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Motion of a rotatory molecular motor and the chemical reaction rate
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We examine the dependence of the physical quantities of the rotatory molecular motor, such as the rotation
velocity and the proton translocation rate, on the chemical reaction rate using the model based only on
diffusion process. A peculiar behavior of proton translocation is found and the energy transduction efficiency
of the motor protein is enhanced by this behavior. We give a natural explanation that this behavior is universal
when certain inequalities between chemical reaction rates hold. That may give a clue to examine whether the
motion of the molecular motor is dominated by diffusion process or not.
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I. INTRODUCTION motion of motor, but there is no crucial evidence that it is
essential.

Many kinds of molecular motors are known to play essen- Here we take up a simple model inspired by Ehepart of
tial roles of life. The word “molecular motor” is, in a wide ATP synthase[19,20 and examine the dependence of the
sense, used to describe protein molecules that transduéetation velocity and the proton translocation rate of this
chemical energy from some source into mechanical worknodel on the chemical reaction rates. The efficiency of en-
(and in some case, vice veysMolecular motors are classi- €rgy transduction is calculated from these quantities. As far
fied into two kinds: linear and rotatory motors. As the as we know, there is no computation of this kind.
former, myosins, kinesins, and dyneins, which slide along
the specific filaments in the specific direction, respectively, Il. MODEL
are known to work for muscle construction, transport of ma- _ _ N
terials in cell, etc. by hydrolyzing adenosine triphosphate Th? Fo part is schemanca!ly drawn in Figs. 1 z_md_z. It
(ATP) [1,2]. As the latter, two motors are known to date. OneContalns three t.ypes .Of supumas,b, andc. As shown in F'g'
is bacteria flagellar motor, which works as a propeller byl’ the a subunit is fixed in the '.“‘?mbra”e- Tl1nelsub'un|t
gaining chemical energy from the proton gradient across thE°MNECts thé, andF; parts but it is not shown in Figs. 1
membrane. The other is ATP synthase which is found irfmd 2(see Ref[3]). Thecsubun_lts are arranged in a ring af‘d
membranes of living things. It works wholly as a transducertMS 1iNg rotates accompanying the proton translocation.
between the energy of proton gradient across the membrane L
and that of ATP synthesis from adenosine diphospt/siieP) (lipid layer)
and inorganic phosphate. It can both synthesize ATP and
pump proton against the proton gradient by hydrolyzing ATP
(see Figs. 16.28 in Reff3]). It is composed of two parts, the
F, part and the~, part, each is known to work as a rotatory
motor[4-17]. TheF, part is embedded in the membrane. It
contains a proton channel and transduces the energy of trans-
membrane proton gradient into rotatory torque when work-
ing as synthesizer. THe; part plays a role of ATP synthesis/
hydrolysis, transducing rotatory torque into the energy re-
quired for ATP synthesis and vice versa.

It is believed generally that the energy transduction effi-
ciency of molecular motor, that is, the ratio of the energy
output to input from the energy source, is extremely high.
For example, it is reported in Rgf12] that the efficiency is
almost 100% for thd-, part of ATP synthase. Thus, under- o i
standing the mechanism of molecular motors, especially (lipid layer) Rotation
that of energy transduction, is important not only because of
their many roles of life, but also because of the possibility
that, if this mechanism is novel, it may be applied to a new

technology as a machine with high energy transduction effi- . proton channel
ciency, even if it can be used only in a constrained scale. In
the scale of motor molecule-10-100 nm, water molecules FIG. 1. The proton channel viewed from the basic side, the inner

collide with motor molecules many times. These collisionsside of the membrane. There are theubunits arranged in a ring
make the diffusive motion of the motor molecule and thus itand the ring rotates counterclockwise during synthesis. The position
is natural to infer that this collision effect contributes to the variablex is defined as a rotation angle of the ring.
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Basic side(cytoplasmic) (membrane) nmeetnr]nborfilgr? proton gradient, it become possible to take out a

