2 is used in the expression in [16] [see Eq. (9) therein
or its related supporting information]. Consequently, the values of Pe
[see Fig. 5(a)], defined as V /D, are two times bigger than the values
obtained in [16] [see Fig. 3(C) therein].
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FIG. 6. (a) The maximum of the Péclet number as a function of temperature: Pe.(T') := mlax Pe(T,l). The numerical results indicate

Penax(T) is almost a constant. (b) Roughly speaking, the corresponding optimal value of light intensity /o, at which Pen,,(T') is reached

increases exponentially with temperature 7.
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FIG. 7. The mean dwell time Ty of the synthetic rotatory molecular motor, as schematically depicted in Fig. 2, decreases with (a)

temperature 7 and (b) light intensity /.

the modified one-dimensional hopping model are accurate to
some extent.

To better understand the properties of this molecular motor,
the numerical results of the mean velocity V and effective
diffusion constant D as functions of light intensity / are plotted
in Fig. 4. One can easily see that both V and D increase
with T and /. But, as pointed out in [16], their ratio, i.e., the
Péclet number Pe = V/D, has a maximum as a function of 7.
Further calculations show that the Péclet number Pe also has a
maximum as a function of / (see Fig. 5). The numerical results
also indicate that the maximum of Pe satisfies

n}alx Pe(T,l) ~ mTaxPe(T,l) ~ mlax Pe(T,l) ~ 1.5. (16)
So, for any given temperature 7, we always can find an
optimal value of light intensity /o, (T) at which the value
of Pe is maximum. But, roughly speaking, /,,(T') increases
exponentially with T (see Fig. 6).

From the results plotted in Fig. 7, one also finds that the
mean dwell time Tyye decreases with T and /; this is consistent
with the corresponding results for the mean velocity [see
Figs 3(a) and 4(a)]. Since there are no experimental data of
mean dwell time Tgye in [16], in the following we will verify
our theoretical formulation of Tyye through an indirect way.
Instead, a dimensionless quantity, rotation excess, denoted by
7., 1s defined.

1.5
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350 400 450
T (K)

In [23], it had been proved that, to some degree, a general
N -state model can be approximated by a one-state model with
effective forward and backward transition rates ueg and wegs.
As a one-state model, the probability flux is J = uer — Wer,
while the mean dwell time in one single cycle is Tywen =
1/(uetr + wegr) (see [8,9,26]). So the effective transition rates
Uegr and wegr satisfy

1
Uetf + Wefr = ; a7

dwell

1 ( 1
2 \ Tywen

Intuitively, for the rotary molecular motor devised in [16], ueg
and wegr denote the numbers of full forward and backward
rotations per unit time, which are denoted by 2, and Q_ in
[16]. Therefore, the dimensionless rotational excess r, defined
by Feringa and coworkers, r, = (24 — Q_)/(Q4+ + Q_), can
be obtained here by

Ueff — Weff = J,

1 ( 1
2 \ Tywen

therefore,

Ueff = = +J>vweff= —J>- (18)

Ueff —
Ve = A = Jwaell~
Ueff + Wefr
The numerical results plotted in Fig. 8 are almost the same as
the ones obtained by Feringa and coworkers in [16], where a

completely different and special method is used. This implies

19)
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FIG. 8. The rotational excess r, = J Tyywen [see Eq. (19)] as a function of (a) temperature T and (b) light intensity /.
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that the formulation (11) of the mean dwell times is accurate
enough. In fact, the numerical results about u.g and weg are
also almost the same as the ones obtained in [16].

In conclusion, by applying our formulations of the mean
velocity V, effective diffusion constant D, and mean dwell
time Tywen to the model of recently devised second generation
rotary molecular motors, one can easily see that our results are
accurate and valuable.

