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Kinesin motors have been studied extensively both experimentally and theoretically. However, the microscopic
mechanism of the processive movement of kinesin is still an open question. In this paper, we propose a hand-over-hand
model for the processivity of kinesin, which is based on chemical, mechanical, and electrical couplings. In the model the
ATPase rates of the two kinesin heads are regulated by forces, both from internal elasticity and external load, exerted
on their necks. At a low external load, the ATPase rate of the trailing head is much higher than the leading head
and the two heads are coordinated in their ATP hydrolysis and mechanical cycles. The motor walks processively with
one ATP being hydrolyzed per step. At a higher forward external load, the ATPase rates of the two heads become
comparable and thus the two heads are no longer well coordinated in their ATP hydrolysis and mechanical cycles. The
model is consistent with the structural study of kinesin and the measured pathway of the kinesin ATPase. Using the
model we have estimated the driving force to be ~5.8pN, which is in agreement with the experimental results (5-7.5pN).
The estimated time for moving one step (~10us) is also consistent with the measured values of 0—50us. The previous
observation of substeps within the 8nm step is explained. The shapes of velocity versus load (both positive and negative)

curves show close resemblance to previous experimental results.
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1. Introduction

Conventional kinesin is a two-headed molecular
motor protein that converts chemical energy of ATP
hydrolysis to mechanical force. It can translocate
processively and unidirectionally along a microtubule
for hundreds of 8-nm steps without dissociation.[!—?!
A single kinesin molecule can exert maximal forces
of 5-7.5pN,36-9 and at a low load its velocity can
reach 800nm/s.[>?! Conventional kinesin transports

membrane-bound vesicles and organelles in various

cells.[10,11]

Since its discovery, it has been studied extensively
by using different experimental methods, such as bio-
chemical, biophysical, x-ray crystallography and cryo-
electron microscopy (cryo-EM); many aspects of its
movement behaviour have been gradually elucidated.
In particular, the rapid development and progress
of single-molecule manipulation and detection tech-
niques in recent years [12:13] have significantly im-
proved our knowledge of its dynamic and mechanistic
properties in vitro, with its important parameters such
as stall force, velocity, mean run length, and dwell

time having been determined systematically.

The microscopic mechanism of the processive
Based

on the experimental results, several models have been

movement of kinesin is still not very clear.

proposed. One is the thermal ratchet model, in which
a motor is viewed as a Brownian particle moving
in two (or more) periodic but spatially asymmetric
stochastically switched potentials.['*'5] Another is the
“hand-over-hand” model.[!16=24] Tn this model, it is
supposed that the motor maintains continuous at-
tachment to the microtubule by alternately repeat-
ing single-headed and double-headed bindings. Ad-
jacent tubulin heterodimers on the microtubule serve
as the consecutive binding sites. This model requires
that the two heads move in a coordinated manner
and alternately move past each other. This coor-
dination is realized by a mechanical communication
between the two heads during their ATP hydroly-
The third model postulates that the ki-

nesin head movement is coordinated through an “inch-

sis cycles.

worm” mechanism, 2% in which also at least one head
remains bound to the microtubule during the kinesin
movement, but the two heads do not swap places, as

is different from the case in the symmetric hand-over-

hand model.

*Project supported by the National Natural Science Foundation of China (Grant Nos 60025516, 10334100).
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For a quantitative study of the motion of ki-
nesin, multistate chemical kinetic description is often

used.[26—28]

In this approach, it is postulated that the
motor protein molecule steps through a sequence of
discrete chemical states linked by rate constants. This
approach relies mainly on biochemical observations. It
can explain well some experimental results by the me-
chanical behaviours of kinesin, such as velocity, mean
run length, and their load dependence.