> Dynamics of each state is described by the Langevin
equation
load torque d d¢ ( )
from F1 X i X
(c-oligomer) dt - V7 dx +Ri(1), 1)

wherei refers to the statey; is the friction constant, andis

the position of the motofsee Fig. 1 which is explicitly

defined later. The potentiab;(x) represents the load torque

7 from theF; part, so¢;(x)=x [12]. Ri(t) is the random
FIG. 2. The proton channel viewed from thesubunit. There ~ force of Gaussian noise, which satisfies

are two proton binding sites in the channel and only these two can

Acidic side(periplasmic)

be either protonated or unprotonated. The left path of protons is (Ri(1))=0, )
from the basic side and the right path is from the acidic $&le , ,
These proton binding sites move rightward during synthesis despite (Ri(OR;(t"))=2D;5;;o(t—t"), (©)

the leftward load from thé&, part. . . . . .
1P where(---) is the time average arid; is the diffusion con-

) o o ) stant satisfying the Einstein’s relatioB, = y;kgT (T, tem-
There is a proton binding site in almost the middle of each peraturekg, the Boltzmann constantThe constant®; and
subunit, Asp61, a carboxyrate. A proton passes through the. gepend on the states since the different conformations
interface between theandc subunits(but as described later, paye different surface areas, densities, etc. But for simplicity,
not directly, called proton channel. In the proton channel,j; js assumed below that all the states have effectively the
there are two paths to these binding sites, the left one is frorggme valuesy, =y andD,=D, since those differences are
the basic side, the inner side of the membrane, and the righina)|. In addition to the above single-state motions, transi-
is from the acidic side, the outer ofgee Fig. 2[5]. Proton  tions petween different states occur. Thus it is convenient to

concentration in the acidic side is kept higher than that in th,qopt the formulation of the Fokker-Planck equation equiva-
basic side by respiratory chains, which pumps protons in thgyn 1o Eq.(1),

basic side out of the membrane. Roughly speaking, a proton
flows into and binds to the right site from acidic side, goes
%hrough the m_embrane witerring rotation, and_ dissociat_es ip(X,t)I— iH(X,t)-FK(X)-p(X,t), (4)
rom the left site and flows out to the basic side. That is, a at 2
proton passes through the proton channel not directly but via
the membrane accompanying the rotation of ¢hiéng. . P

We investigate the above situation using thesithply) II(x,t) = yf(x)p(X,t) — D —p(x,1), (5)
biased diffusion model(19,20. It was first presented to X
explain the rotation of bacteria flagellar motor which has

similar structure to th&, part of the ATP synthase but is one wheref is the external forcé=diad 7,7, ...,7] andK is
order larger in linear dimension. The mechanism is as folthe transition matrix which describes changes between states.

lows: There areN proton binding sites in the rotdi.e., the The system discussed here has four-component probability

ring is composed oN ¢ subunits andN=9-12 inEscheri- P(X.t) and flowII(x,t):
chia coli) at same intervals and two of them are in the proton

channel. Only two proton binding sites are allowed to be in pe(Xx,t) ITe(x,t)
the channel and each of them can be protonated or unproto- Pr(X,1) (1)
nated. The others can be only protonated due to the hydro- p(x,t)= e II(x,t)= e (6)
phobicity of the membrane. Thus the states of the motor are pL(X,t) I (x,t)
determined by the protonation of the two proton binding sites Pe(X,t) ITe(x,t)

in the channelE is the empty state where both sites are

unprotonatedR is the right state where the right site is pro- wherep;(x,t) andIl;(x,t) (i=E,R,L,F) describe the prob-
tonated and the left is unprotonatédis the left state where ability and its flow that the motor in stafeis at positionx

the left site is protonated and the right is unprotonated,Fand and at timet. The coordinatex is placed as follows: The

is the full state where both sites are protonated. We assunmwigin O is set at the center of thering and the position
that a proton does not hop between two proton binding sites/ariablex is defined as a rotation ang(Eig. 1). The proton
When one of the proton binding sites in the channel comes tahannel extends from=0 to § (6=2#/N andN= 12 fixed

the boundary, it can move into the membrane only if it ishereafter. x=0 is the position that the left proton binding
protonated and otherwise cannot move due to hydrophobicitgite is at the left boundary of the channel, atd & is the

