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Theoretical model for motility and processivity of two-headed molecular motors
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The processive motion of two-headed molecular motors is studied theoretically by introducing a model that
takes into account the coordinated motion of the constituent heads and the detachment process of heads from
linear molecular tracks. The mean velocity, the mean run length, and the mean run time of the motor along the
track are calculated numerically based on the Langevin equation. It turns out that the model, with appropriate
choice of model parameters, can explain qualitatively the dependence of these quantities on the external load
and adenosin triphosphate concentration observed experimentally for kinesin motors. Furthermore, we discuss
how the motility and processivity of the motor are affected by various model parameters, which may be tested
by experiments.
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[. INTRODUCTION particle models. Brownian-particle models with multidegrees
of freedom have been introduced based on the hand-over-
Kinesin is a motor protein that moves unidirectionally hand mechanism[12,19 or the inchworm mechanism
along a one-dimensional polar track called a microtubule£)13117_| to study the unidirectional motion of kinesin motors,
and is responsible for intracellular transport of vesicles andUt N0 attempts seem to have been made to describe the
organelleg1,2]. A kinesin motor can translate long distances dissociation of motors from microtubules.
by hydrolyzing a large number of ATRadenosin triphos- . The purpose of the present paper is to propose an alterna-
phate molecules before it dissociates from a microtubule.t've model of the Brownian-particle type for kinesin motors

. L . that allows us to study both the coordination of the motor
This property, known aprocessivity contrasts with _the fact heads and the detachment process. In our model, a kinesin
that certain motor proteins, such as myosin Il in muscle '

di e f ks aft inal le of hvdrolvsi motor is described as a system consisting of three Brownian
Issociate from tracks after a single cycle of ATP hydrolysis.,,icles representing the two heads and a “hinfg] that

In the case of conventional kinesin, it is thought that thejs -onnected to the heads with strings corresponding to
processivity is closely related with its two-headed structurexneck Jinkers” [20] in a kinesin molecule. Each head is as-
one head remains attached to the microtubule, while thgumed to behave like a particle in the Brownian ratchet
other, detached head, explores for a new site on the track 194,15 since the motility of the single-headed kinesin
be attached; hence the molecule can translate in a “*handk|F1A is likely to be explained by this mechanisi21,22,
over-hand” fashior{1,3] or in an “inchworm” style[4]. The  and the thermal detachment process of the head is included
velocity and the run length have been studied extensively fofy 5 way described in Ref18]. A recent experimental find-

motor molecule$5-8]. . of a kinesin molecule, is also taken into account in our
Various theories have been proposed to explain the exynodel.

perimental results on kinesin motility. They can be grouped Tpe motility and processivity of a molecular motor de-
into two categories. One approach uses a multistate chemica¢rined by the present model is studied by the numerical
kinetic description and postulates that the motor stepgimuylation. It is found that the dependence of the motor ve-
through a sequence of discrete chemical st4&8]. Al |ocity and the run length of the motor along the track on the
though this phenomenological approach is successful in r&syternal force(load) and the ATP concentration obtained
producing the experimental data with appropriate choice ohere agrees qualitatively with that observed experimentally.
model parameter$9], it does not provide information on  pyrthermore, it is observed that the heads move in a hand-
how each head in a kinesin molecule works to produce unigyer-hand fashion rather than an inchworm style, though we
directional motion of the motor. In theories of the secondnaye not assumed neither of the mechanisms explicitly.
category a motor is viewed as one or a set of Brownian The paper is organized as follows. Our model is described
particles) moving in a one-dimensional periodic potential jn the following section. After the method of numerical
representing the interaction between a motor and a tracknalysis and the choice of model parameters are explained in
[10-19. One-particle models are easier to analyze, and nogec. |1, we will present the results of simulation and provide

only the motor velocity10—-17,19 but also the detachment qyajitative discussion about them in Sec. IV. Section V will
process of the motor from the tra¢k8] have been studied. pe devoted to concluding remarks.

However, one cannot investigate the way the two heads co-
ordinate in processive motion of a motor based on one- Il. MODEL

A. Outline of the model

* Author to whom all correspondence should be addressed. Elec- We consider a simple model, whose structure is schemati-
tronic address: sasaki@nlap.apph.tohoku.ac.jp cally shown in Fig. 1, for a two-headed molecular motor,
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FIG. 2. Five states of a head considered in the present model are
1 represented by the boxed symbols, and the transitions between the
X states are indicated by the arrows. A head is attached to the track in
states MK and MKT, while it is detached in the other states, K, KD,
%nd KT. The symbol accompanying each arrow denotes the associ-
ated transition rate.

FIG. 1. Schematic representation of the present model for
two-headed kinesin motor. The motor consists of two hewadiste
ellipses and a hinggshaded circlg and each head is connected to
the hinge with a string, called a neck linker, of lengtiThe heads
interact with a polar track with a periodic structure of perio@he
motor is supposed to move to the right, the forward direction, if no

external forceF is applied to the hinge. The displacements of theﬂve states shown in Fig. 2, i._e., states_K, KD, KT, MK, and
heads and the hinge are represented byxtbeordinate with thex MKT. In the states labeled with and without symbol M, the

axis lying parallel to the track and pointing to the forward direction. Kinesin head is attached to and detached from the microtu-

A head is treated as a rigid body that makes no rotational motioule. The meanings of the other symbols are the same as

and has the extent of lengthalong the track. those explained earlier except that the two stages, KDP and
KD, in chemical cyclg1) is now considered as a single state

beled KD. Since it is knowh23] that the affinity of the

L . . |
E'g:j'ir;' t-l(;?heefgjt; nt]hzoﬁiﬂsgsbof ;W,%gffﬁssz‘f :Sr;'r?r?e;/viiztﬁ(fﬁead with the microtubule is large in states K and KT while
. ; nge by - astring it is small in state KD(in simplified notation, we do not take
certain properties explained below. Here the hinge is as:

sumed to represent the coiled-coil regigreck, stalk, and state MKD into account.
tail) of kinesin together with a latex bead glued, in the ex- Among possible transitions between these five states, only

eriments, to the tail; an external load is applied to the beaalose indicated by the arrows in Fig. 2 will be considered in
P ! P IS applied & e present model. In this figure the symbols attached to the
in an optical-trap experiment. The object consisting of the

coiled-coil part of the motor and the bead is treated as g‘ggviirreeepr?rzir;titfgﬁsf?\zi ,\chtThe &clzr_:_eiplggdm;]mtjralggtlons.

single rigid body, a hinge, for simplicity. — MK are associated with the chemical cycle of ATP hy-
A head can be attached to or detached from the microtua Vi dh h y h Y
bule track. In the attached state a head can move along eSS and nence the reverse Processes to't ese tran§|t|ons
' . . . e are ignored for the reason explained earlier. Transitions
track, whereas it undergoes three-dimensional diffusive MOtk and MKT— KT are thermal activation processes:
tion with constraints caused by the neck linker. In the latter P '

) e shall assume that the affinity of the head to the track is
case, only the displacement of the head along the track wil . .
. o g . the same in states K and KT, and hence the transition rates of
be considered explicitly in the present model. Similar sim-

plification will be made in describing the motion of the these Processes wil pear the same valueSimilarly, the .
hinge same transition rat@ will be assigned to the reverse transi-
Each head in a kinesin motor catalyzes the hydrolysi lons K—MK and KT—MKT. Transitions KT~KD and