In this paper, we present a hand-over-hand model
that relies on chemical, mechanical, and electrical cou-
In this model, the ATPase rates of the two

kinesin heads are regulated by forces exerted on their

plings.
necks. Thus depending on different external loads,
the two heads may or may not be coordinated in their
ATP hydrolysis and mechanical cycles. At a low ex-
ternal load, the two heads are coordinated and the
dimeric kinesin steps forward very naturally, with one
ATP being hydrolyzed per step (1:1 coupling). This
movement of kinesin with 1:1 coupling results essen-
tially from the fact that the ATPase rate of the trailing
head is much higher than that of the leading head at
the low external load. At a higher forward external
load, the two heads are no longer well coordinated
in their ATP hydrolysis and mechanical cycles. Using
the model we have studied the kinesin dynamics quan-
titatively and given good explanations to some exper-
imental results which have not been well explained

previously.
2.Structural considerations

The structural study of dimeric kinesin protein,
for example, the rat brain kinesin, by using x-ray
crystallography reveals that one kinesin head has +8
net elementary charges.??) By using x-ray crystallog-

[30] revealed that

raphy and cryo-EM, Kikkawa et al
each tubulin heterodimer of microtubules, i.e., the
a-tubulin and B-tubulin monomers, has —27 net el-
ementary charges (the a-tubulin monomer has —12
net charges and the g-tubulin monomer has —15 net
charges). Thus, we assume that the interaction be-
tween kinesin heads and tubulin heterodimers is elec-
trostatic. When a kinesin head is not very close to
a tubulin heterodimer, the electrostatic force can be
approximated as being produced by two ideal charged
particles. When the kinesin head is close enough
to the tubulin heterodimer, the electrostatic force
is dependent on the charge distributions on the two
surfaces.[3132] So the kinesin head will bind the tubu-

lin heterodimer in a fixed orientation.[17:3335]

From x-ray crystallography and cyro-EM obser-
vations, it is revealed that the two kinesin heads in

rigor state bind two successive tubulin heterodimers

of the microtubule in equivalent orientations,[17-33:34]
as schematically shown in Fig.1(a).
rigor state free state

minus end plus end

(a) (®)

Fig.1. Schematic diagram of kinesin dimer in rigor state
(a) and in free state (b). The a- and B-tubulin subunits
from a single microtubule protofilament are represented
by spheres in dark grey and light grey, respectively. The
two kinesin heads are shown in grey. Each pair of a- and
[B-tubulin subunits forms a tubulin heterodimer. The po-

larity of the microtubule is indicated.

The determination of the crystal structure of ki-
nesin dimer by x-ray crystallography[?®! shows that
its equilibrium state (or free state) corresponds to a
The

two heads are related by a 120°-rotation about an

structure as schematically shown in Fig.1(b).

axis close to that of the coiled coils (the direction of
which is perpendicular to the paper surface), with an
equilibrium distance (centre-of-mass distance) ~5nm.
Marx et all®®! further revealed that the structure of
kinesin dimer in a solution is similar to the crystal
structure, with the centre-of-mass distance between
the two heads being slightly greater. It is taken for
granted that this equilibrium state corresponds to the
state that the kinesin dimer has the minimum free en-
ergy. Thus the state shown in Fig.1(a) corresponds to
a state that the kinesin dimer has a greater free energy
since it has a very large conformational change from
its equilibrium state, both in centre-of-mass distance
and relative orientation of the two heads.

Based on the principle of minimum free energy, it
is anticipated that once one of the two heads or both
become(s) free, the kinesin dimer structure tends to
change from the state in Fig.1(a) to that in Fig.1(b).
This change is realized mainly via an elastic force and

an elastic torque between the two heads.
3. Model

Based on the above analysis, we propose a physi-

cal model to describe the processive and unidirectional
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movement of two-headed kinesin motors along micro-
tubules. We begin with the two kinesin heads bind-
ing to two successive tubulin heterodimers (separated
by 8 nm) of the microtubules by electrostatic forces
between the positively-charged heads and negatively-
charged tubulin heterodimers, as shown in Fig.2(a),
which is the same as Fig.1(a). In this rigor state, the

structure of the kinesin dimer is highly strained. In

effective mechanochemical cycle

(a)

minus end plus end

@ (1) (1)

accordance with the principle of minimum free energy,
there will exist an elastic force and an elastic torque
exerted on the two heads to induce the kinesin dimer
changing from the state in Fig.2(a) to the equilibrium
state as shown in Fig.2(b), which is the same as that
in Fig.1(b), besides an electrostatic force exerted by

the negatively-charged tubulin heterodimer.

futile mechanochemical cycle

@ (1) (1)

Fig.2. Schematic illustrations of kinesin movement mechanism. For clarity, the two kinesin heads are shown

in grey and white.