of the membrane. If there is difference from detailed balanceosition that the right site is at the right boundary. When one
between the rates of one site at which a proton binds to osite moves into the membrane, another site appears into the
dissociates from it and those of the other due to the transzhannel from the other side of the membrane. In this sense,
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the system has periodicity. These constraints of periodicity I, (0t)=IIg(5,1), 9
and hydrophobicity mentioned above are expressed by im-
posing the boundary conditions on E¢), and
He(O) =IIg(6,t)=0, (7 HE(0) =IIg(5,1). (10
IMx(0t)=1I,.(4,t)=0, (8) The transition rate matrix is written as
|
- (kr;“L k:_n k(F;ut kl(;ut 0
. k:ﬁ - (kc'?ut_l_ kiLn 0 kl(;ut
K=l K 0 — (KR KL Kb | @D
0 Kin Kin = (kgurt Kou

There are a few assumptions in the above expression of the (
transition rate matrix: = =
(1) The chemical reaction, that is, binding and/or disso- (R—L)  KreKeLTKreKeL ki kE
ciation of proton to/from the sites, is sufficiently fast com- (16)
pared with the motion of the motor protein. This is justified
because the mass and size of a proton is much smaller thavhere AG is a function of ApH (ApH=pHg—pHs,, A
those of the motor so the diffusion coefficient of a proton isandB denote the acidic and basic sides, respectiyelydV
much larger than that of the motor protein. the membrane potential accompanying this difference of pro-

(2) There is no correlation between the reaction of the lefton concentration and written as
site and that of the right site.

(3) The reaction rates are independent of the position of AG=V+kgT In[10*PH]. (17
the motorx. This assumption may have to be modified to
take account of other influences, for instance, interaction be- Under these assumptions, this model can be solved ana-
tween residuepl9]. But we neglect the influences like these | tic4|ly. The transition rate matriX is diagonalized by the
for simplicity.

In this case, for example, it is thought thatz, the rate at
which stateE switches to stat®, andk g, the one at which
L switches toF, are both written bk}, the one at which a KRk, —kB, —k5, 1
proton binds to the empty right site. So, similarly we set

L—) R) - kLEkER+ kLFkFR . kRkL

in~out

—ex{AG/kgT],

matrix Q:

N lerikcLaut - kﬁ] klaut - 1

I 12 Q=| KBk KB Ky -1 (8
ER LF in» kiF;k:B ki? kgh .
keL=Kre=Ki, (13)
9 1= !
Kre= kg = k(F;ut, (14 (k:-n+ ktut)(km kglm)
and 1 L 1 L Ll Ll
— ki — ki, Kout kS,

>< _ R R _ R R ,

K g=Ker= klc_)ut' (15) Kin Kout KR kR,

kllﬁkrr{] _kgﬁkg{ut _klc_)ulkiFri klautl(chut
For the motor to work, the detailed balance should be vio-

lated due to the free energy acquired from a proton passage (19
of the channelAG. Thus the ratio of transition rate fron
to Rvia E or F to that fromR to L is written as and
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0
— (Kin+ Kou
Q'KQ= — (KR+KR, : (20
— (kR+ K+ KR A+ K5,
Then in a steady state, E@}) is reduced to
0
q q — (Kip+ Kgu)
- _Pn_ (A1 A—1
0=-3gx/ 77D dx} Q p(x))+ —(KR+KR, Q" p(x)).  (21)
—(KR+kE+KR 4K
|
The solution of Eq(21) is .yt V(y1)?+4D (KL +KE ) 20
- Gyt Cuef T e 2D
N _
) Coe "+ Coem” .=y 4D (KRS,
Q*p(x)= Csen$x+ Cee” | (22) R= 2D ' (29)
Cr@7iR + Cge iR and
i= - + \(y7)?+ 4D (Kip+ Kyt ki + ke,
whereC; (i=1,2,...,8) ardntegral constants and L T YT out out
MR~ . (26)
2D
=2 (23
D’ Therefore, we obtain
|
kR K5, (C1+Cre) — kR t(C3e”L"+ Cae” ) —ks t(C5e”R +C6e”RX)+C7e”LRX+C e"LR
56 1o(x) KRKL (C1+ Cpe) —KR(C4e7 X+ C,e7 X) + k& C5e"R*+ CeR¥) — C,e LR — CgelLR"
P(X)=Q(Q "p(x))= _
KR K- (Cq+ Cpe) + KR (Cae™ X+ C e X) — KL (C5eR*+ CqeR¥) — Cre LR — CeLR"
KRKL (Cy+ Cpef) + kR(CeL X+ C e ) + K- (Cse R+ CoeR¥) + C,eMR* + CgeiR"
(27)
|
and conditions are independent but the rest one is not because
] from Eq. (4), the following relation is always satisfied in the
A steady state:
() =Q| y7- D (@ *p(x) Y
_ Ciyr -
CsD 7 e *+C,Dy e I °
aD 7L 4Dl 0=— [ dxX pi(xt)
— A + - (28) dtJo i
=Q| c.,Dygem*+CeDyiemw* |-
_ 3 1%
C;D 7 R"LR*+ CgD 7, @R == fo dx> S i)
I
The integral constant€;’s are determined to satisfy the :2 [T1,(04)—T1,(5,8)]. (29)
|