. . : . . D— K will not be taken into account because the hydroly-
reaction of ATP into ADP and inorganic phosphate Pi, ATP .
. ADP+Pi. The forward reaction is dominant under the SiS of ATP and the release of ADP proceed very slowly in the

condition of high ATP concentration and low ADP concen- absence of microtubuld]. Transition K—KT is expected to

tration, which is realized in the experiments on molecular2¢CY with the rate close tarr, since the rate should be

motors and in living cells. Therefore, we shall ignore thedetgrrmned by h?‘?’ oftgtr) theMr}z&dK_ernc:unters AED m(t)kl]ecules
backward reaction in what follows. After the hydrolysis is as m't' e C;ieMOK rfan3| Iotnt Ki I'k I o¥vever, %0 erh
completed at the nucleotide-binding site on a head, Pi an ansition, , rom state 1 IS likely 10 proceed muc

ADP molecules leave the head sequentially. Hence, a he a‘st‘ff and gommites thg trﬂ:sm?n from t_h|s s(at?a Ta.?.le
goes through four chemical states cyclically as K elg_\ll_v and the Appendjx Therefore we ignore transition
— .

K—KT—KDP—KD—K, ) The heads and the hinge undergo translational motion,
while each head changes its state through the transitions in-
dicated in Fig. 2. The processive motion of the motor on the

where K is the nucleotide-free stat stands for kinesin track lasts until both the heads become detached. Hence, we
without nucleotidg, KT or KD is the state with ATP or ADP are interested in the situation where at least one of the heads
bound, respectively, and KDP is the state with both ADP ands in an attached state, and wish to figure out how long such
Pi bound. Considering the fact that a head can be attached osituation lasts. The detailed descriptions of the translational
or detached from the microtubule track, one may need tonotion and the transition rates in our model will be given
take into account at least eight distinct states for each headeparately in the following subsections.

In order to make the model simple and still capable of
describing the processive motion, we shall consider only the
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TABLE I. The values of the parameters used in the numerical
calculation whose results are presented in Figs. 5, and 7-9. The
third column indicates the locations in the text where the meanings
or the definitions of the parameters are provided.

U(x)

+ ' X
Parameter Value Meaning 0 4 1 atl 2

| 8 nm Fig. 1 FIG. 3. The potential(x) representing the interaction between
d 4 nm Fig. 1 the track and a head in attached states. The transition-MKD of

r 2.95 nm Fig. 1 a head is possible when it is located in one of the intervals of length
1 10 nm/(pN's) Eqs(3), (23) S indicated by the bold lines on theaxis.
o 1.6x10" nm/(pN's) Egs(3), (28 o ,
Hh 10° nm/(pN's) Eq.(2b) (Tnj (O n,j, (1)) = (2kaT/ ) S(t—1"), (48
Ve 2ol R 3 TOTH(t')) = (2kgT/ ) St —t” ab

a 2 nm Fig. 3 (TROTK(t"))=(2kgT/ mp) S(t—t"), (4b)

=1
o 0'02055 S 1 Eq_' (18 where the angular brackets indicate the statistical avekage,
B 5x10° s N Fig. 2 is the Boltzmann constanf, is the temperature, ané(t) is
@p 1.1x10° S Fig. 2 Dirac’s & function; random forces with different subscripts
kr 2 (uMs) Eq.(17) are statistically independent.
Qo 15s Eq.(14) The potential energyV, ; of the system may be ex-
Q 10¢ st Eq. (14) 12
! . pressed as follows:

K 80 nm Eq. (14

lin 6.5 nm Eq.(14) Wi, i,(X1,X2,Xn) = Uj (X)) + U (%) + U (Xg,X2)

) 0.32 nm Eq.(16)

K 16.46 pN/nm Eqs(9), (10) F+Unj, (Xn,Xg) + Up j(Xn, X2) + F X,

f 5.66 pN Eq.(10) 5)

where U; (x,) represents the interaction between thté

head in statg, and the track,Ujlyjz(xl,xz) the interaction

Let x; and x, be the locations of the heads along the : -
. between the head8l;; (x;,X,) the interaction between the
track, andx, be that of the hinge. We assume that these Sl (Xn1Xn)

variables change with time according to the following Ninge and thenth head in statg,, andFx, the potential
Langevin equations in the overdamped lifis]: attributed to the external fordgoad F acting on the hinge.

The motor is supposed to move towards the plus end aof the

B. Translational motion

1 dx, J axis without the load, and a positive value is assignef ifo
W dt W\le,jz"‘_rn,jn(t) (n=1,2), (23 the force acts “backwards;” the positive and negative direc-

In " tions of thex axis will be referred to as forward and back-
1d ward directions, respectively.
el 7 o We assume that a head interacts with the microtubule only

W] j +Fh(t): (Zb) e
mn dt Ixp 1102 when it is in attached states:
where i, is the mobility of thenth head in statg, (j, U(x,) forj,=MK, MKT
U; (6)

C)=1u,  forj,=K, KD, KT,

=K, KD, KT, MK, MKT) and u; is the mobility of the In
hinge;le,j2 is the potential energy of the system when the
first and second heads are in stafgsand j,, respectively; WhereUq is a constant whiléJ(x) should be a periodic and
I''s are random forces acting on the heads and the hinge. THsymmetric function ok, due to the periodicity and polarity
mobilities of a detached head and the hinge are thought to bef the microtubule structure. A simple piecewise linear func-
determined by the Viscosity of the Surrounding fi(i'mhtei), tion of the sawtooth Shape shown in Flg 3 will be used as
while the mobility of an attached head is likely to be limited U(X), as often used in the literature of Brownian ratchet
by the “protein friction” [24] arising from the interaction models[14,15,21,22 This particular functiord (x) is char-
between the head and the track; see the Appendix and Tab&sterized by the potential height,, the periodl, and the
. Accordingly, it will be assumed that the mobility of a head distancea from a potential minimum to the nearest maxi-
is different in attached and detached states, i.e., mum on the right, see Fig. 3. It will be assumed that®
<1/2 (the potential would be symmetric &#=1/2).

na forj,=MK, MKT A head occupies a finite volume in space, and the two
i~ pg forj,=K, KD, KT. ©) heads will not overlap. This excluded-volume effect is rep-
no resented byJ; ;. in Eq. (5). It will be assumed that this

The random forces are, as usual, of Gaussian with zereffect works only if both the heads are attached to the track,
means and and the following variand&%]: since a detached head is supposed to undergo three-
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dimensional Brownian motion, which will not be affected u y

very much by the other head. Thus, we adopt the following A —

expression for the head-head interaction: déte the length T

of a head along the tradlsee Fig. 1, then Xn

Uj, j,(X1,X2) =+ (78 Xn

if X, —x,|<d and bothj, andj, are either MK or MKT, and FIG. 4. Partially docked neck linker is represented schematically

together with the hinge and the head associated with the linker. The
Uj j (X1,X2) =0 (7b) docked portion of the linker is hatched. Herandy are the lengths
112 !