Effective mechanochemical cycle: (a) The cycle begins with both heads binding to the

microtubule. (b) After ATP hydrolysis and then P; release, the grey head (trailing head) is detached and
moves towards the equilibrium position. (c) The grey head binds to the new tubulin heterodimer (III) via
the electrostatic interactions and becomes the leading head for the next cycle. Futile mechanochemical
cycle: (a’) The cycle also begins with both heads binding to the microtubule. (b’) After ATP hydrolysis

and then P; release at the white head (leading head), the white head is detached and moves towards the

equilibrium position. (c’) The white head rebinds to the tubulin heterodimer (II).

Activated by the microtubule, the ATPase cycles
at the two heads begin. We consider two cases. (i)
The ATP molecule bound to the trailing head is hy-
drolyzed first. The ATP hydrolysis and then P; release
lead to the weakening of the binding force,18:2%! which
results from the conformational change of the kinesin
head. However, the physical origin for the weakening
of the binding force is still not clear. Here we make
an assumption as follows. When there is the confor-
mational change following P; release, there appears
a gap between the kinesin head and the tubulin het-
erodimer. Therefore, the solution will flow into the
gap and certain multivalent counter-ions in the solu-
tion will bind to (or be adsorbed onto) the negatively-

charged tubulin heterodimer surface, resulting in an

increase of the screening effect on the negative charges
of the tubulin heterodimer (for the effect of multi-
valent counter-ions in aqueous media on the interac-
tion between large biological polyelectrolytes, see, for
example, Ref.[37] and references therein). Then the
trailing head becomes detached from the microtubule
by the internal elastic force, and the kinesin dimer
changes from the state in Fig.2(a) to that in Fig.2(b).
In the equilibrium state of Fig.2(b), the elastic force
is zero and there exists only the electrostatic force ex-
erted by the neighbouring tubulin heterodimer (III)
of the microtubule. This electrostatic force drives
the detached head coming close to heterodimer (III).
When close enough, the electrostatic force is depen-

dent on the charge distributions on the two surfaces,
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i.e. the interaction is sterospecific. So the head will
bind the tubulin heterodimer in a fixed orientation, as
shown in Fig.2(c). A forward step of 8 nm is made
with one ATP being hydrolyzed (1:1 coupling) in this
mechanochemical cycle. The two heads exchange their
relative positions in the succeeding mechanical cycle.
(ii) The ATP molecule bound to the leading head is
hydrolyzed first. The leading head then becomes de-
tached. Thus the kinesin dimer changes from the state
in Fig.2(a’) to the equilibrium state in Fig.2(b’). After
the charge density of the counter-ions adsorbed onto
the tubulin surface relaxes to the equilibrium (note
that the charge density at the onset should be higher
than that at equilibrium since, due to opposite in-
teraction forces, the counter-ions approach the tubu-
lin surface earlier than like-charge ions), the leading
head will bind to the tubulin heterodimer (II) in the
fixed orientation again by the increased electrostatic
force, as shown in Fig.2(c’). One ATP is hydrolyzed
in this futile mechanochemical cycle. Then the ATP
molecule bound to the trailing head is hydrolyzed and
the kinesin makes a forward step as in case (i). Two
ATP molecules are hydrolyzed to make this forward
step (2:1 coupling). After this step the ATP molecule
bound to the “new” trailing head has a larger prob-
ability to be hydrolyzed earlier than that bound to
the “new” leading head if the ATPase rates of the two
heads are assumed to be the same.

