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H I G H L I G H T S

• Force dependence of unbinding rate of
kinesin was studied computationally.

• The unbinding rate exhibits slip bond
form under forward load.

• The unbinding rate exhibits slip-catch-
slip bond form under backward load.

• Mechanism of the slip-catch-slip bond
under backward load was revealed.
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A B S T R A C T

Kinesin is a biological molecular motor that can move continuously on microtubule until it unbinds. Here, we
studied computationally the force dependence of the unbinding rate of the motor. Our results showed that while
the unbinding rate under the forward load has the expected characteristic of “slip bond”, with the unbinding rate
increasing monotonically with the increase of the forward load, the unbinding rate under the backward load
shows counterintuitive characteristic of “slip-catch-slip bond”: as the backward load increases, the unbinding
rate increases exponentially firstly, then drops rapidly and then increases again. Our calculated data are in
agreement with the available single-molecule data from different research groups. The mechanism of the slip-
catch-slip bond was revealed.

1. Introduction

Kinesin is a biological molecular motor that plays a critical role in
cargo transport inside cells [1]. It uses the chemical energy of ATP
hydrolysis to power its processive movement on microtubule (MT)

towards the plus end. To understand the mechanism and dynamics of its
processive movement, various methods have been employed in struc-
tural biology, biochemical biology, single molecule spectroscopy, mo-
lecular dynamics simulation, theoretical modeling, and so on [2–12].
For example, with single-molecule optical trapping methods, the force
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dependence of its velocity has been well determined [13–16]. Using
theoretical modeling, the simple, analytical form of the force-velocity
relation has also been well defined [17,18].

Besides the velocity, the unbinding rate of the kinesin motor during
its processive movement on MT is also an important factor to advance
our understanding of the motor function. More importantly, to model
the collective transport by multiple kinesin/dynein motors, apart from
the force dependence of the velocity the force dependence of the un-
binding rate of the single motors is also indispensable [19–28]. Based
on the Kramers theory, the force dependence of the unbinding rate of
the kinesin motor from MT should have an exponential form. However,
the experimental evidence of Kunwar et al. [19] indicated that the
unbinding rate of the kinesin motor could exhibit a form of “slip-catch-
slip bond”: as the backward load increases, the unbinding rate increases
firstly, then drops rapidly and then increases again. It has been pro-
posed that this non-monotonic behavior is due to the coupling between
the detachment and stepping of the motor [29,30] and in particular, it
is as a consequence of the consideration that the unbinding rate is
proportional to the inverse of the dwell time [30]. In the literature, to
study the collective transport by multiple kinesin/dynein motors some
works used the exponential unbinding rate for the single kinesin motor
[20–25] while others used the slip-catch-slip unbinding rate [19,26,27].
Recently, Dallon et al. [28] studied computationally the transport of
intermediate filaments by multiple kinesin and dynein motors using
both exponential and slip-catch-slip unbinding rates for the motors,
showing that the forms of the unbinding rate have large effects on the
collective transport dynamics.

However, whether kinesin motor has an exponential or a slip-catch-
slip unbinding rate is still an open question. If the motor has the slip-
catch-slip unbinding rate, what is the underlying mechanism? To ad-
dress these issues, in this work, we study computationally the force
dependence of the unbinding rate of the kinesin motor during its pro-
cessive movement on MT. We use the model presented before that
successfully reproduced diverse available single-molecule data on var-
ious aspects of the movement dynamics of kinesin motors versus ex-
ternal force of both forward and backward directions [31,32]. Our re-
sults on the unbinding rate are in agreement with the available single-
molecule data from different research groups. The studies indicate that
the dependence of the unbinding rate on the backward load exhibits the
exponential form in the small range of the backward load but exhibits
slip-catch-slip form in the large range of the backward load. Thus, our
work not only is important to the understanding of the functions of the
single kinesin motors and to the theoretical and computational studies
of the collective transport by multiple kinesin/dynein motors, but also
is implicative to the understanding of the mechanism of the slip-catch-
slip bond [33].

2. Methods and materials

2.1. The model

To study the force dependence of unbinding rate of kinesin dimer
during its processive movement on MT, we use the same model of
chemomechanical coupling for kinesin as that presented before to study
the force dependence of velocity and processivity (or run length)
[31,32]. For convenience of reading, the model is re-described briefly
here. The model is built up based mainly on the following pieces of
experimental and computational evidence and/or arguments.