VI. SUMMARY

In this paper, one modified periodic one-dimensional
hopping model is discussed. In this model, the particle in
state i can not only jump forward to state i 4+ 1 or backward to
state i — 1 but is also allowed to jump to states i +2 ori — 2
directly. One example of this modified hopping model is the
one given by Feringa and coworkers for their second generation
rotary molecular motors. In this paper, similar methods to those
in [6,8] are used to get the mean velocity and effective diffusion
constant, and the basic idea in [9] is employed to obtain the
mean dwell time in one single mechanochemical cycle. The
theoretical results are illustrated and verified by being applied
to the model of Feringa. The method used in this paper is
universal. It also can be employed for detailed studies of other
types of one-dimensional hopping models and, consequently,
to theoretical analysis of various kinds of biophysical and
biochemical precesses, including the motion of many other
synthetic molecular motors [17-21,27-32].
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APPENDIX: THE CALCULATION OF p;,a;, AND b;
From Egs. (4), (5), and (6), one can easily verify that p;.a;,
and b; for 1 < i < N satisfy the following equations:

0= (u;_ypi—a+ui—1pi—1 + Wit1 Pit1
+w ,piso) — i +u; +wi +w)pi, (Al

0 = (u;_»ai—2 + Ui—1G;—1 + Wit1Gi11
+ w;+2ai+2) — (i +ui +w; +w)a;, (A2)

and
a; = (u;_ybi_s + uj_1bi_y + wiy1bip1 + W ,bitr)
—(u; + uj +w; + w)b; +2u;_,pi_»
+ i1 pici — Wig1 Pit1 — 2W, 5 Pita. (A3)
If we define

Jir= (U;_ypi—a +ui1pi—1 + u;_; pi-1)
— (Wi pi + w; pi + Wi Pit1), (A4)

PHYSICAL REVIEW E 84, 031104 (2011)

then Eq. (Al) implies Jl-_% =: J is constant. For the sake

of convenience, we rewrite the linear algebraic equation
(Al) as

Ap=0, (AS)

where p = (py,...,pn)T is a column vector and A is the
corresponding coefficient matrix.

Usually, the steady state probability p; for 1 <i < N can
be determined by Eq. (Al) or (AS), and the normalization
condition Z,N=1 pi = L. In our discussion, we always assume
this fact holds, which implies that the characteristic space of
eigenvalue 0 of matrix A is one-dimensional. [It is easy to see
that det(A) = O since ZlN:1 A;j =0forany 1 < j < N. This
implies 0 is one of the eigenvalues of matrix A.] So, from (A1)
and (A2), one can see

a; = Vpi, (A6)

where V is a constant. In view of the normalizing condition
SN pi =1, one easily finds

N N
Zai = Z(Zu;_zpi—z +ui—1pi-

V=
i=1 i=1
— Wit Pig1 — 2W 5 Pis2)
:Z]i_%ZNJZV. (A7)
i=1
To getI; = (by,...,by)T, we rewrite Eq. (A3) as follows:
Ab=a—-Gp=VI-G)p, (A8)
where I = diag(1, ...,1)is the unit matrix, @ = (ai, ... ,an)T

is a column vector, and G is the matrix corresponding to vector
p in Eq. (A3). .

Since det(A) =0, b cannot be uniquely determined by
Eqg. (A8). However, the value of the effective diffusion constant
D is uniquely determined by (10) and (AS8). In fact, if b; and
122 are two_different solutions of (A8), then their difference
by = by — b, satisfies Aby = 0. Since the characteristic space
of eigenvalue 0 of A is one-dimensional, from (AS5), one
finds that I;O = cp with constant ¢ = (Z,f]:l boy), i.e., bg; =

(", boo)pi. Thus,

D(by) — D(by)

N N
= Quj+u; — w; — 2w)boi — VY _ bok
i k=1

M-

Qu; +u; — w; — 2w))by;

i=1

N N
— |:Z(2u; +u; —w; — 2wl{)p,‘j| (Z b0k>
1 k=1

i=

N
Z i(2u§ +u; — w; —2w;) |:b0i —Di (Z bOk)j“
: k=1

i=1

=0. (A9)
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Therefore, in the numerical calculations of the effective
diffusion constant D [see Eq. (10)], we can use any one of

PHYSICAL REVIEW E 84, 031104 (2011)

the solutions of Eq. (A8). This random choice will not affect
the final value of the effective diffusion constant D.
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