For ATPase rates (including both ATP binding
and turnover rates) of the two heads, we consider two
cases. (1) The ATPase rates of the two heads are the
same. In this case, the ATP molecules bound to the
trailing and leading heads have equal probability to be
hydrolyzed first at the beginning. Therefore, for mak-
ing the first forward step there will be equal prob-
abilities of hydrolyzing one ATP (1:1 coupling) and
hydrolyzing two ATP (2:1 coupling). After the first
forward step is made, there will be a higher probabil-
ity of hydrolyzing one ATP molecule than of hydrolyz-
ing two ATP per step. (ii) In the rigor state as shown
in Fig.2(a), there exists a forward (i.e. the plus-end
directed) force on the neck linker of the trailing head
and a backward force on that of the leading head. As
will be seen below, according to the energy-landscape
model the ATPase rate of the trailing head will be
enhanced, whereas that of the leading head will be
reduced. Thus even at the beginning, the probabil-
ity is high for the situation that ATP is hydrolyzed

earlier at the trailing head than at the leading head.
Therefore, the kinesin motor generally hydrolyzes one
ATP molecule per step (1:1 coupling). As we will see
in the next section, the moving time of kinesin in one
step is much smaller than the ATPase time. Thus we
can deduce that, in most cases, ATP hydrolysis and
P; release occur at the trailing head and ADP is re-
leased at the leading head. This is consistent with the

generally-believed biochemical process.[1%:2]

4. Results and discussion

4.1. Driving force

We give a simplest estimation of the magnitude
of driving force for the forward movement of kinesin
based on the above model. Before the equilibrium
state shown in Fig.2(b) is reached, the force exerted
on the trailing head is mainly an elastic force. As
the equilibrium state is reached, only an electrostatic
force is exerted on the free head by the neighbour-
ing tubulin heterodimer (III). For simplicity, if we

consider the tubulin heterodimer as a particle with

q1 = —27 charges and the kinesin head as a parti-
cle with g = +8 charges, then the electrostatic force
1
will be F = w, where the value of the rela-
4meeq T2

tive dielectric constant for the solvent is taken to be
e, = 78.31 For simplicity, we approximate the ellip-
soidal kinesin head as a sphere with radius r; ~ 3nm.
From Fig.3, we see that the distance between the posi-
tive charge centre of the free kinesin head and the neg-
ative charge centre of the tubulin heterodimer (III) is
r= \/[d — rocos (7/6)] + [ro sin (7/6) + dyertical]” =

7.04nm, where d=8nm is the distance between the two

successive tubulin heterodimers, and ry = 5.5nm is the
equilibrium distance between the two heads of kinesin
dimer in the solution. Considering the fact that the
negative charges are mainly distributed on the sur-
faces of the tubulin heterodimers, we take the vertical
distance between the centre of the bound kinesin head
and the negative charge centre of tubulin heterodimer
as dyertical = 3.5nm. Thus the electrostatic force is
F =~ 12.8pN. Its component in the forward direction
is ~5.8pN, which is the driving force at this head po-
sition. This is consistent with the measured stall force
of 5-7.5pN,[36-9] which is the force necessary to stop
the motion of kinesin. Detailed discussion on stall

force will be given below.
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Fig.3. Geometry used to demonstrate the substeps

and to calculate the distance r between the positive
charge centre of the free kinesin head and the nega-
tive charge centre of tubulin heterodimer. Position A
corresponds to the position that the centre of mass of
the free head has the same horizontal coordinate as
the bound head in grey, and position B corresponds
to the equilibrium position of the free head. The line
with an arrow indicates the moving direction of the
free head. d is the period of the microtubule protofila-
ment, 7 is the free distance between the two heads of
kinesin dimer in solution, and dyertical is the vertical
distance between the centre of the bound kinesin head

and the negative charge centre of tubulin heterodimer.
4.2, Leap time

We estimate the leap time 7 of the moving head,
which is defined as the time for the head to move
from tubulin heterodimer (I) to heterodimer (III) in
Fig.2(a). To this end, we resort to the following equa-

tion for an over-damped Brownian particle:
FdCL‘/dt = Fdriving - Fioad + f(t)a (1)

where I' is the frictional drag coefficient, v = dz/dt
is the moving velocity of the head along the micro-
tubule, Fyiving is the driving force on the head, and
Floaq is the force exerted on the head by the load; f(t)
is the fluctuating Langevin force, with (f(¢)) = 0 and
(f@)f(")) = 2kgTT'6(t—t"). From the Stokes formula
we obtain I' = 6mnry, = 5.65 x 10~ 1kgs ™', where the
viscosity 1 of the aqueous medium of a cell around

kinesin is approximately 0.01gcm™!s—!

