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A fluctuating ratchet model of non-Markov process is presented to describe the processive movement of molecular

motors of single-headed kinesin KIF1A, where the fluctuation perturbation to the local potential is introduced and the

detailed ATPase pathway of the motor is included. The theoretical results show good quantitative agreement with the

previous experimental ones.
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1. Introduction

Kinesin KIF1A is a naturally single-headed mo-
tor protein that can move processively along mi-
crotubule (MT) by hydrolysing ATP (adenosine-
triphosphate).[1’2] Recently, its dynamic behaviours
have been experimentally studied with an optical
trapping system.[?] Obviously, the microscopic mech-
anism for the processive movement of single-headed
kinesins must be different from that of conventional
two-headed kinesins.[*?] For the latter, it was experi-
mentally determined that they moved processively in
a hand-over-hand manner.[%”) The prevailing models
for the dimeric kinesin require that the two heads
move in a tightly coordinated manner.[8=13! Recently
we proposed a new hand-over-hand model in which
the ATPase cycle of the two heads was partially

coordinated.!*4

The model gives results showing good
quantitative agreement with the experimental ones on
both wild-type homodimeric kinesins and various mu-

tant homodimeric and heterodimeric kinesins.

The unidirectional movement mechanism for
single-headed kinesin motors such as KIF1A is usually
described by the Brownian ratchet model of a Markov
process.15~17 In that model, the monomeric kinesin
is treated as a Brownian particle that moves in an

asymmetric periodic potential. ATP binding changes

something about the motor, which then sees a new,
different, but still periodic potential landscape. This
flashing of the periodic potential breaks the balance
and thus unidirectional movement becomes possible.
In Refs.[1-3], Okada and co-workers proposed a mod-
ified ratchet model in order to explain their experi-
mental results such as the step-size distribution and

the load dependences of mean step size and velocity.

The Markov ratchet model predicts that the prob-
ability of futile hydrolysis is high, which is incon-
sistent with the experimental conclusion that a sin-
gle ATP hydrolysis produces a single mechanical step
of KIF1A.®l In this work we present a non-Markov
ratchet model to describe the unidirectional movement
of single-headed kinesins. In this model, ATP hydroly-
sis induces a change in the single MT subunit to which
the motor is bound at that time. Consequently, the
potential is no longer instantaneously periodic. The
model includes the detailed ATPase pathway of the
motor and can give a quantitative comparison with
the experimental results on KIF1A.3] The experimen-
tal conclusion that a single ATP hydrolysis triggers a
single stepping movement of the motor can be well

explained by using the model.

2.Model

It has been determined that the single-headed
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kinesin KIF1A has +16 net elementary charges and
each tubulin heterodimer of an MT has —27 net ele-
mentary charges (the a-tubulin monomer having —12
net charges and the [-tubulin monomer having —15
net charges) (PDB ID code 1IAO).['® Thus the in-
teraction between a kinesin head and a tubulin het-
erodimer should be mainly electrostatic. In addition,
it is known that the affinity of a kinesin head for
MT depends on its nucleotide state.'920] Generally,
in nucleotide-free, ATP or ADP.Pi state, the kinesin
head has a strong and stereospecific interaction with
MT. In ADP (adenosine diphosphate) state, the ki-
nesin head has a weak interaction with MT. The tran-
sition from strong to weak interactions occurs just at
or after the Pi release.?l We describe in detail the
evolution of the interaction force between kinesin and
We start
with the kinesin bound strongly to MT in nucleotide-

MT during one ATPase cycle as follows.

free state, with the interaction potential schematically
shown in Fig.1(a). The asymmetric potential is due
to the asymmetric charge distribution on tubulin het-
Then ATP binding and ATP hy-
drolysis occur while kinesin remains its strong binding
to MT. As has been done in the model for two-headed

kinesins'¥ the interaction potential, immediately af-

erodimer surface.

ter Pirelease, is assumed to be the same as that shown
in Fig.1(b).
changes to that shown in Fig.1(c). The origin for this

After a period of time, t,, the potential

evolution of the potential, as shown in Fig.1(b) and
Fig.1(c), will be discussed later.