of the stretched and unzipped portions of the linker.

otherwise.
A head interacts with the hinge through the neck linker. In

order to model this interaction, we take into _accpunt tWOWhere the parametef>0 represents the strength of the
effects suggested by the experiments. The first is the s

Yocki d has the di i f for€avill be referred
called neck-linker dockind20]: for a single-headed con- ocking, and hias the dimensions of Torbaylll be reterre

e ; . to as the docking force.
struct of kinesin it is suggested that the neck linker is fluc- We would like to expres¥y in Eq. (10) as a function of

tuating if the head has no nucleotide or it binds ADP’Ax=xh—xn, wherex;, andx, are the locations of the hinge

whereas the linker is held fixe@ocked on the head when . L
. . . and the head, respectively. If the docking is incomplste
ATP is bound. This leads us to assume that the hinge-he g. 4, yis related withAx andu asy = (r — Ax—u)/2. The

interaction depends on the nucleotide state of the head: stretchy, in this case, should be determined such Miais
Vo(Xp—Xq)  for j. =K, MK,KD minimized for givenAx, which results inu:f/_K. In the
Unj (Xn Xp) = o g case of complete unzipping we haye-r andu=|Ax|-r,
n Vi(xy=Xp)  for j,=KT,MKT, whereas in the case of complete docking we hawe® and
u=|Ax—r|. Thus we obtain, from Eq10),
whereV, andVy represent the interactions in the undocked
and docked states, respectively, and will be specified below. V(AxX)=f(r—Ax)—f2/2K (118
The second concern about the hinge-head interaction is ] )
the lengthr of the neck linker. It is observed that two-headedfor —r — f/K<Ax<r—f/K (incomplete docking
kinesin motors take steps of stritlE26]. However, the neck _ 2
linker is not long enough (<1) to allow this step size, and Vr(Ax)=2fr +K(Ax+1)/2 (11b)
it is suggested that the coiled-coil regiGepresented by the
hinge in the present modeheeds to be unwound partially
when the kinesin moves. We assume that an undocked linker Vi(AX)=K(AX—r)?/2 (110
behaves like a flexible stringvithout elasticity and that an
elastic restoring force acts if the coiled coil is unwound.,  for Ax>r—f/K (complete docking
if [Xn—Xn|>1). With these assumptions we have

Vi=2fy+ IKu?, (10)

for Ax<—r—f/K (complete unzipping and

C. Transition rates

0 for|Ax|<r . . . .
14X There is experimental evidence that the chemical reac-

(9 tions on the two heads of a motor molecule are coordinated
to realize the processive motion of the motor. In other words,
some of the transition rates shown in Fig. 2 associated with

whereK is the elastic constant associated with unwinding ofone head depends on the locations of the heads and/or on the

the coiled coil. state of the other head.
The hinge-head interaction in the docked st&tejn Eq. Consider the situation where one head is attached and the

(8), will be described as follows. When a head is in states KTother with ADP bound is detached. It is knowt] that the

or MKT, the head interacts with the neck linker such that it isdetached head releases the ADP very slowly if the attached

most stable if the full length of the linker is docked on the head has no nucleotide, while the binding of ATP to the

head. However, if the hinge is pulled backwaftisvards the attached head accelerates the release of ADP from the second
negativex direction, by the external load or by the other head drasticallyby about 5000-fold or moye We take this
head, the linker may be “unzipped” partiallgee Fig. 4 We  fact into account in a simplified way: the rate,, of the
suppose that the energy associated with the linker-head intetransition for head 1 from states KD to MK is assumed to be
action increases in proportion to the length of the unzippediven by

portion of the linker. The unwinding of the coiled-coil region

Vo(Ax)=14 1
ol A%) EK(|AX|—I’)2 for |Ax|>r,

may also occur. Ley be the length of the unzipped portions [ @0O(|x1= X[ —=d) if j,=MKT

of the linker andu be the length of the unwound coiled coil “p17 g otherwise, (12)
(see Fig. 4. Then the hinge-head interaction can be ex-

pressed as wherewp is a constant and the step functién defined by
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1 forx>0 a=agexg U(x)/kgT] (18
=10 forx<o (3
orx=<"d, with ag being a constant and thatis independent o, the

represents the excluded-volume effect of the heads. The e)l(c_)catlon of the head18].

pression forwp,, the corresponding transition rate for head
2, is given by Eq(12) with subscripts 1 and 2 interchanged. IIl. METHOD OF NUMERICAL ANALYSIS

Transition MKT—KD is another example that is associ-  \ye integrate the coupled Langevin equati¢@snumeri-
ated with a coordination of the two heads: the detachment of 5y py taking account of the transition rates discussed in

a head associated with the ATP hydrolysis is acceleratedec || C, to analyze the processive motion of the motor in
drastically by the presence of the other heade-headed o hresent model. This Langevin simulation is carried out

kinesin is detached very slowlyand it is suggested that the ¢4 5 |arge number of samples, under the following initial
attachment of the second head on the microtubule causgggition:

intramolecular strain that catalyzes the detachment of the
first head[23]. In the present model, we assume that the j1=MK, j,=KD, Xx;=X,=x,=0 (19
detachment rate, increases abruptly from a small val(g
to a large one(); when the distance between the headsat t=0. The simulation for each sample is continued until
(strain exceeds certain threshold vallyg, and express it as both the heads become detaclieecome in states K, KD, or
follows: KT). Let 7; be the time at which the simulation of théh
sample ends, andl; be the location of the hinge in this
wH(X;=X2) =2{Qo+ Q1+ (Q1- Q) sample at this moment. The sample averager;céndL;,
denoted by 7) and(L ), will be called themean run timeand
X tant w([x1 =X~ 1w I}, (14 the mean ?(ur? Iengﬁthzespectively. Thenean motor velocity

wherex is a parameter (v) is calculated as a weighted average

We make another assumption, proposed by Pebstl. N N
[10,15,16,18 on the transition MKT-KD: the hydrolysis Y= viw;, wi=7/> 7 (20)
reaction of ATP is catalyzed most efficiently when the head i=1 i=1
is bound at particular sites on the microtubule. Following
Prostet al. [10,15,16,18 it will be assumed that the ATP ©Of sample velocities;=L;/7;, whereN is the number of the
hydrolysis and hence the transition MKIKD takes place samples and the weight; is proportional tor; since the
when the head is in small intervals of lenggharound the Variance ofv; is inversely proportional te; . The number of
minima of the potentiaU(x) for the head-track interaction. Samples used in the actual numerical simulatioiN s 100
These intervals are indicated by the bold lines onxttaxis ~ for the low ATP concentration of ATP]=5 uM and N

in Fig. 3. The transition rate for head 1 is expressed as ~ =100-400 for the high ATP concentration ofATP]
=2 mM.