. For simplic-
ity, we approximate the driving force as a constant at
any position of the moving head between tubulin het-
erodimers (I) and (III), which is equal to that when
the head is at the equilibrium position as in Fig.2(b),
i.e., Fyriving = 5.8pN.

load is exerted on kinesin in the opposite direction

In experiments the positive

of its movement with a bead connected to the two
heads through a coiled-coil neck and two neck link-

ers. Thus it can be approximately considered that the

load is always exerted on the head at leading position.
So the measured rise time of the bead movement by
Nishiyama et all38] (or the moving time of the bead
in one step) is the time for the free head to make its
second half step (corresponding to positions A and C
of the free head, shown in dotted lines in Fig.3), i.e.
the rise time is about half of the leap time 7 of the free
head. When there is no load, the position of the ki-
nesin dimer is its centre-of-mass position and thus the
moving time of kinesin in one step is the leap time 7.
The load is expressed as Floaa = Firap + 6mNUThead,
where Fi,, is the force from the optical trap and
67NUThead is the Stokes force of the bead, with rpeaq
being the radius of the bead. Taking the experimen-
tal value of rpeaq = 0.2pum and the optical trap force
> 3pN,[38] from Eq.(1) we obtain the rise time 5.4us
at Firap = 3pN, 8.5us at Fiap = 4pN, and 19us at
Firap = 5pN. These values of rise time are consis-
tent with the measured values of 0-50us.%8] Note that
these values of rise time are much smaller than that
of the ATP turnover time, which is in the order of
10ms.[5926] When there is no load, we obtain the leap

time 7 = 156ns.

In fact, the second half-step as mentioned above
is composed of two substeps. One is from position A
to equilibrium position B, during which the head is
mainly driven by a forward elastic force. The other
is from B to C, during which the head is driven by
a backward elastic force and a forward electrostatic
force. As a result, the net forward driving force dur-
ing the second substep may become smaller than the
first substep. Thus the first substep is fast and the
second substep is slow. The size of the first substep
from A to B is ~4.7nm, and that of the second substep
is ~3.3nm. These are qualitatively consistent with the
observed substeps within the 8-nm step of single ki-

nesin molecules. 38!

The energy required to make a forward step is
E =~ 5.8pN x 16nm = 92.8 x 10721J. This is consis-
tent with the free energy released from ATP hydrolysis
(~ 25kgT = 104 x 10721J).

4.3. Dynamics

We give a discussion of the moving velocity V'
of kinesin versus ATP concentration [ATP] and load
Floaqa based on the model. As the moving time of ki-
nesin in one step is about three orders smaller than
the ATPase time, the two heads are almost always

bound to the microtubule during one whole ATPase
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cycle and V is actually only dependent on the ATPase
rates of the two heads. The ATPase rate of each head
should satisfy the Michaelis—Menten kinetics

ko[ATP]

K = Sl 5 hlhn ®

where k. is the ATP-turnover rate (note that the rate-
limiting factors in ATP turnover are ATP hydrolysis
and P; release) and k; is the ATP-binding rate. The
dependence of the two rates, k. and kp, on the force,
F', exerted on the head should follow the kinetics of an
enzymatic reaction, which is in the general Boltzmann
form.[26:39 Thus we have

L R A
14 Acexp(F6/kgT)’