According to the above descriptions, the kinesin
movement during one ATPase cycle can be divided
into the following two periods:

(i) Stepping period—from Pi release to ADP
release [Figs.1(b) and 1(c)]. In this period, kinesin has
a weak interaction with MT in ADP state. This pe-
riod corresponds to the ADP-release time (or inverse
of ADP-release rate). It also corresponds to the step-
ping time of kinesin in its stepwise movement and is
independent of ATP concentration, which is in agree-
ment with the experimental observation.!®!

In the over-damped environment, the movement
of the motor can be described by the following
Langevin equation:

P Dy e, o
where U(z,t) is the interaction potential between the
ADP-state kinesin and MT. Its shape corresponds to
that shown in Fig.1(b) when ¢ < t,, and to that

shown in Fig.1(c) when ¢t > t.. &(t) is the fluctuat-
ing Langevin force, with (£(¢)) = 0 and (£(¢)&(¢)) =
2kpTIS(t—t).

Fig.1.
single-headed kinesin in (a) rigor state (including
nucleotide-free, ATP, and ADP.Pi states), (b) ADP

state immediately after Pi release, (c¢) ADP state in

The asymmetric sawtooth potential for the

equilibrium. The potential depth in (a) should be
slightly different for the different nucleotide states.
The grey scale of the sphere from dark to white in
(c) represents the probability from high to low of the
motor at different binding sites along MT.

In our calculation we assume that the kinesin re-
leases ADP with a probability P,elcase near the poten-
tial minima. Its value is related to the ADP-release
rate.

(i) Dwell period—from ADP release to Pi re-
lease [Fig.1(a)]. In this period, ATP binding, ATP
hydrolysis and Pi release occur sequentially, and ki-
nesin remains its strong binding to MT at the position
of the potential minimum where it has just released
ADP. This period corresponds to the dwell time in
the stepwise movement of kinesin, which depends on
the ATP concentration.”!

Here we discuss two possible origins for the evolu-
tion of the potential shown in Figs.1(b) and 1(c). (i)
The release of Pi induces the conformational change
in the binding site of kinesin head, which results in
its weak binding to MT, with the depth, Eapp, of the
interaction potential being much shallower than that
in rigor state, Fiigor. At the same time, the confor-
mational change in kinesin head can also induce some
conformational change in the binding site of the MT
tubulin heterodimer where the kinesin head is bound.
This conformational change in the binding site of the
tubulin results in its weaker interaction with the ki-

nesin head. The interaction potential is shown in
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Fig.1(b). After a period of time, t,, the conformation
of the binding site of the tubulin where kinesin has
just been detached relaxes to its normal conformation.
Thus the local potential relaxes to the normal depth
Eapp as shown in Fig.1(c). It is argued here that
the MT tubulin heterodimers also exhibit some elas-
ticity rather than rigidity as previously believed. (ii)
When there is a conformational change following Pi
release, there appears a gap between the kinesin head
and the tubulin heterodimer. Therefore, the solution
will flow into the gap, and certain multivalent counter-
ions in the solution will be bound to (or adsorbed
onto) the negatively-charged tubulin heterodimer sur-
face, resulting in the shielding effect on the negative
charges of the tubulin heterodimer.[2! Thus the local
electrostatic potential depth becomes much shallower
immediately after Pi release. For simplicity, the lo-
cal potential is treated as flat, as shown in Fig.1(b).
Note that the charge density of counter-ions at onset
should be higher than that at equilibrium, since, due
to counteractive forces, the counter-ions approach the
tubulin surface earlier than the like-charge ions. After
a period of time, t,, the charge density of the counter-
ions adsorbed onto the tubulin surface will relax to
equilibrium. The local potential relaxes to the normal

depth Eapp as shown in Fig.1(c).