®p1(X1,X2) = 0x(X1— X2) O o X1), (15) Our main interest is the dependence(of, (L), and{r)
on the external load= and the ATP concentratiopATP].
where the functionwy is given in Eqg.(14), and®,,. is de-  Apart from F and [ATP], there are 19 parameters in the

fined by present model. Their values are set, unless otherwise stated,
as listed in Table | in the numerical analysis such that the
1 if UXx)<(d/)U, results can be compared with experiment on kinesin. The
O =15 otherwise. (16 values or the ranges of values for some parameeers, |

anduy) can be determined more or less directly from experi-

The expression fowy,, the corresponding transition rate for Mental facts, while the othere.g., < and 5) cannot be as-
head 2, is given by Eq:15) with subscripts 1 and 2 inter- signeda priori. The Appendix explains how we have chosen

changed. the values of the parameters listed in Table I.
The rest of the transitions shown in Fig. 2, other than the
two discussed above, are supposed to take place indepen- IV. RESULTS AND DISCUSSION

dently on the two heads. Transition MKMKT results from
the binding of ATP on a head. Hence, the corresponding
transition ratew is assumed to be proportional to the ATP  In Fig. Xa@ we show the trajectories of the two heads

A. Movement of the heads

concentratiofATP], i.e., obtained in a typical simulation witk=0 pN and[ATP]
=2 mM. It can be seen that the motor of the present model
wt=Kk{[ATP], 17 steps forward with increments ¢t=8 nm. In this figure,

each of the vertical arrows indicates a moment when one
whereky is a constant. The detachment processes-MK  ATP molecule is hydrolyzedi.e., transition MKT-KD
and MKT— KT as well as their reverse processes are causethkes placg It is clearly seen that the ATP hydrolysis is
by the thermal fluctuation, and it would be reasonable tcstrongly coupled to the 8 nm steps, in agreement with the
assume that experimentgwith low loads and high ATP concentratigns
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ime (ms) FIG. 6. A part of all the possible states of the motor, which will

be important in our discussion, and sequences of transitions be-
tween them. The shaded and open circles indicate head 1 and head
2, respectively. The track is represented by the potential profile of
Fig. 3, and the dot beneath it indicates the position where the at-
tached head in states | and Il is located. The wide black arrows
indicate the transitions that occur frequently under the low external
force F~0. The wide hatched arrows indicate the transitions that
lead to backward steps and become important under the high exter-
nal forceF>f. The wide open arrows indicate the transitions lead-
ing to the detachment of the motor from the track.

Displacement (nm)

tached head in state I\state V) is located at a distande
=8 nm ahead of the site where the attached head in state |

0 22 44 66 88

Time (ms) (state 1) is located. We have indicated in Fig(ap which
_ _ portions of the trajectories correspond to these states by the
FIG. 5. Parts of the trajectories of the two hegolsick and gray  horizontal line segments labeled I, 11, Ill, and IV. From this

lines) obtained in typical simulations WithATP]=2 mM for (8  figure, we can understand that the motor in this condition
F=0 pN and(b) F=7 pN. The locations of the heads were re- make a forward step of 8 nm not in a “inchworm” style but
corded every 0.057 ms fd@) and 0.57 ms for(b). Each of the iy 3 “hand-over-hand” style.

vertical arrows indicates the moment when one ATP molecule is \yhen the motor takes one step backward under high

consumed. The horizontal line segments labeled I, 11, etc. represerp(sadS it changes its state through the pathlll—IIl’
the time intervals when the motor is in states |, II, etc., respectively,_} v , or lI=1Il"—V' VI in Fig. 6. On the other hand

shown in Fig. 6. the sequence of transitions-Hlll'—V’'—VIl' leads to a
. . _ - futile process in which the motor returns to the same location
By contrast, the trajectories fér=7 pN shown in Fig. )  ger consuming one ATP molecule. The time interval corre-

reveal that thg motor often takes backward steps of sjze 8 NWonding to these states are indicated by the line segments
or moves neither forward nor backward by consuming ATPabeled 1. 11 1II'. etc.. in Fig. §b).

molecules under the high load.

Let us discuss the movement of the heads and its relation
to their chemical states in some detail. For this purpose and
other discussions presented below, we refer to Fig. 6, which The mean run lengtflL) as a function of load is shown
shows various states of the motor in the present model tan Fig. 7 for [ATP]=2 mM and [ATP]=5 uM, and the
gether with transitions, indicated by the arrows, betweermean run timg 7) is plotted in the inset of Fig. 7. Both run
them. In this figure the shaded and white circles represeriength and run time decrease as the load increases. By con-
head 1 and head 2, respectively, and a letter inside a circligast, the dependence of these quantities on the ATP concen-
indicates the chemical state of the corresponding head. Faration has opposite tendencil-) increases whil€ ) de-
example, in the state labeled | head 1 is in state MK and heacreases agATP] increases. These properties of the mean run
2 is in state KD; state | may change into state la with ratdength are also observed experimentdB). The calculated
a(x;) or into state Il with ratas;. Note that Fig. 6 presents value of(L) is on the order of the experimental one: in the
only a part of all the possible states of the motor, which will case of the high ATP concentration of 2 mM, Fig. 7 shows
be important in our discussion. that(L)~600 nm forF ~0, which should be compared with

When the motor takes one step forward, it changes it§v)~1000 nm for F~0 obtained experimentally by
state through the path-+1l — Il — 1V shown in Fig. 6 by the  Schnitzer, Visscher, and Blodi8]; in the case of the low
wide black arrows; another path-Hlll -V —VI is also  ATP concentration of 5uM, we have(L)~200 nm forF
available if the ratewt is large under high ATP concentra- ~0, while (L)~500 nm forF~0 in the experimen{8].
tions. State IV(state V) is equivalent to state (state I) High processivity is realized under the low load both in
except that head 1 and head 2 are interchanged and the atr simulation and in the experiment. In order to achieve

B. Processivity
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T 4 T — forth in the interval of length aboutr2around the hinge
-O-[ATP] =2 mM since ug> un. Therefore the distance between the heads in

-D-[ATP] -5 HM e state Il is at most
[X1—Xo| ~2r +bykgT/K (23

for F~0, where the second term on the right-hand side, with
400 7 b being a factor of order unity, is due to the stretching of the
neck linker by thermal fluctuation. With the parameter values
listed in Table I, the distance given by E(R3) satisfies
inequality (21). Thus, we find that the rate of detachment Il
4 —llb is aboutQy~1 s, which is much smaller than the
rate of transition H-1ll, implying the high processivity.