_ kzgo)(l + Ap) (3)
1+ Apexp(F§/kgT)’

ky

where k") (k(()o)) is the ATP-turnover rate (ATP-
binding rate) at zero load, ¢ is a characteristic dis-
tance, and A is a dimensionless constant that deter-
mines the degree to which either mechanical or bio-
chemical events limit the enzymatic reaction at van-
ishing load. This form of kinetic rate for an enzy-
matic reaction has been verified in Ref.[39] by us-
ing several classes of models. Consider here a simple
model involving a sequence of sub-steps in an enzy-
matic reaction, with one of the sub-steps depending
on force. The kinetic rate for the force-dependent
sub-step, ky, is governed by Arrhenius—Eyring kinet-
ics, and thus it depends exponentially on the height
of the energy barrier. The application of an external
force, F, raises the barrier by F'§ and slows the rate
according to ky = kg\?)exp(fF(S/kBT).[?’g] Therefore,
the overall time to complete an enzymatic reaction,
T, is a sum of two terms, one that is independent
of force and the other that increases exponentially
with force, i.e. 7 =7 + Texp(F§/kpT) = (11 + T2)
[14(m2/71)exp(Fd/ksT)]/(1472/m1). The kinetic rate
of the enzymatic reaction corresponds to the recipro-
cal of 7, which leads directly to an expression equiva-
lent to Eq.(3).

The forces F' on the neck linkers of the two heads

can be written as
F' = Floaa — Fy, (4a)

F" = Foaa + Fo, (4b)

where Fj is the internal elastic force, FT and F are
for the trailing and leading heads, respectively. Note
that here we have Fioaq = Firap because the motor is

in its rigor state.

O L
E (a)
T
é 100 3
é 3
‘3’ 3
8 10F E
[} E E
S ]
1F 3
T R R AT I
1 10 100 1000 10000
ATP concentration/uM
" 1000 A
= H
< <
s -1800
3 3
- {600 %
[ T
0 )
-400 c
i g
£ {200 2
E g
g o =
Load/pN
Fig.4. (a) Velocity versus [ATP] at various loads.
(b) Load - velocity curves at [ATP]=5uM and

[ATP]=2mM. The parameter values: § = 3.7nm,
KD = 491571, A, = 111, £ = 0.16uM~ s,
Ap = 7.43. The elastic force between the two heads is
taken as Fp = 5.8pN.

Since for a positive load Floaqg > 0 the ATPase
rate of the trailing head is much faster than that of
the leading head (which will be seen below), V is es-
sentially only dependent on the ATPase rate KT of the
trailing head, i.e. V = KT x 8nm. Using Eqgs.(2)—(4),
the experimentally measured velocity of kinesin versus
[ATP] and load (Figs.2 and 3a in Ref.[9]) can be fitted
very well. The theoretical curves are shown in Fig.4,
where the parameters are taken to be é§ = 3.7nm,
B = 491571, £ = 0.16pM 's~1, A, = 1.11 and
Ay = 7.43, and the internal elastic force between the
two heads is taken to be Fjy = 5.8pN. Using the same
parameter values, we calculate the ATPase rates of
the two heads for Fi,.q = 0, as shown in Fig.5. It can
be seen that the ATPase rate of the trailing head is
much higher than that of the leading head.
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Fig.5. ATPase rates of the trailing head and leading =
head with no load. The parameter values are the same |@ 100
as in Fig.4. E
>
When Floaq becomes negative (i.e. forward load), 'é
the ATPase rate of the leading head will increase sig- E 50
nificantly and may become comparable to that of the
trailing head. Thus we must consider the contribu- 0
tions of both heads to the kinesin movement. First,
we consider that ATP binding rate of the leading head,
k%, is not yet close to that of the trailing head, k;F. T T T T T T T T T
This corresponds to the case that the load is positive
or it is negative but not large enough. In this case, 7
the probability of ATP hydrolysis of the leading head é
is still negligible, but that of ATP binding cannot be =
neglected. As the leading head becomes a new trailing E
head in the successive mechanical cycle, the contribu- s
tion of kj to the movement of kinesin is equivalent to

increasing the ATP binding rate of the trailing head.
The effective ATP binding rate of the trailing head

can be written as (see Appendix A)