3. Results and discussion

In order to compare with the experimental
results,®l we solve Eq.(1) numerically. From Stokes
formula we obtain I' = 6mnry, = 1.883 x 10~%kg - s~ *,
where the viscosity n of the aqueous medium around
kinesin is approximately 0.01g-cm™!-s~! and 7, =
0.1pum, which is the radius of the beads attached to
KIF1A in the experiment!3] To be consistent with
the experimentally measured ADP-release rate of
kinesin,'9'22?] we take the ADP-release probability
as Prolease= 300s7 1.

is 3.3ms, with the stepping-time distribution shown

Thus the mean stepping time

in Fig.2. This value is consistent with the measured
mean stepping time (=~ 4+1ms) for KIF1APB! and the
stepping-time distribution is very similar to the mea-
sured one (Fig.2(c) in Ref.[3]). The parameters for the
potential, i.e., the potential barrier Eaopp and asym-

metry «, are unavailable experimentally. For calcula-

tion, we take Eapp = 7.8kgT and o = —d, where
d = 8nm is the period of MT. This value of a cor-
responds to the asymmetrical charge distribution on

one tubulin heterodimer of MT.

100

10

Counts

Stepping time/ms

Fig.2. Distribution of the stepping time.

In Fig.3 we give the distributions of step size un-
First, we note that the

distributions are of Gaussian form with a half width

der no load for various t,.

of about 24 nm. This is consistent with the experimen-
tal result (Fig.2(h) in Ref.[3]). Second, as t, increases,
the probability of futile ATP hydrolysis (i.e., the

1509 (a)

100 +
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Step size/nm

Fig.3. Distribution of the step size under no load with
(a) tr= 0.2ms, (b) tr= 1ms, and (c) tr= 5ms. Solid

curves are for Gaussian fittings.
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probability at -4nm< z < 4nm) decreases. This re-
sult shows good agreement with the conclusion from
Ref.[3] that a single mechanical step of KIF1A is pro-
duced by a single ATP hydrolysis.

To see the dependence of mean step size <step>
on load, we plot in Fig.4 the force-<step> curve, to-
gether with the experimentally measured values. It is
seen that the theoretical results are in good agree-
ment with the experimental ones. As mentioned
before, the total time period for one step (or one
ATPase cycle) is tiotal = tdwell + tstepping, Where
tawell = th/[ATP] + thydrolysis + Pi-release i the dwell
period and tstepping = LADP-release the stepping period
of the motor movement. Thus the mean velocity of

the kinesin is

V= < step > /ttotal

= < step > M (2)

[ATP] + k. /Ky’
where k, = 1/t;, is the ATP binding rate and
k. = 1/t. = (thydrolysis+tPi—re1ease+tADP—re1ease)_1

the ATP turnover rate. Note that Eq.(2) is the
well-known Michaelis-Menten relation. Using Eq.(2)
and the theoretical result (solid line) in Fig.4 we
fit the experimental load—velocity curves (Fig.1(d) in
Ref.[3]) and the results are given in Fig.5 (where
1M=10"3mol/cm?). It can be seen that the theoreti-
cal results agree well with the experimental ones. The

fitted value of k. ~ 56s~! is close to the measured

value of ~110 s~1.[1,2]
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Fig.4. Dependence of the mean step size on load. The
triangles are for theoretical results. The straight line
is a linear fit to the theoretical points. The circles are

for experimental results cited from Ref.[3].

200 5
T 100 D
@ ] cé)
ERE e
3 ] 2
$ o 3

~100 4 ——

-0.5 0.0 0.5
Force/pN
Fig.5. Force—velocity curves at different ATP con-

centrations. The symbols are for experimental results
cited from Ref.[3]. The solid lines are for theoretical
results with ky, = 1,uM_1 -s7 ! and ke = 56s71L.

Now we give the explanation to the experimen-
tally observed rapid plus-end-directed displacement of
KIF1A on binding to the microtubule.3! Before bind-
ing to MT the position of KIF1A should be distributed
evenly along MT though the potential is asymmet-
ric along MT. On binding to MT the kinesin will
be driven rapidly to the potential minima. Thus the

ensemble average binding-induced rapid displacement
1 lo' 1 o

hould be Gyina = o (5) = 5@ —a) (1-2) =

shou € Obind 5% 3 2( Q) 7

1.6nm, which is approximately consistent with the

measured value 2.8 + 0.8nm. 3]

An interesting result from experiments is that the
mean velocity of KIF1A motor under no load is insen-
sitive to whether the motor is attached to a latex bead
or not.['=3] To explain this result, we have also calcu-
lated the step-size distribution using r, = 10 nm for I
under no load. We have noted that, except that the
distribution is wider than that with r, = 0.1um, the
mean step size <step>, ~ 3.7nm, is close to ~ 3.3 nm
obtained with 7, = 0.1um. This can be understood
as follows. From our model, it is approximated that
the mean step size and thus the mean velocity depend
mainly on the free diffusion of Brownian particle in
the range between the two dashed lines in Fig.1(b)

and are insensitive to the diffusion outside this range.