boundary conditiong7)—(10). Five of these six boundary
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In addition to these boundary conditions, the periodicity of C,
the probability at the boundaries c
2
Pr(8)=pL(0), (30) c=| : | (34)
Pr(8)=pr(0), (3Y) Ce
and the normalization condition
S5
f dx>) pix)=1 (32
0 i 1 0
, , . S —1T—1T " ®" =R : (39
are necessary in order to close the equation<f@. Using (Kip T Koud (Kin 1 Kout
these condition€;’s are determined as
c=M"1s (33
where and
|
[ Kinkouy™ 0 —kinD 7L —kinD7(
kEU[khyT 0 k?utD ﬂfeﬂf's kc'?utD 77: emn?
ksulklt;ut'yT 0 - ksutD i - kc?utD Wf
kEUJ(tUtyT 0 - kchutD R e’lf - kEUID 77Ij—e77|j °
M= 1 KRKE, kB kG KRKE, ek kL —kRem kR —KRem 0— kR,
0 kRKh(1—ef?)  KR(1—en?)  KR(1—e™ )
EkRkE(1—ef?)  kRpF(1—ed) KRyl (1—em?)
(ef°—1)/¢ 0 0
KouD 7% KouD 7% ~Dg ~Dnlr ]
- kiLnD 7];; e”;‘s — kiIED nge”F_e g -D 77|jRe’7lj—R‘s -D mere”[R‘S
~ kouD 7r —KeuD 7% D g D 7%
- kgutD R e”; - klc;utD n;e”; 2 D UERe”:R(S D ﬂERenER(S
KSRk KS,emROtkE  1-emR? 1-eme (36)
K-(1—e”r?®  Kki(1-e7r?) 1—e"r? 1— er®
Kh77(1—€7R%)  Khpg(1-e7R?)  gip(1-e"w?) pip(1-emnd)
0 0 0 0
|
We find useful formulas for the probability and the flow in —TIR(8)=k-pe— (KR+Ks )P+ KR pr, (39)
statei. For the probabilities, the following relations hold in
the steady state: — — —
y 0=KkiPr+ KDL~ (Kourt Ko P (40)
0= (kiy+ kin) Pet KouPr+ KouPL (37  where
o 19
— = = =1 d . 41
(&) =Kipe— (Kot ki) Prt KeuPr,  (38) P fo XP(x) (4
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The relations above are obtained by integrating @y over —(CoD mr e R+ CaD 1 e R’ 4
x and using the boundary conditiofi#)—(10). For the flow (C7D 7 ge™R"+ CeD e 7). (48)

of probability, the following relation holds: ) ) o )
Finally, we define the efficiency of energy transduction as

— 5 follows:
HiE f dXHi(X)
0

=y7pi(X)+D[p;(0) —pi(d)], (42 EAG;—EL{’).
which are obtained by integrating E¢p) with respect tax.
Let us now derive formulas for the observables; the averTnis definition coincides with that given in RéL8].
age rotation velocity(v), the proton translocation rate
N(H™), and the efficiency of energy transduction. The aver-
age rotation velocityv) is given by the total sum of the IIl. RESULTS
integrated flow of probability,

(49

We investigate the dependence of the quantifies,
N(H™), ande on the transition rat& using the above ana-