ky + ky
T b b
k‘bfeﬂ‘ = 1 _ klI;/kT, (5)

whereas the ATP turnover rate k;{eff is still k;f
From Eqgs.(2)—(5) we can give the result of velocity
V as a function of load (both positive and negative)
in Fig.6. At low [ATP], ATP binding is rate limiting,
and thus V is mainly determined by k _g, which in-
creases at most by 2-fold from 0 pN to high negative
load, i.e. k) o~k +k}' ~ 2k] (because k) > ki at
low [ATP]). This corresponds to the case in Figs.6(b)
and (c) where the saturated V at high negative load
is about two times that at 0 pN. At high [ATP], ATP
turnover is rate limiting, and thus V is mainly de-
termined by kI, which is already saturated when the
load decreases from positive to 0 pN. Thus V increases
only slightly with negative load. This corresponds to
the case in Fig.6(a).

Load/pN

Fig.6. Load-velocity curves at (a) [ATP]=1mM, (b)
[ATP] = 40puM, and (c) [ATP]=5uM. The parame-

ter values: Fy = 6pN, § = 3.7nm, kﬁo) = 49.1s71,

Ac=1.11, k& = 0.16uM~"s~1, A, = 0.62.

The shape of the load—velocity curves in Fig.6
shows good resemblance to the experimental curves in
Fig.5 of Ref.[8], especially when [ATP] is low. How-
ever, the measured V has a 3-fold increase from 0 pN
to high negative load at low [ATP] (Figs.5(b) and (c)
in Ref.[8]) and ~ 50% increase at high [ATP] (Fig.5(a)
in Ref.[8]). We explain this discrepancy as follows. In
the calculations, we have neglected the contribution
of ATP hydrolysis of the leading head in the previous
cycle to the ATP turnover after the leading head be-
comes the trailing head in the current cycle. That is,
we use k;r_eff = k;r in the calculations. In fact, when
the ATP binding rate of the leading head, k%, is close
to that of the trailing head, ki, the probability is high
for the ATP hydrolysis of the leading head in the pre-
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vious cycle, which has begun before this head becomes
the trailing head in the current cycle. This is equiva-
lent to reducing the ATP turnover time (i.e. increas-
ing the ATP turnover rate) of the trailing head, which
results in the increase of ATPase rate KT of the trail-
ing head even at saturating [ATP]. From the experi-
mental result at saturating [ATP] (Fig.5(a) in Ref.[8]),
we may deduce that the effective ATP turnover rate
kI _+ has a ~50% increase at high negative load over
that at no load. We expect that, at low [ATP], the
ATPase rate (or V) will also have the same ~50% in-
crease due to the increase of k;{eﬂp. Therefore, due to
the increases of both k:;rfeﬂ and k;{eﬂ, the velocity V'
at low [ATP] is totally increased by ~3-fold at high
negative load over that at no load. For a quantita-
tive calculation of k! g, the probability distributions
of ATP binding and turnover rates, instead of their
mean values of the two heads, are required to take
into consideration.

When the forward load is increased further, the
probability becomes high for the ATP hydrolysis
which is started and finished earlier at the leading
head than at the trailing head. Thus the probabil-
ity of the two ATPase cycles being coupled to one
forward step for kinesin becomes high, resulting in
the decrease of the moving velocity. This explains
qualitatively why the moving velocity starts to drop
off when the forward load is further increased in the
experiment.®] It should be noted that the observed
load-velocity curves measured in Ref.[8] have not been
well explained before, either qualitatively or quantita-

tively.
4.4. Stall force

Finally, we give an explanation of the [ATP] de-
pendence of stall force as given in Ref.[9]. As we men-
tioned above, if there were no noise, the stall force
the driv-

ing force. When noise is present, the stall force, i.e.

would be a constant value of 5.8pN, i.e.

the minimum force to stop forward movement of the
free trailing head, should be equal to the driving force
Fariving plus the “diffusion force” Fyig required to stop
the free head diffusing 2d ~16nm in the forward direc-
tion. The diffusion of the free head with a force Fg;g

applied on it satisfies the equation
da/dt = —faie + f(t), (6)
where fag = Fug/I"; f(t) has the property (f(t)) =