It is expected from the above discussion that the proces-
sivity for F~0 will be reduced iK, ly,, or k becomes small,
since these changes in parameters are unfavorable for in-

4

OO é 4 = 6 8 equality (21) being satisfied. We have verified this expecta-
tion by numerical simulatioridate not shown
Load F (pN) Let us consider the dependence of the mean run length

(L) on the ATP concentration under the low external load
(F~0). Letpq be the probability for the motor to leave the
track in each cycle of stepping. Then the mean run length can
be estimated as

FIG. 7. The mean run lengifL) as a function of the loa# for
[ATP]=2 mM and[ATP]=5 xM. Inset: mean run timér) as a
function of the loadr for [ATP]=2 mM and[ATP]=5 uM.

high processivity, the detachment of an attached head should (LY~1/pq, (24)
hardly occur when the other head is already detached. This

means that the rate of transition-la in Fig. 6 should be since the detachment occurs approximately once joy 1/
much smaller than the rate of transition:1l, and that the  steps forpg<1 (high processivity. Here, probabilitypq can
rates of transitions H:lla and Il—Ilb should be much roughly be estimated as
smaller than the the rate of transition-HIl. As explained

below, these conditions are realized by the low rateof a Q¢ta
thermal detachment from the bottom of the potential valley Pa~ w—+ =
and by the coordination of the two heads associated with the T “p

ATP hydrolysis represented by E@L4). where the first term is the contribution from transition |
Since the attached head is located near the bottom of thg,a and the second term from transitions—illa and I

potential valley forF~0 because of large potential height —1Ib. In this equationg is the rate of thermal detachment

U>KkgT, the rates of transitions+la and I lla are about L :

a§~ 13‘2 s 1. This rate is much smaller than the rate of (transition =la or ll=11a) and may be approximated fa
transition -1, because the latter is as large as; 0F F~0, andwp is the rate of transition H-1ll, which is
~10 s7* even for the low ATP concentration of M. The  different from wp due to the excluded-volume effect in-
rate a is also much smaller than the rate of transition 11 cluded in Eq.(12). In state I, the hinge is located aj~r
—1Il, which is of the orderwp~10° s~ [27]. Thus, we see — F/K for F<f, as given in Eq(22) (assuming that the
that the thermal detachment of the motor is unlikely to occurdttached head is sitting a=0), and the detached head
for F~0. Now, according to Eq(14), the rate of the detach- Moves rapidly in the intervelx,—r,x,+r] of length 2,
ment due to the ATP hydrolysis, 41Ib, is Qo~1 s tifthe  resulting in a uniform distribution of its position. However,
distance between the heads in state Il is small such that ifhis head can be attached to the track only when it is in the

: (25

equality interval[d,x,+r] of length 2 —F/K—d because of the ex-

cluded volume due to the attached head. Therefore, the ef-
[X1—=Xo| <lipn—1/k (21)  fective rate of transition K11l is estimated as

is satisfied, whereas it can be quite laffig~10* s 1, if the ~ 2r—F/K—d

distance is so large that inequality; — X,| >4+ 1/« holds. wp~wp——— —— for F~0, (26)

One can deduce from Ed5) that in state Il the hinge is

located at which is about one order of magnitude smaller than We
see from Eq.(25) that py is expected to decrease with in-

r—F/K,  F<f creasing[ATP], which explains, together with Eq24), the

(22 dependence ofL) on [ATP] observed numericallyFig. 7).

The dependence of the mean run tif®e on the ATP
and the attached head is sittingxat=0 if the thermal fluc- concentration folF~0 can be understood in a similar way.
tuation is neglected. The detached head moves back andt k,rp be the rate of the ATP hydrolysis cycle, which cor-

T EK, E>f
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responds to the cycle of transitions>1l—1Il -1V (or the 1.5
alternative cycle H-11l—V—VI in the case of high ATP
concentrationin Fig. 6 for F~0. Then the mean run time

can be estimated as Q [ATP] =2 mM
(1)~ 1KarpPg, 27 CCD 14 /
wherepy is the probability of detachment introduced above. _g-
For the ATPase ratkp we would have o)
O
! L + ! + (28
kae K[ ATP] ' 5o Q' 0.5 -

[ATP] = 5 yM—

where the three terms on the right-hand side are the averag

lifetimes of states I, I, and Ill. Considering the values of the !

parameters listed in Table I, we can neglecin the second ‘.|

term in Eq.(25) and the last term ({;) in Eq. (28), since 0 ] ! \ O
ap<Qo and wp<Q,. Substituting Eqs(28) and (25) after 0 2 4 6 8
making these simplifications into E(R7), we obtain Load F (pN)

(Qp— ao)Z)D FIG. 8. The mechanochemical coupling parametetfefined by
(29) Eq. (30), as a function of the external lo&dfor [ ATP]=2 mM and

[ATP]=5 uM.

1+

1

(m Qg Qowi+ agwp
The second term in the square brackets in this equation rep-
resents the dependence ¢fy on the ATP concentration, rate of the thermal detachment given by E#8) will in-
since w1=k{[ATP]. Note thate, in the numerator of this crease. This explains the load dependence of the processivity
term can again be neglected<(,), and one finds from shown in Fig. 7.
Eq. (29) that the mean run time decreases with increasing
,[OAFTPPE:%%(:Seer;;[/r:g?Q,I;/i\/;u:?PT explains the dependencerpfon C. Mechanochemical coupling

It may be interesting to see whether the crude estimates of The experimental evidend@8,29 indicates that conven-
(L) and(r) discussed above give the values comparable tdional kinesin takes one step forward every time it hydro-
the numerical results shown in Fig. 7. Substituting the palyzes one ATP molecule under the condition of low load
rameters adopted in Table | into Eq24) and (27), we get (F~0) and high ATP concentration[ATP]~2 mM). In
the following values forF=0: (L)~640 nm and(7)  other words, the mechanochemical coupling is tight. Figure 5
~0.69 s at[ATP]=2 mM, while (L)~530 nm and{r) suggests that the tight coupling seems realized in the present
=7.3 s af{ ATP]=5 uM. These values are on the same or-model for F~0, and the tight coupling has been assumed
der of the results of the simulation féf=0 (see Fig. T: implicitly in the discussion of processivity under low loads
(L)=593 nm and(7)=0.74 s af ATP]=2 mM, while (L) in the preceding subsection. In order to measure the degree
=230 nm and(7)=3.2 s at[ATP]=5 uM. The discrep- 0f mechanochemical coupling in the present model, we de-
ancy is larger for the low ATP concentration, which is fine a mechanochemical coupling parametéry
thought to result from the underestimation of the thermal stop
detachment rate by aq. o= 1 S N (30

We can guess the dependence of mean run lefigtmot N =1 NJATP'
only on wt but also onwp from Egs.(24) and (25). Since
parameterwp is supposed to decrease with increasing ADP
concentration(L) is expected to get smaller as the ADP whereN is the number of samples in the simulatid\:hjs,tep
concentration becomes larger. For examgle) for F=0  =L;/l is the number of net stepghe number of forward
and[ATP]=2 mM is estimated to change from 640 nm to steps minus that of backward stefs the jth sample, and
290 nm with the decrease inp from 1100 s to 500 s, N7 is the number of ATP hydrolysis cycles. This coupling
according to Eq(24). This tendency was confirmed by the parameter is plotted against the loRdn Fig. 8. One sees
numerical simulation(data not shown (L)~600 nm for that the coupling is tightd~1) in a wide range of (F
wp=1100 s, and(L)~270 nm forop=500 s *. <4-5 pN) irrespective of the ATP concentration. Asis