(i) A kinesin head in nucleotide-free (φ), ATP or ADP.Pi state has a
strong interaction with MT, while in ADP state has a weak inter-
action [34–36]. The available structural data showed that the
strong interaction of kinesin head with MT-tubulin induces large
conformational changes in the MT-tubulin [37]. As all-atom mo-
lecular dynamics indicated, the large conformational changes re-
sult in the local MT-tubulin having a further weaker interaction

with the ADP-head than other unperturbed MT-tubulins [38], with
the binding energy of ADP-head to the local MT-tubulin (denoted
by Ew1) being smaller than that to other unperturbed MT-tubulin
(denoted by Ew2). Since the weak interaction cannot induce con-
formational changes of MT, in a time of tr (in the order of μs) after
Pi releases from the kinesin head the local MT-tubulin restores to
its normally unperturbed conformation, with the binding energy of
the ADP-head to the local MT-tubulin becoming Ew2.

(ii) For a MT-bound head, in ATP or ADP.Pi state its neck linker (NL)
can dock into its motor domain, with a small docking energy
(denoted by ENL) and a docking rate (denoted by kNL) in ADP.Pi
state being much larger than that in ATP state, whereas in φ or
ADP state the NL cannot dock [39,40]. The NL docking involves NL
strand β9 and the motor domain strand β0 forming a cover-neck
bundle (CNB) [41] and when β0 and β9 are in proximity the CNB
formation can take place.

(iii) The MT-bound head of undocked NL has a high binding energy
with the detached ADP-head (denoted by EI1), whereas the MT-
bound head of docked NL has a weak binding energy with the
detached ADP-head (denoted by EI2).

Based on the above pieces of evidence or arguments, a forward
stepping of the dimer and unbinding from weak affinity states at sa-
turating ATP is schematically shown in Fig. 1. We begin with both
heads in ADP.Pi state binding strongly to MT (Fig. 1a). The trailing
head with the forward NL orientation has a much larger Pi-release rate
than the leading head with the backward NL orientation (see next
section). After Pi release in the trailing head, the ADP-head unbinds
easily from site I by overcoming very weak affinity Ew1 and then dif-
fuses rapidly to the intermediate position relative to the MT-bound
head, where the two heads have a high affinity (Fig. 1b). After NL
docking, reducing greatly the interaction between the two heads
(Fig. 1c), the detached ADP-head diffuses rapidly to the forward site III
and binds to site III with affinity Ew2 (Fig. 1d). Stimulated by MT, ADP
is released, followed immediately by ATP binding and then ATP hy-
drolysis (Fig. 1e). From Fig. 1c, the detached ADP-head can also diffuses
rapidly to the backward site I by overcoming the NL-docking energy ENL

and binds to site I with affinity Ew2 (noting that after Pi release the
affinity of the ADP-head to the local site changes rapidly from Ew1 to
Ew2), followed by ADP release, ATP binding and ATP hydrolysis
(Fig. 1a). In Fig. 1b, Pi release can also occur occasionally in the MT-
bound head before its NL docking takes place (Fig. 1f). Then, the dimer
can unbind easily from MT by overcoming the very weak affinity Ew1

during the period before the affinity of the MT-bound ADP-head for the
local site II changes from Ew1 to Ew2 (called Period I). In Fig. 1d, Pi
release can also occur occasionally in the trailing head before ADP re-
lease in the leading head (Fig. 1g). Then, the dimer can also unbind
from MT by overcoming the weak affinity Ew2 during the period before
ADP release from the MT-bound head (called Period II). If the dimer has
not unbound from MT until ADP release (Fig. 1h), the system becomes
the same as Fig. 1b except that the dimer took a forward step.

Note that in Fig. 1 we show only the transitions related to the
stepping and the weak affinity states of the motor to MT, which occur
after Pi release in the trailing head. Other transitions can also occur. For
example, Pi release can also occur occasionally in the leading head,
giving a futile chemomechanical coupling cycle or a backward stepping.