(v)= E ne (43) lytical solution. Parameters used for calculation are, accord-
i—ERLF ing to Ref.[19], D=2x10" rad®sec !, kgT=4 pNnm, y
_ _ =5x10° raPsec 1pN~tnm!, and 7=—40 pNnm. The
Using Eq.(28), we obtain transition rates are given as
— L L R R
<U> - ‘}/T(SCI( kin+ kOut)(kin+ kou ) . (44) kR 10~ pHAe(MkBT
n
The proton translocation raté(H™) is given as follows: A KL 10 PHeg#/ksT
proton goes out from the left binding site to the cytoplasma Fien —10¢ 10-PKag—V/2keT | , (50)
when the staté. becomesE or F becomesR. WhenE be- Kout
comesL or R becomesF, a proton comes back to the left K 10 PKagV/2keT
binding site. So the flow of the left binding sifg is defined out

as
where pH,=7.0 andpHz=28.4 are the proton concentra-
e R B tions of each sideA, acidic;B, basig, pK, is the acidity of
Jo=kouPr~KinPet KauPr—KinPr- 49 proton binding sitep=2.3gT is the surface effect, and
In a similar way, the flow of the right binding site is written =5.6kgT is the membrane potentighe proton binding site
as is assumed to be in the middle of the membyaibe overall
factor 1 means the proton absorption rate of the path.
(46) Since it depends on the proton diffusion coefficient and the
surface area of the channel, we assume that this factor is
For the system to be in a steady statg,and J; must be common for all transition rates. Variation ¢t is also re-
equivalent and we obtain garded as varyingH of each side angpK,, preserving the
differences of each other.

Jr=—kB Pr+ kRpe— kR pr+ kRpy .

We plot the dependence ¢6), N(H"), ande on K in

+y —
N(HT)=J, Figs. 3—5. For the rotation velocity ), no qualitative dif-
=Jr ference dependent @K, is found. There is almost no rota-

. tion in the desirable direction when the chemical reaction
=2{IL+ IRt rate is low (namely, whenK is smal). Then the velocity
_1r/R_ Ly /LR Ly R, L \=— monotonically increases as increases and saturates when
= 2[(kin= ki) Pe (Kourt Kin) PR (Kin + Kou) PL the reaction is very fast. For the proton translocation rate,

+ (Kou— Koud Pl 47 N(H"), a qualitative difference dependent pi, is found

though almost no translocation is observed during skat
Using Egs.(38) and(39), we find that thisN(H™) is simply ~ both cases. FopK,=5.5, N(H") increases monotonically.

given byIIz(6) and evaluated as On the other hand, fopK,=4.5, while it increases mono-
tonically also, there exists a region where the increase be-
N(H")=1[Eq. (38— Eq. (39)] comes very slow K~10-12). In bothpK,’s, N(H") di-
verges as 16° when K becomes large enough. The
=IIg(8)[=11.(0)] efficiency e reflects the above results f) andN(H™). In
L R L 4 s both pK,’s, it increases aX increases at first. Then it
=kKinKouC1y7—Kin(C3D 77 €7 °+ C,D m e ?) reaches a peak valuat K~12 for pK,=5.5 and atk ~13
L _ s 4 onm s for pK,=4.5) and decreases monotonically afterward. The
+Kou{ CsD 7g€7R°+ CeD 7z €7R) efficiency goes to zero & diverges reflecting the fact that
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6000
5000
4000 +
(rad/sec) 3000
2000

1000

FIG. 3. The rotation velocityv). K of the abscissa is that of Eq.
(50). The solid line with+'s is the plot for pK,=4.5 and the
broken line withX’s is for pK,=5.5. There is almost no rotation in
the region of smalK. The faster the chemical reaction, the more
this quantity increases monotonically and saturates finally.