So far, we have considered the processivity under the lovincreased beyond this range, the coupling parametee-
load. If the load is increased, the attached head in state | or Breases sharply and becomes zero at a certain val&eabf
in Fig 6 will have larger chance of climbing the potential which the motor velocity, to be discussed in the following
slope backwards by the thermal fluctuation, and hence thsubsections, vanishes.
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In order to achieve the tight coupling in the presenttransformed effectively into state Il under the low load,
model, the motor needs to repeat the cycles of transitions leaving little possibility of taking a backward step or result-
—Ill—=Ill—IV or Il—=Illl—-V—VI in Fig. 6. Departures ing in a futile process from state 1lI
from these cycles may result in termination of processive Third, we consider another path leading to the reduction
movement(by transition - la, for examplég stepping back- of coupling parameter: transition from state V to state VIl in
wards (e.g., I=I1llI"—1V'), or consuming ATP molecules Fig. 6 triggered by the hydrolysis of an ATP molecule on
without taking stepge.g., V—VII); the first process was head 2 rather than head 1. Note that state VIl is identical
discussed in the preceding subsection and the others will baith state I, and therefore after the sequence of transitions
considered here. It will turn out that the docking phenom-Il— Il =V —VII the motor returns to the same position even
enon, the excluded-volume effect of the heads, and the asynthough one ATP molecule is consumed. However, the transi-
metry of potentiall (x) play important roles in realizing the tion V—VII is unlikely to occur, as explained as follows.
tight coupling under low loads in the present model. The rate of this transition is given hy»(X5,X4), which is

First, we note that the chance of transitiorsllll /', which  defined by Eq.(15) with subscripts 1 and 2 interchanged.
may result in a backward step, is quite small For0. As  This rate is zero, due to the fact®,(x,), unless head 2 is
seen in Eq(22), the hinge in state Il is located about dis- located very close to the potential minimum>at|, such
tancer ahead of the attached head, head 1, because of tlikat the condition
docking of the linker. Therefore, the detached head, head 2,
in this state cannot move to a position more than distahce I —x,<(l—a)dll (32
(excluded lengthbehind the attached hear,& x; —d) un-
less a fairly large fluctuation in the position of the hingeis satisfied. Due to the asymmetry of potentia(x) and
occurs, whereas it has no difficulty to move forward suchlimited lengths of the linkers, the rear he@dtad ] tends to
that x,>x;+d, as we have discussed in deriving E}6). sit near the bottom of the potential valley;(-0), while the
Thus, it is seen that the linker docking and the excludedfront head(head 2 is pulled backwards against the potential
volume effect make the probability of transition—Hill slope away from the bottom. The location of headkz, in
much larger than that of transition-HIll". state V as well as state Ill can be evaluated by Bd), and

Second, we show that even if transition-1ll ' happens the left-hand side of inequalit{82) is estimated to be in the
to take place it will not result in destruction of the tight range 0.71-2.12 nm with the parameter values in Table I,
coupling for F~0 [30]. The asymmetry of potentidl(x)  while the right-hand side of this inequality is calculated to be
ensures that the detached head in state Il of Fig. 6, head 2,24 nm. Thus, we find that conditid82) is not satisfied and
will fall in the valley of potentialU (x) where the other head therefore the transition M VIl is unlikely to occur.

(head 1 sits rather than the left valley next to it when head 2 The above arguments explain how the tight mecha-
is attached to the track as a result of transitier 1ll . Head  nochemical coupling is realized in the present model with
2 in state Il tends to sit neax,= —d because of the slope parameters listed in Table | under low loads irrespective of
of potentialU(x) and the excluded-volume effect. This fact the ATP concentration. Furthermore, the discussion associ-
implies that state Il is quickly transformed into state flby ~ ated with inequality(32) implies that the mechanochemical
thermal activation with the rate of about(—d)~4 coupling parametec for F~0 will decrease ifé is in-

X 10° s~ 1, which is much larger than the rates of the othercreasedK is decreased, or is increased. The amount of
possible transitions from state il the rate of transition to decrease it is expected to be larger for the high ATP con-
IV’ [31] is estimated from Eq(15) to be wy;(0,—d)~Q,  centration than for the low ATP concentration, because the
~1.5s!, that to state Vis at mostw;~4Xx10° st even  frequency of the transition H-V, which can result in the

at high ATP concentration of 2 mM, and the detachment ofeduction ofc by transition V-VII, gets larger as the ATP
head 1 by thermal activatiofthis process is not shown in concentration gets larger. We have carried out numerical
Fig. 6) occurs with ratewg~10 2 s %. Now the thermally Simulations by changing the values of these parameters and
detached head in state”llwill be reattached with the high have actually observed these tendendista not shown

rate of B~ B(2r —d)/2r=6x 10" s L, converting the motor For example, the coupling parametefor F=0 is found to
A~ ) g change from 0.96 to 0.73, as the neck-linker lengihk in-

ipto state Ill, where the rat@ is estimated as in the case of creased from 2.25 nm to 2.75 nm.
wp in Eq. (26); note that transition IM— 11" is unlikely to Let us turn our attention to the dependence of the cou-
occur for F~0 for the same reason explained above whypjing parameter on the load. Under the low lo&0), the
transition 111" is unlikely to occur. If state Il is realized, main pathways of the transitions ares1l—II1—IV or Il
the thermal detachment of head (Bransition IlI=1Il") )~V —VI, as described above. But, if the external force
hardly occurs because the rate of this transition is as small s gets larger than the docking fordethe position of the
a(x5)~1-100 §*, compared tg3, which is estimated from hinge in state Il is shifted backwafdee Eq.(22)]. There-
fore, with the increase iifr, the probability of transition I
Xo~2r+2U,/[K(I—a)]x y2kgT/K, (31 —Ill" gets larger and that of transition-Hlll becomes
smaller. If the rear heathead 2 in state III' is attached in
for F~0; this equation comes from the consideration ofthe potential valley where the front heéluiead } is sitting,
force balance and the thermal fluctuation based on(&q. the motor is transformed quickly into state Il through ther-
From these arguments, it can be concluded that stdteslll mal detachment Il 111" and reattachment [+~ 111 of head
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200

T T F~0 and Fs~7 pN obtained experimentally by Visscher,
Schnitzer, and Block7,8]; in the case of the low ATP con-

800 centration of 5uM, we have(v)~70 nm/s forF~0 and
F<~6 pN, which should be compared witfv)~60 nm/s
for F~0 andF¢~5.5 pN in the experiment.

[ATP] = 2 mM---» 1600 Roughly speaking, the mean velocity) of the motor is

/ in proportion to the ATPase rategp:

Ul
o

1400 (v)~clkarp, (33

<V> (nm/s)
S
O

wherec is the mechanochemical coupling parameter, defined
200 by Eg. (30), andl is the step sizéthe period of the track
Since the coupling is tightd~1) in the wide range of the
load, F<4 pN (see Fig. 8 the dependence of the velocity
'[ on the load in this range seen in Fig. 9 should reflect the
4 6 80 d_ependence of the ATPase rate on the load. If the_ coupling is
Load F (pN) tight, the ATPase rate can be estimated by @8) with Eq.
(26). The force-velocity curve of Fig. 9 for smdf can be
FIG. 9. Load-velocity profiles under the two ATP concentra- urjderstood qualitatively from Eq33) W'th c=1 together
tions,[ATP]=2 mM and[ATP]=5 M. Note that different scales With Eds.(28) and (26). The first term in Eq(28) explains
of the velocity are used in the two cases. the dependence @b ) on the ATP concentration: 48TP] is
increasedkp and(v) increase. The second term in Eg8)