Based on the model, the equations to describe the mechanical
stepping and unbinding from the weak affinity states are presented in
our previous works [31], with which the mechanical step of a kinesin
head following Pi release relative to the other MT-bound head and the
unbinding of the dimer from MT can be calculated using stochastic
Runge–Kutta algorithm. Then, we can simulate processive movement
and unbinding time of the dimer by also considering continuous ATPase
activities, which can be simulated using Monte-Carlo algorithm [31].
From a simulated trace of the displacement of the center of mass of the
dimer versus time, the total displacement (or run length) of the trace
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Fig. 1. Model of a forward stepping of kinesin motor on an MT filament and the occurrence of the weak affinity state after Pi release in the trailing head at saturating
ATP concentration. The thickness of the arrow represents the magnitude of the transition rate or probability under no load. (a) Both heads in ADP.Pi state bind
strongly to two successive binding sites on the MT filament. The trailing head with the forward NL orientation has a much larger Pi-release rate than the leading head
with the backward NL orientation. (b) Upon Pi release taking place in the trailing head, due to very weak affinity Ew1 between the ADP-head and the local site I, the
trailing ADP-head unbinds from site I and then diffuses rapidly to the intermediate position relative to the MT-bound head, where the two heads have a high affinity.
(c) NL docking in the MT-bound head takes place, weakening greatly the interaction between the two heads. (d) The thermal noise drives the tethered ADP-head to
diffuse rapidly to the nearest site III and then bind to the site. (e) Stimulated by MT ADP is released from the leading lead, followed immediately by ATP binding and
then ATP hydrolysis. (f) From (b) Pi release can also occur occasionally in the MT-bound head before its NL docking takes place. During the period before the affinity
of the MT-bound ADP-head for the local site II changes from Ew1 to Ew2 (called Period I, shaded in green), the dimer can easily unbind from MT by overcoming the
very weak affinity Ew1 within time tr. (g) From (d) Pi release can also occur occasionally in the trailing head before ADP release in the leading head. During the period
before ADP release from the MT-bound head (called Period II, shaded in light red), the dimer has a large probability to unbind from MT by overcoming the weak
affinity Ew2. (h) From (g) the dimer has not unbound from MT until ADP release, which is followed immediately by ATP binding and then ATP hydrolysis. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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can be obtained and the velocity of the trace can be calculated by di-
viding the total displacement by the unbinding time. The mean velocity
and mean run length are calculated statistically using about 500 si-
mulated traces.

2.2. The choice of parameter values

We take the similar parameter values to those we took before
[31,32], which are described as follows. We take tr = 10 μs, Ew1 ≤
18kBT, Ew2 = 40kBT and ENL = 6kBT (see Table 1). We take
EI1 > 40kBT and EI2 < 20kBT. We take kNL = 800 s‐1 in ADP.Pi state,
kNL ≤ 1 s‐1 in ATP state and kNL = 0 in φ or ADP state (see Table 1). The
rate constants of ATPase activity are taken to be independent of the
force on the NL, as the available experimental evidence indicated [42].
Since we focus only on saturating ATP concentration in this work, the
rate constant of ATP binding is not required. The rate constant of ATP
hydrolysis is taken as kH = 350 s‐1 (see Table 1), independent of the NL
orientation direction. The rate constant of Pi release (the rate-limiting
step of ATPase activity) is dependent on the NL orientation direction,
with the forward orientation having a much larger Pi-release rate, kPi

(T)

= kPi = 140 s‐1, than the backward orientation, kPi
(L) = kPi/ρ, with ρ =

30 (see Table 1). In the intermediate state state, when the NL of the MT-

bound head is stretched to a length lNL > 2.8 nm by a forward load, the
NL is considered to be in the forward orientation and thus the rate
constant of Pi release is equal to kPi, while in other cases with the NL
being not in the forward orientation the rate constant of Pi release is
equal to kPi/ρ. The rate constant of ADP release from MT-bound head is
taken as kD = 350 s‐1 (see Table 1). When ADP-head is detached from
MT, without MT stimulation the ADP-release rate is zero.

3. Results and discussion

3.1. Unbinding from weak affinity states

As done in our previous works [31], in this section we do not
consider the unbinding of the kinesin head in the strong affinity state,
i.e., in φ or ATP or ADP.Pi state. This implies that only when both heads
are simultaneously in ADP state the unbinding of kinesin dimer from
MT is taken into account. As shown before [31], with consideration of
unbinding only from the weak affinity states, the calculated results on
force dependences of both velocity and run length are in quantitative
agreement with the available single-molecule data (Fig. 2a and b). In
this work, we define load F having positive value when its longitudinal
component is along the backward direction and having negative value

Table 1
Values of parameters for kinesin-1.