(v) converges to the finite value bit(H™) diverges for
large K. Note that the peak value of the efficiency foK,

=4.5 is enhanced and is about 25% larger than that fog. ~ R

pK,=5.5. This comes from the slow increaseNfH™) for
pK,=4.5 described above.
Inferring from the forms of Eqs(23)—(26), the key to

account for these results are thought to be the inequalitie

between the chemical reaction raﬂe%és (i=E,R,L,F and
j=in, out) and the reciprocal of the relaxation time of this
convection-diffusion system,r)?/D. The inequalities be-
tween k}’s for pK,=5.5 are different to those fopK,
=4.5. For pK,=5.5, the inequalities aré’ >kR>kR,

>kk , while for pK,=4.5, ki, >kR >kR>kkL . Under the

parameters used here, which are plausible in living body

only the above two sets of inequalities are possible for th

model to work well. Note that the inequalitié >k, and

10000 ‘
pKa=45 ——

8000 | pKa=55 -

6000
N(H™)

WUse0) 4000 |

2000 |

16 18

FIG. 4. The proton translocation raté(H*). The solid line
with +’s is the plot forpK,=4.5 and the broken line witix’s is
for pK,=5.5. There is almost no translocation observed for skall
in both cases. FopK,=4.5, there exists a region where the in-
crease becomes very slo {10—-12). At largeK, it diverges as

10472,
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K

FIG. 5. The transduction efficien& The solid line with+'s is
the plot for pK,=4.5 and the broken line withkx’s is for pK,
=5.5. It has a peak a~13 ande~0.5 for pK,=4.5, andK
~12 ande~0.4 for pK,=5.5. For large K, it converges to O re-
flecting the fact thatv) converges antN(H™) diverges.

out hold since the proton concentration in the acidic

side are higher than that in the basic side and the difference
makes the transmembrane electrostatic potential, and also
thatk’ >k, is required for the motor not to diffuse leftward
Sy the load torquer from theF, part. '

While the above two sets of inequalities betwé¢\s do
not depend orK, the inequalities betweeny)?/D and k} 's
do depend oK. And k} 's which are larger thany¥r)?/D are
relevant to the dynamics of the system. Wheris small
enough, ¢7)%/D is the largest among them. Thus all the
transition rates between the states are neglected, so the motor
does not work well. AK increasesk} 's also increase, and

SvhenK~9.5 for pK,=4.5 andK~10.5 forpK,=5.5, the

largest ratek';)ut becomes comparable toyf)2/D. A proton
in the left channel can dissociate before diffusion and $Rate

is created. ThuﬁR increases and is the largest amdigs
in this region ofK.

4500
4000 T
3500 [
Me 3000 | pKa=45 %
(rad/sec) 2500 [ pKa=55 ~+-
2000 |
1500 1 P Rk St R e
1000 [
500
0 ¥ N ¥

10

14 16 18 20

FIG. 6. The integrated flow of state The solid line withX’s is
the plot for pK,=4.5 and the dotted line with+'s is for pK,
=5.5. It increases monotonically both fpiK,=4.5 and 5.5.
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Next, forpK,=4.5, k('fut becomes comparable tg£)2/D
when K=~12. Near this region oK, a proton in the right
channel in stat® can dissociate before diffusion, so st&te
becomes state. ThuslIr decreases untlllg becomes larger

thanIlg. As a result, the increase &f(H") [=1I(5)] is
suppressed in this region, but not(efy because the increase

PHYSICAL REVIEW E 68, 061906 (2003

of ﬁE cancels out the decrea_seﬁﬁ (see Figs. 3 and)40On

the other hand, fopK,=5.5, Il continues to increase since
kR is larger tharkf,,. ThusN(H") and(v) increase mono-
tonically.

At last, whenK =16, all the transition rates become suf-

ficiently greater than47)2/D, so the matrixM is reduced to

M
[ Kikouy T 0 0 —kinD 7, 0 kouD 7r 0 ~D 7]
KeuKiny™ 0 —kGuD 780 0 kinD 7re"R’ 0 — D7y ge™R’ 0
KeuKoury ™ 0 0 —kouD 7L 0 —KouD 7R 0 D
k(F;utkI(;ut'yT 0 ksutD 77Le77L5 0 klc;utD nRe”R(S 0 D nLRenLRg 0
- ki'r?klaut_ ksu :?1 ki'ﬁklautegﬁ_ ksu :?1 - ki'ﬁem'& - ksut klv:_)utenR(S kg_n —eR? 1 '
0 kr;k:ﬁ( 1— e§5) — kﬁie’hﬁ kﬁi _ kheﬂRﬁ k:?1 — @"Rd 1
0 tkikin(1—e®)  —kRpen?®  —kim  —kipmre”®  —kpmr  —mR€TR)  — iR
L ) (efP—1)/¢ 0 0 0 0 0 0 |
(51)
|
where 7ir= V(K Kyt K K7D (54
— [WC i N
= (kin+ kout)/Du (52
(In this limit, " — = 7;.) From this, it is easily found that
_ — 2K _ —K _
NR= (kllr?]_’_kEUt)/D, (53) Cl,Z_O(J.O ), C3,6_O(10 ), and C7,8_O(1), SO
(v) converges wherK diverges. The convergent value of
and (v)k_ IS given by

y* 725 —bc+afe’™P+h(e”P-1)}]