2, as discussed above. However, there are such occasions %899”‘” with Eq(26) account for the load dependence:Fas

large F that head 2 is attached in the left valley next to that!S increasedwp decreases and hen¢e) becomes smaller.
where head 1 is located. In this case, transitioh-HIl1” is ~ Note that the load dependence(of) is more profound at
unlikely to occur, because head(ar heagitends to sit at Nigher[ATP] in Fig. 9:(v) atF=4 pN is about half ofv)
the bottom of the valley, where the rate of thermal detachat F=0 for [ATP]=2 mM, while (v) atF=4 pN amounts
ment is quite small ¢o~10"2 s™%), due to the asymmetry t0 70% of(v) at F=0 for [ATP]=5 uM. This tendency
of potentialU(x) as explained before. Therefore, transitionsMay be explained by E¢28). At high ATP concentrations
" =1V’ and I’ =V’ can take place under high loads. As t~he second term in Eq28) is dominant, and the change in
a result, the frequency for the motor to make backward stepep resulting from variation of affectskp more strongly
increases with the external force. Thus, we expect that ththan in the case of low ATP concentration where the first
coupling parameter gets smaller as the external force bderm in Eq.(28) is dominant.
comes larger, which is what we see in Fig. 8. It may be worth noting that the crude estimate of the
ATPase ratkrp given in Eq.(28) with Eq. (26) yields rea-
sonable values of velocity fdf~0. Substituting the param-
eters listed in Table | to these equations, we obtain the fol-
The dependence of the mean velodiy) on the loadF  lowing values from Eq.(33) with c=1 for F=0: (v)
(the force-velocity curvefor two choices of ATP concentra- ~940 nm/s af ATP]=2 mM and(v)=74 nm/s at[ ATP]
tion, [ATP]=2 mM and[ATP]=5 uM, is shown in Fig. 9. =5 uM. Compare these values with the corresponding re-
The velocity decreases with increasifgand becomes zero sults of the simulation(see Fig. % (v)=820 nm/s at
at a certain value of the load, which is calledtall force F;;  [ATP]=2 mM and(v)=70 nm/s af ATP]=5 uM.
the velocity is negative for the load beyond the stall force. The rough estimate of the mean velodiy) by Eq. (33)
Note that the mean run length and the coupling parametewith Egs.(28) and(26) enables us to predict the dependence
shown in Figs. 7 and 8, also vanish at the stall force. Thef the velocity on other parameters. For example, under the
force-velocity curves in Fig. 9 agree qualitatively with thoselow external force E=0), the mean velocity becomes larger
obtained experimentally by Visscher, Schnitzer, and Blockespecially at the high ATP concentratjpas the neck-linker
[7,8]: the stall force as well as the velocity grows with ATP lengthr or the transition ratevp is increased. Actually, we
concentration. This dependence of the stall force on ATFave confirmed this tendency by the numerical simulation
concentration was not clearly shown by the earlier theoriesind obtained the following results: asg, is decreased from
that take the two-headed structure of kinesin into account.1x 10 s™ to 5x10? ™%, (v) for F=0 gets smaller from
explicitly [12,13,17. Although we have not tried to adjust 823 nm/s to 376 nm/s. Asis increased from 2.25 nm to 2.5
the model parameters so that quantitative agreement betweem, (v) becomes larger from 823 nm/s to 1305 nm/s. These
the theory and the experiment is achieved, the values of thealues are not too far from those obtained from &) with
velocity and the stall force are not very far from those of theEgs.(28) and (26).
experiment: in the case of the high ATP concentration of 2 The dependence of the mean velogity on the load in
mM, Fig. 9 shows thafv)~800 nm/s forF~0 and Fg  arange near the stall for¢g, is not so easy to understand in
~7 pN, which should be compared wi{h)~800 nm/s for  contrast to the case of low loads. There seems to be no

(o
o

<«-[ATP] £ 5 uM

O '

D. Velocity
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simple way of estimating the mechanochemical coupling paprobability of transition I+ 11l will increase, which results
rameterc and the ATPase ratexrp when the coupling is no  in the increase in velocity from zero; this implies the en-
longer tight, because the motor takes various pathways ®{gncement of the stall force.
transition sequences leading to forward steps, backward
steps, and futile consumption of ATP molecules in such a
circumstance. Although we can understand qualitatively, as
discussed in Sec. IV C, that the coupling parametate- We have constructed a model for two-headed molecular
creases with increasinfg for large F, we are unable to esti- motors that can describe how the two heads coordinate to
mate how fast it decreases. As flrp, it is difficult to  produce processive motion and can explain various experi-
predict even the tendency whethkgrp increases or de- mental results qualitatively. From the numerical simulation
creases if gets larger aroundr~Fs. Numerical simula-  of the model, demonstrating that the motor in our model
tions (data not shownreveal that asF is increasedkarp  moves in a hand-over-hand fashion, the following results as-
decreases fdf <5 pN but increases fdf>5 pN in the case sociated with motility and processivity of the motor have
of high ATP concentration of 2 mM. We have not under- heen obtained(l) the motor moves by taking one step each
stood this behavior quite well, but the increasekigp for  time one ATP molecule is hydrolyzetight mechanochemi-
large F seems responsible for the appearance of the “shouleg| coupling under low loads|2) the mean run length de-
der” around F~5 pN in the force-velocity curve for creases with increasing load, whereas it becomes larger with
[ATP]=2 mM in Fig. 9. By contrast, we find numerically increase in the ATP concentratiof8) the mean run time
that karp decreases monotonically with increasiRgbut it decreases with increasing load and with increasing ATP con-
varies very slowly in the case ¢ATP]=5 uM. In both of  centration;(4) the velocity of the motor decreases with in-
the high and low ATP concentrations, the rapid decreage in creasing load because the ATPase rate decreases for low
observed in Fig. 8 foF ~Fis likely to explain the behavior loads and the mechanochemical coupling parameter de-
of the force-velocity curve of Fig. 9 near the stall force. creases for high loads near the stall for¢;the stall force
increases with ATP concentration. Results, (2), and (5)
agree qualitatively with what have been observed for two-
headed kinesin motors experimentally,8,28,29, and the

As we have pointed out in the preceding subsection, thether results(3) and (4), are hoped to be tested by future
stall force in the present model increases with the ATP conexperiments.
centration. This tendency may be explained as follows. Con- The dependence of various quantities characterizing the
sider the system in the “stalling condition” in which back- motility of the motor on the model parameters have also
ward steps occur as frequently as forward steps. Let us agkeen investigated numerically and based on intuitive argu-
whether the velocity of the motor will increase or decreasements. Here we note, among others, the dependence on the
from zero, if the ATP concentration is increased while therate w, of ADP release and the lengthof the neck linker,
other parameters are held fixed; the incre@eereasginthe  pecause these parameters can be controlled experimentally
velocity under this circumstance implies the incre#de- (i.e., wp by changing the ADP concentration anthy muta-
creasgin the stall force, becaus{v)/dF<0 in the stalling  tion). It is found that the mean run length and the mean
condition. The increase IATP] results in the increase in the velocity decreases but the mean run time changes little when
rate o1 of ATP binding, and transition Ill-V' seems to be 4 is increased; the mean velocity increases but the mecha-
most influential on the velocity among other ATP binding nochemical coupling parameter decreases wheis in-
processes. The increase in the rate of transitioh—N’ creased.
implies the decrease in the probability of transition’ Ill In the present model, it is supposed that the free energy
—I1V’; the former transition may result in either a backwardreleased by the ATP hydrolysis is used to drive the transition
step (V—VI') or a futile process (V—VII"), while the  of a motor head from the attached state to the detached state,
latter leads only to a backward step under the high loadsot to translocate the motor directly. The force that drives the
Hence, backward steps occur less frequently as the ATP comotor to move against the viscous environment and external
centration is increased, which explains the dependence of theads is provided mainly by the slope of the asymmetric
stall force on[ATP] observed numerically. sawtooth potential for a head attached to the track. Neverthe-