Parameter Parameter description Value Reference

tr Lifetime of Period I 10 μs [31,32]
Ew1 Weak affinity in Period I ≤18kBT [31,32]
Ew2 Weak affinity in Period II 40kBT [31,32]
ENL NL docking energy 6kBT [31,32]
kNL Rate constant of NL docking in ADP.Pi state 800 s−1 [45]
kH Rate constant of ATP hydrolysis 350 s−1 [5]
kPi Rate constant of Pi release from head with forward NL orientation 140 s−1 [46]
kPi/ρ Rate constant of Pi release from head without forward NL orientation ρ = 30 [17,18,31]
kD Rate constant of ADP release from MT-bound head 350 s−1 [5,46]
εs0 Unbinding rate from the strong affinity state at F = 0 0.1 s−1 fit to experiment [16]

Fig. 2. Force dependences of velocity and run length of ki-
nesin at saturating ATP concentration. Upper panels (a, b)
show the results under the consideration that the kinesin can
only unbind from MT in weak affinity states. Lower panels (c,
d) show the results under the consideration that the kinesin
can unbind from MT in both the weak and strong affinity
states. Open symbols are calculated data and filled symbols
are experimental data taken from Andreasson et al. [16]. (a,
c) Velocity versus longitudinal component of the external
force. (b, d) Run length versus longitudinal component of the
external force.
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when its longitudinal component is along the forward direction.
Here, we focus on the unbinding rate. As done in the experiments

[16,19,43], the unbinding rate is defined as the inverse of the mean
unbinding time, i.e., the mean time for the motor to bind to MT under a
given load. In Fig. 3a we show the calculated results on the force de-
pendence of the unbinding rate. From Fig. 3a it is seen that the un-
binding rate increases rapidly with the increase in the magnitude of the
forward load (F < 0) and then becomes increasing slowly with the
further increase in the magnitude of the forward load. This can be ex-
pected from the curve of run length versus the forward load (Fig. 2b),
showing that the run length decreases rapidly with the increase in the
magnitude of the forward load (F < 0) and then becomes decreasing
slowly with the further increase in the magnitude of the forward load,
while the velocity is nearly unchanged with the variation of the forward
load (Fig. 2a). Interestingly, from Fig. 3a we see that the unbinding rate
increases exponentially with the increase of the backward load in the
range of 0 ≤ F ≤ 5 pN. The unbinding rate reaches the maximum value
at about 5 pN. As the backward load increases further, the unbinding
rate declines rapidly and then becomes saturated at high backward
loads. This characteristic of the force dependence of unbinding rate can
be understood as follows.

As discussed elsewhere [31,32], during the processive movement of
a kinesin dimer on MT, the unbinding of the dimer from the weak af-
finity states takes place during two periods—Period I and Period II.
Period I is after Pi release occurs in the MT-bound head and before the
affinity of the MT-bound ADP-head for MT changes from Ew1 to Ew2

(shaded in green in Fig. 1). Period II is that the MT-bound head is in
ADP state with its affinity for MT being Ew2 (shaded in light red in
Fig. 1). During Period I, since the affinity of the MT-bound head to MT
is very weak, with a small value of Ew1, the head has a large probability
to unbind from MT within time of tr. During Period II, since ADP-head
binds to MT weakly, with an affinity of Ew2, the head has a probability
to unbind from MT before ADP release within a time of 1/kD that is
much longer than tr. Consequently, the unbinding rate can be calculated

by

=
=

P
i

i iw
1

2

(1)

where ω1 and ω2 are the occurrence rates of Period I and Period II,
respectively, during the processive movement of the dimer on MT, and
P1 and P2 are the probabilities of dissociation occurring during Period I
and Period II, respectively. With values of Ew1 and tr shown in Table 1,
we have P1 ≈ 1 under any load. Hence, to see the origin of the char-
acteristic of the force dependence of unbinding rate shown in Fig. 3a,
we calculate rate ω1 and ω2 versus load, with the results being shown in
Fig. 3b and c. The calculated results of probability P2 versus load are
shown in Fig. 3d (noting that the asymmetry of P2 with respective to the
forward and backward loads is due to the asymmetry of the weak po-
tential between the ADP-head and MT-tubulin [31,32]). From Fig. 3b –
d, it is noted that for F < 0 (the forward load), the unbinding of the
motor is attributed mainly to that occurring in Period I, with ω1 in-
creasing rapidly with the increase in the magnitude of the forward load.
The fact that the unbinding rate increases slowly with the further in-
crease in magnitude of the forward load is attributed mainly to the
increase of the probability P2. For F ≥ 0 (the backward load), the un-
binding of the motor is attributed mainly to that occurring in Period II.
In the range of 0 ≤ F < 5 pN, the increase of the unbinding rate with
the increase of F is attributed to the rapid increase of probability P2,
because ω2 has a small change. When F > 5 pN, the rapid decrease of
the unbinding rate is attributed to the rapid decrease of ω2, because P2

approaches its maximum of 1. Since the ATPase rate is nearly in-
dependent of F, the decline of ω2 with F is due to the fact that the
effective chemomechanical coupling ratio is reduced, which reduces the
occurrence probability of Period II in one ATPase cycle (see Fig. 1). The
saturation of the unbinding rate at large values of F is due to that both
ω2 and P2 become saturated.