0, (F(t)f(t")) = 2D&(t — t'), with D = kgT/T" be-
ing the Einstein diffusion constant. From the above
equation the mean first-passage time T, at which the

free head diffuse a distance of 2d, has the form (see
Appendix B)

_ 1D Jai o\ )
T= fais |:fdiff <exp< D Zd) 1) 24’ ™)

where the mean first-passage time T' should be equal

to the free time of the trailing head. The free time is
determined by the time for the charge density of the
counter-ions adsorbed onto the tubulin heterodimer
(I) surface in Fig.2(a) to decrease to the equilibrium.
In calculations we take tfee ~10ms. When there are
multiple ATPase cycles for the trailing head, the total
free time is approximately (KTty)tfee and thus we

have

T= KTtMtfreea (8)

where ty; = 2s is the time required to measure the stall
force in the experiment!® and K is the ATPase rate
of the trailing head with the load Fi.., being equal
to the stall force Fytan = Furiving + Faig- Using the
parameter values in Fig.4, D = kgT/67nry, Eqgs.(2)-
(4), (7) and (8), we calculate Fy. versus [ATP]. The
result is shown in Fig.7. It is seen that the theoreti-
cal curve shows similar behaviour to the experimental
result (Fig.3(b) in Ref.[9]). Compared with the exper-
imental result, the theoretical value is slightly higher.
This may be due to the facts that we use the mean
first-passage time instead of the first-passage time dis-
tribution and that (K Tty )tree is an overestimate of
the total free time.

10.0 T T T

T T

9.5

9.0

8.5

Stall force/pN

8.0 - 1

75 Ll Ll ol T
10 100 1000

ATP concentration/uM

Fig.7. Stall force versus [ATP]. Fyriving = 5.8pN and

other parameter values are the same as in Fig.4.
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5. Summary

In summary, based on the previous structural and
kinetic studies of dimeric kinesin motors, we present
a chemically-, mechanically- and electrically-coupled
model to describe the unidirectional movement of ki-
nesin. By using the model, the estimated driving force
is consistent with previous experimental results. The
theoretical predictions of the moving time (i.e., rise
time) in one step and existence of substeps, the veloc-
ity versus [ATP] and loads (both positive and nega-
tive), and the dependence of the stall force on [ATP]

are in agreement with previous experiments.
Appendix A

We start with the moment when the trailing head
just leaps forward and becomes the leading head as
in Fig.2(a). Assume the dwell time of kinesin between
adjacent steps is tqwen and neglect the leap time of the
trailing head in each step, then tgqwey is the time for
the leading head to wait for ATP binding. It is also
the ATPase time for the trailing head, thus we have

tawell = Thogr + To 5 (A1)

where 7T = 1/kT and 7,1 _; is the time taken by the
trailing head for ATP binding, and thus is 7, 5 =
l/kafeﬁ. As the trailing head has spent a time tqyen in
the previous cycle and thus has a ATP binding prob-
ability k&tdweu, Tl;ll o should satisfy

kzI;tdwell + kaTl,)T—eff =1. (AZ)

From Eqs.(A1) and (A2), Eq.(5) is obtained. It should
be noted that Eq.(5) is only an approximation. The
precise calculation of k _; needs to consider the
probability distributions of ATP binding and turnover

rates of the two heads.

Appendix B

From the Langevin equation, Eq.(6), we have the
following Fokker—Planck equation:

oWw(z,t) , OW(z,t) +D82W(x,t)
ot AT o 0%z

Using Eq.(5.2.157) in Ref.[40], from the above equa-

tion we have

where the motion is supposed to be in the interval (a,
b) and the barrier at a is reflecting and that at b is ab-
sorbing. In our case 2d = b — a. Using Eq. (5.2.160)
in Ref.[40], the mean first-passage time can be written

as

L[y (e,
Tla) =2 ¥(y) ¢

a

Integrating the above equation, we obtain Eq.(7).
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