The docking forcd seems essential for the model to pro- less, the coupling between the stepping movement of the
duce the value of the stall force comparable to the experimotor and the ATP hydrolysis reaction results at low loads
mental one. We have four(data not shownthatFgis only  from the combined effects of the asymmetry of the potential,
about 4 pN fof ATP]=2 mM if =0, and thafgincreases the head-linker interaction, and coordination of the two head,
with f. The reason why is an increasing function dfcan  as explained in Sec. IV C.
be understood as follows. In the stalling condition the tran- Although we have demonstrated that the present model
sitions from state |l to state Il and to state’llbccur with  explains various experimental results qualitatively, it should
comparable probabilities. It is not difficult to see that thebe noted that the model is based on several assumptions for
average location of the hinge in state Il shifts towards for-which we do not have clear evidence yet. They include the
ward direction iff is increased, even though the stable posi-asymmetric sawtooth potential, the interaction between a
tion without the thermal fluctuation is independentfok,,  head and a neck linkdéthe docking effegtexpressed by the
=—r—F/K, see Eq.(22). Therefore, iff is increased, the first term in Eq.(10), the effects of a head on the chemical

V. CONCLUSION

E. Stall force
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reaction occurring on the other hea@oordination of minimum to the nearest potential maximum, we choose the
the heads represented by Eqgs(12) and (14), and the valuea=2 nm, which is nearly equal to that used by Prost
assumption that the hydrolysis of ATP on a head is possiblet al. [10,15,16,18
only when the head is located at particular sites on a micro- Parameter, represents the detachment rate of a head by
tubule. Much theoretical and experimental efforts need to béhermal fluctuation when it is located at a most stable site on
made to clarify the validity of the present model as well as tothe track. We guess that, is of the same order of magnitude
get better understanding of the mechanism of molecular moas the detachment rate,’ of a single-headed kinesin,
tors. constructed from two-headed kinesin by truncation, with
an unhydrolyzable ATP analo@AMP-PMP) bound on it;
the single-headed kinesin with AMP-PMP is known to
bind strongly on the microtubule at particular sites corre-
We would like to express our sincere thanks to Professosponding, perhaps, to the minima d{x). The value ofe
F. Matsubara, Professor H. Higuchi, and Dr. T. Nakamura fowe use is comparable @," ~0.01 s ! obtained experimen-
valuable discussions. One of (R.K.) acknowledges the fi- tally [23].
nancial support of the JSPS Research Fellowships for Young The rateg of attachment of a detached head to the track

ACKNOWLEDGMENTS

Scientists. may be estimated as follows. Roughly speaking, a detached
head undergoes free diffusion inside the spherical region of
APPENDIX: VALUES OF PARAMETERS radius 2 around the attached head until it encounters the

track. Accordingly, we would have g~ 1/8,+ 1/8,, where

We shall explain how the values of the parameters listed/g, is the average time the detached head spends before the
in Table | have been chosen. The structural data of the miencounter angs, is the transition rate for the head in the
crotubule and the kinesin provide information on the petiod vicinity of the track to be attached to it. The encounter rate
of potentialU(x), the lengthd of a head and the lengthof ~ can be estimated a8;~2ukgT/(2r)2, which yields 8,
a neck linker. The period of the microtubule 8 nm should be~10° s™* with the adopted values fqiy4 andr. The attach-
identified withl. The size of a kinesin head is reported to bement rate3, must satisfy the relation of the detailed balance
about 4.5<4.5x7 nn? [1] and 3x3x9 nnt [13], from
which we setd=4 nm[17]. The neck-linker region of kine-
sin is not clearly defined, and its length is estimated to be Bala=exp{[Uy4—U(x)]/kgT}, (A1)
2-4 nm[32,33; the value ofr in Table | is in this range.

The mobilities u4 and w, of a detached head and the
hinge, respectively, may be estimated from the Stokes lawyhere Uy is the potential value in the detached state. It
by assuming that they are spherical objects moving in watewould be reasonable to assume tbigt>max U(x), then we
(aqueous solution The sphere corresponding to the head ishave 8,>10° s from relations(A1) and (18) with « and
assumed to have the same volume as the head, and heridgadopted above. Thus, it turns out th&t< 8,, and there-
radius of 3 nm is used to obtain the valuegaf in Table I.  fore 8=1/8;; the value ofB in Table | is consistent with this
The hinge in the present model represents the coiled-coil pagstimate.
of kinesin together with a bead attached to it in the experi- Parameterap, ky, andQ, are related with the chemical
ment. Since the bead is the largest component, the diametegactions occurring on a head. Information on these param-
of which is typically 1 wm, the mobility of the hinge can be eters is available from experiments on the kinetic behavior of
approximated by that of the bead. The valueugfin Table |  kinesin motors. For a single-headed construct of conven-
is close to the mobility of a sphere of radius uh. The tional kinesin, the rate of ADP release was observed to be
mobility ., of an attached head can be much smaller tharabout 30051 [34,35, which is on the order obp we chose.
g, Since the “protein friction”[24] arising from the inter- The experimental data on the attachment rate of [gZR35
action between the head and the microtubule track is exindicates thak;~2.0 (uMs) !, and we adopted this value
pected to be much larger than the viscous drag from théor k. Parameter), is considered to be the rate of ATP
surrounding fluid. The mobility due to the protein friction hydrolysis on a head in the absence of coordination with the
may be estimated from the observed Brownian motion of ather head, and hence it should be comparable to the hy-
one-headed kinesin KIF1A along a microtubule when ADP isdrolysis rate of about 3.0$ observed for a single-headed
bound on KIF1A[21,22. From the diffusion constand construct of kinesin; the value @1, in Table | is consistent
~4x10* nn?/s obtained from this observation, the mobility with this observation.
is estimated to be about 1@m/(pN s) according to the Ein- Little experimental information is available for the other
stein relation. We adopt this valye,, since the structure of parameter$),,«,ly,,d, K, andf. We adopt the value used by
the head of KIF1A is similar to that of conventional kinesin Parmeggianét al.[18] for &, the range of an interval on the
considered in this work. track where a head can hydrolyze an ATP molecule. We have

We have little information on the shape of the potentialdecided the values of the remaining five parameters, after
U(x) for the head in attached state other than its periodicitycarrying out a number of numerical simulations, such that
We suppose that the potential height is comparable to the the motor velocity under the low load=&0 pN) and the
chemical energy of about 2QT released by the hydrolysis stall force are on the order of those measured in the experi-
of one ATP molecule. For the distaneefrom a potential ment by Visscher, Schnitzer, and Blofk8].
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