Fig. 3. Calculated results on unbinding of kinesin from MT at
saturating ATP concentration under the consideration that the
kinesin can only unbind from MT in weak affinity states. (a)
Unbinding rate versus longitudinal component of the external
force. (b) Occurrence rate of Period I versus longitudinal
component of the external force. (c) Occurrence rate of Period
II versus longitudinal component of the external force. (d)
Probability of unbinding in Period II versus longitudinal
component of the external force. Note that the vertical axes
are plotted on a logarithmic scale.
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3.2. Unbinding from both weak and strong affinity states

Up to now, we have only considered the unbinding from the weak
affinity state and have neglected the unbinding from the strong affinity
state, i.e., the state with at least one head in ATP, ADP.Pi or φ state
bound strongly to MT. In the small range of the external load, the
consideration is reasonable. However, in the large external load, the
unbinding from the strong affinity state should also be considered.

During the processive movement of the kinesin motor, the total
period of the weak affinity states, which includes Period I and Period II,
constitutes only a very small fraction of the whole period of one che-
momechanical coupling cycle. In other words, in one chemomechanical
coupling cycle the motors is almost always in the strong affinity state.
Thus, for a good approximation, the unbinding time of the kinesin
motor from the strong affinity state during its processive movement is
simply equivalent to the time of a Brownian particle escaping from a
potential well of large depth. For simplicity, we consider that the strong
potential between the head and MT-tubulin is symmetrical with respect
to the forward and backward loads. According to Kramers theory, the
unbinding rate from the strong affinity state can be simply calculated by

=
k T

exp |F|
B

S S0
(2)

where εS0 is the unbinding rate at F = 0 and δ is the interaction distance
between the motor and MT-tubulin. To be consistent with the Debye
length that is in the order of 1 nm in solution, we take δ = 1 nm here.
Therefore, the total unbinding rate of the motor can be calculated by

= +W S (3)

where εW can be calculated by Eq. (1), with the results being shown in
Fig. 3a.

With Eqs. (2) and (3), by adjusting εS0 = 0.1 s‐1 we obtain the total
unbinding rate at F = 25 pN as ε ≈ 45 s‐1, which is close to the ex-
perimental data of Andreasson et al. [16]. Thus, we take εS0 = 0.1 s‐1

throughout our calculations (see Table 1). In Fig. 4 (dashed line) we
show the results of εS versus F calculated with Eq. (2). The total un-
binding rate is also shown in Fig. 4 (red circles), where for comparison
the calculated data of the unbinding rate from the weak affinity states
are reshown (blue circles). From Fig. 4 it is interesting to see that while
the total unbinding rate under the forward load (F < 0) has the ex-
pected characteristic of slip bond, with the total unbinding rate in-
creasing monotonically with the increase in the magnitude of the for-
ward load, the total unbinding rate under the backward load (F > 0)

shows counterintuitive characteristic of slip-catch-slip bond. The total
unbinding rate increases firstly with the increase of the backward load.
After reaching the maximum value, the total unbinding rate then de-
creases with the increase of the backward load. After the minimum
value, the total unbinding rate then increases again with the increase of
the backward load.

It is noted that since under no load the unbinding rate from the
strong affinity state, εS0 = 0.1 s‐1, is much smaller than that from the
weak affinity states (Fig. 3a), the inclusion of the unbinding from the
strong affinity state has only a slight effect on the total unbinding rate
in the small range of |F| < 8 pN (Fig. 4). Moreover, it is noted that the
calculated results on the force dependences of velocity and run length
by including the unbinding from the strong affinity state are also in
good agreement with the available experimental data (Fig. 2c and d).