(59

v e )
wh bc{D(e?P—1)— y78}+a[D—De? P+ y75{e?P + p(e?™P—1)}]
|
wherea=k[/kS,,, b=kkL/KS,, c=kR /K5 ,. Comparing Eq. also consistent with the above explanation which neglects

(48) with Eq. (44), it is also found thalN(H")=0(10%?).
The divergent behavior dfi(H") is consistent with Fig. 4.
We s_how the integrated flows of probability for states

andR, II¢ and ﬁR, in Figs. 6 and 7. Their behaviors are
consistent with the above exp_lemations. We also seelthat

and ﬁL are much smaller thall¢ and ﬁR under the above
two sets of inequalitieskb,>kR:>kR, >kk and k5,>kR,
>kR>kb) (see Fig. 8 Thus the qualitative behavior ¢6)

andN(H™") is determined by only the stat&andR. This is

the stated. andF.

IV. SUMMARY AND DISCUSSION

We have investigated the rotatory molecular motor using
simply the biased diffusion model. The model depends on
four chemical reaction ratdg", k>, ki, k3", the diffusion
and the friction constants of the motd®, y, and the load
torque,r. We have solved the model analytically, and exam-

ined the relation between these chemical reaction rates and
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) o L FIG. 8. The integrated flow of state The solid line withX’s is
FIG. 7. The integrated flow of stafe The solid line withX’s is the plot for pK,=4.5 and the dotted line witht's is for pK,

the plot for pK,=4.5 and the dotted line witht's is for pK, =5.5. It has a peak fok~11 for pK,=5.5 andK ~ 10 for pK,
=5.5. For pK,=5.5, it increases monotonically. But fquK, =45
=45, there is a region where it decreases. h

. . i ) The efficiency of this model is still not high compared
the physical quantities, such as the rotational velocity, th&yith that reported in Refi12]. There are some possibilities
proton translocation rate, and the efficiency of the energyynich can explain this.
transduction. It is found that below such valuekofs ke, (1) The definition of efficiency may still be vague and
the largest among;’s, becomes comparable withy¢)?/D,  controversial. In Ref[12], the authors adapted a different
both (v) and N(H") are very low so this model does not definition of the efficiency from ours. Our definition coin-
work well and results in bad efficiency, and that there existgides with that in Ref[18], where the energetics of the
an optimal value for the chemical reaction to maximize theLangevin equations and the Fokker-Planck equations are
efficiency of the energy transduction. We also found thatcarefully analyzed.
when the inequalities’ > (y7)?/D>kR >kR>kL hold, (2) There may be a necessity to reconsider the several
the increase of the proton translocation can become vergelations between physical quantities which we assume to be
slow and the efficiency of the motor is enhanced. This effi-appropriate near equilibrium, such as the Einstein’s relation,
ciency enhanced mechanism is naturally explained from thisince molecular motor is a nonequilibrium system far from
set of inequalities. equilibrium.

This model is based on the diffusion process like the ther- (3) There may be another mechanism which enhances the
mal ratchet model for linear molecular motdexl], so that  efficiency. For instance, an electrostatic interaction between
the efficiency enhancement mechanism above may give msidues is discussed in R¢f9]. Furthermore, experimen-
clue to examine whether diffusion process dominates the mdally conformational change of the motor protein during mo-
tion of molecular motor essentially or not. The inequality istion is reported[22]. It is important to construct a model
controlled by the dissociation constant of the proton bindingwhich gets along with this experimental result. These may be
sites, pK,, the proton concentration of both sides of thethe key to account for the high efficiency of energy transduc-
membrane, the proton diffusion constant, etc. tion of molecular motors.
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