Since both Astumian’s model.[!] and the present
model are based on the fluctuating ratchet, it is in-
teresting to make a comparison between the two. In

order to obtain a net unidirectional movement, both
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models have the two prerequisites: an asymmetric pe-
riodic potential and a dichotomously fluctuating per-
turbation to it. However, in Astumian’s model.[!%] the
perturbation extends to the global potential, which is
induced by changing something of the motor following
a change in its nucleotide state; whereas in the present
model the fluctuating perturbation extends both to
the global potential and to the local potential where
the kinesin has just released Pi, which is induced by
changing something of the MT subunit to which the
motor is bound at that time. That means that, in the
former model the Pi release induces only the confor-
mational change in kinesin head and has no effect on
MT subunit (i.e. MT subunit is presumed to be rigid);
whereas in the present model the Pi release induces
the conformational change in kinesin head, which in
turn induces some conformational change in binding
site of MT where the kinesin head is bound (i.e., MT
subunit is presumed to be elastic). We interpret the
interaction potential change to be due to counter-ion
effect, which means that, in the former model the Pi
release induces shielding effect on the positive charges
of kinesin; whereas in the present model the Pi re-
lease induces shielding effect on the negative charges
of MT at the site where kinesin is bound. This differ-
ence in perturbation leads to the fact that the present
model gives a much more efficient mechanochemical
coupling than the former model. For example, in the
present model about 2 ATPs are consumed for mov-
ing 8 nm forward with oo = %d (see Fig.4) and in the
former model about 56 ATPs are consumed for mov-
ing 8nm forward even with oo = zd (see the discus-
sion in Ref.[15]). Furthermore, as seen before, the re-
sults from the present model are in good quantitative
agreement with the experimental results on KIF1A.
However, as will be seen below, the results from the
former model are not in agreement with the experi-
mental ones.

First, from Astumian’s model the probability
distribution of the motor’s position is described by

P(J?) = EXp[—(CL‘ _toﬂ'ﬂoad/F)2/4Dtoff]/\/mJ16]

where D = kgT/I" is the diffusion coefficient. t.g
is the time period when the potential is off, which
is equal to the stepping time. It can be seen that,
at Floada = 0, P(x) always has a maximum at z=0.
Using this equation and t,g= 3.3ms it can be ob-
tained that the half-width of the step-size distribution
at Floaa = 0 is about 170nm. This deviates signif-
icantly from the experimental result of about 24 nm
(Fig.2(h) in Ref.[3]). The mean step size at, for exam-
ple, Floaa = —0.4pN is approximately —t,gFloada/I" &
600 nm, which also deviates significantly from the ex-
perimental result of about 13 nm (Fig.2(i) in Ref.[3]).
Second, in order to be consistent with the above ex-
perimental results for KIF1A, t,¢ has to be taken as
~10 us, which is about 3 orders of magnitude shorter
than the measured mean stepping time (~ 4+1 ms)
for KIF1A.[3] Taking this value as tog and using the
model the estimated probability of futile hydrolysis
should be larger than 20%. This is inconsistent with
the conclusion from Ref.[3] that a single mechanical
step of KIF1A is produced by a single ATP hydroly-

S1S.

4. Conclusion

We present a new fluctuating ratchet model for
unidirectional movement of single-headed Kkinesins.
The model is different from the conventional ratchet
model: in our model the fluctuating perturbation ex-
tends to both the whole potential and the local poten-
tial where the kinesin head is bound, whereas in the
conventional model the perturbation extends only to
the whole potential. The perturbation to the local po-
tential leads to a non-Markov process and a more effi-
cient mechanochemical coupling for the kinesin move-
ment. In particular, using this model, the calculations
for the unconventional single-headed kinesin KIF1A
are in good quantitative agreement with previous mea-
surements. Further research on the origin of this non-
Markov interaction of kinesin with MT would be very
important. This interaction could also be relevant to

other motor proteins such as myosins.??!
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