3.3. The calculated results of the force dependence of total unbinding rate
are consistent with the available single-molecule data

Our calculated results show that the dependence of the total un-
binding rate of kinesin from MT on the forward load (F < 0) exhibits
the slip characteristic (left panel of Fig. 5a). This is consistent with the
experimental data of Andreasson et al. [16] (right panel of Fig. 5a).
Moreover, the calculated results show that the dependence of the total
unbinding rate on the backward load (F > 0) exhibits the slip-catch-
slip characteristic (left panel of Fig. 5a). Examining the experimental
data of Andreasson et al. [16] (right panel of Fig. 5a), it is also noted
that the unbinding rate increases firstly with the increase of the back-
ward load in the range of 0 ≤ F ≤ 7 pN (the experimental data can be
fitted well with ε = ε0 exp (F/Fd), where ε0 = 0.85 s‐1 and Fd = 3.85
pN, not shown here). The unbinding rate at F ≈ 10 pN is smaller than
that at F ≈ 7 pN. After F ≈ 10 pN the unbinding rate increases again
with the increase of the backward load (the experimental data can be
fitted well with ε = ε0 exp (F/Fd), where ε0 = 0.96 s‐1 and Fd = 6.5 pN,
not shown here). Thus, our calculated data and the experimental data of
Andreasson et al. [16] under the backward loads are also consistent
with each other.

Our calculated results of the total unbinding rate versus the back-
ward load in the range of 0 ≤ F ≤ 15 pN are also in agreement with the
experimental data of Kunwar et al. [19], as shown in Fig. 5b. By fitting
to the experimental data of Schnitzer et al. [44], Kunwar et al. [19]
showed that in the range of 0 ≤ F < 5 pN the dependence of the
unbinding rate of kinesin from MT can be described well by
ε = ε0 exp (F/Fd), where ε0 = 1 s‐1 and Fd = 3.2 pN (dashed line in right
panel of Fig. 5b). In the range of 5.6 pN ≤ F ≤ 15 pN, Kunwar et al.
[19] showed that their experimental data (dots in right panel of Fig. 5b)
can be fitted with ε = a + bF, where a = 1.07 s‐1 and b = 0.186 s‐1pN‐1

(solid line in right panel of Fig. 5b). By comparison, our calculated data
in the range of 0 ≤ F < 5 pN can be fitted well with ε = ε0 exp (F/Fd),
where ε0 = 0.89 s‐1 and Fd = 3.2 pN (dashed line in left panel of
Fig. 5b), and our calculated data in the range of 6 pN ≤ F ≤ 15 pN
(dots in the left panel of Fig. 1b) are also close to the corresponding
experimental data of Kunwar et al. [19] (solid line in the left panel of
Fig. 1b).

Our calculated results of the total unbinding rate versus the back-
ward load in the small range of 0 ≤ F ≤ 5.5 pN are also consistent with
the experimental data of Coppin et al. [43], as shown in Fig. 5c. Both
the calculated data (left panel) and experimental data (right panel)
show that the unbinding rate increases exponentially with the increase
of the backward load and after reaching the maximum value at about 5
pN the unbinding rate decreases with the further increase of the
backward load.

Taken together, our studies and comparisons with the available
experimental data from different research groups indicate confidently
that the dependence of the total unbinding rate on the backward load
shows the slip-catch-slip characteristic.

Fig. 4. Unbinding rate of kinesin from MT versus longitudinal component of the
external force at saturating ATP concentration. Blue circles are the results under
the consideration that the kinesin can only unbind from MT in weak affinity
states. Dashed lines are the results under the consideration that the kinesin can
only unbind from MT in the strong affinity state. Red circles are the results
under the consideration that the kinesin can unbind from MT in both the weak
and strong affinity states. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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4. Concluding remarks

We study computationally the force dependence of the unbinding
rate of the kinesin motor during its processive movement on MT. Our
results show that the curve of the unbinding rate versus the external
force exhibits three distinct regions (see left panel of Fig. 5a). In the
range of about – 20 pN < F < 0, the unbinding rate is mainly at-
tributed to the unbinding occurring during Period I of the weak affinity
state. In the range of about 0 < F < 8 pN, the unbinding rate ε is
mainly attributed to the unbinding occurring during Period II of the
weak affinity state. In the range of about F > 8 pN, the unbinding rate
is mainly attributed to the unbinding occurring during the period of the
strong binding state. Furthermore, our calculations and comparisons
with the available experimental data indicate that the dependence of
the total unbinding rate on the backward load shows the characteristic
of slip-catch-slip bond. The mechanism of the slip-catch-slip bond is
revealed.

In addition, it is noted interestingly that when the unbinding from
the strong affinity state is negligible, the unbinding rate under the
backward load shows the characteristic of slip-catch bond (Fig. 3a).
This curve of the unbinding rate versus backward load (Fig. 3a) is si-
milar to the experimental one for dynein motor measured by Kunwar
et al. [19].
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