
royalsocietypublishing.org/journal/rsif
Research
Cite this article: Xie P. 2020 Dynamics of
ATP-dependent and ATP-independent

steppings of myosin-V on actin: catch-bond

characteristics. J. R. Soc. Interface 17:
20200029.

http://dx.doi.org/10.1098/rsif.2020.0029
Received: 14 January 2020

Accepted: 17 March 2020
Subject Category:
Life Sciences–Chemistry interface

Subject Areas:
biochemistry, biophysics, computational

biology

Keywords:
molecular motor, myosin-V, run length,

unbinding rate, catch bond
Author for correspondence:
Ping Xie

e-mail: pxie@aphy.iphy.ac.cn
Electronic supplementary material is available

online at https://doi.org/10.6084/m9.figshare.

c.4904448.

© 2020 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
Dynamics of ATP-dependent and
ATP-independent steppings of myosin-V
on actin: catch-bond characteristics
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Institute of Physics, Chinese Academy of Sciences, Beijing 100190, People’s Republic of China

PX, 0000-0003-1485-6355

An analytical theory is presented for the dynamics of myosin-V molecular
motor, where both ATP-dependent and ATP-independent steppings are
taken into account. Specifically, the dependences of velocity, run length and
unbinding rate upon both forward and backward loads andATP concentration
are studied, explaining quantitatively the diverse available single-molecule
data and providing predicted results. The results show that the unbinding
rate increases with the increase of ATP concentration and levels off at both
low and high ATP concentrations. More interestingly, at an ATP concentration
that is not very low, the unbinding rate exhibits characteristics of a catch-slip
bond under backward load, with the unbinding rate decreasing rapidly with
the increase of the backward load in the range smaller than about 2.5 pN
and then increasing slowly with the further increase of the backward load.
By contrast, under forward load the unbinding rate exhibits a slip-bond
characteristic.
1. Introduction
Myosin-V is a homodimeric molecular motor involved in various intracellular
transport processes [1]. It can move processively on an actin filament. Under no
or low external force or load, the processive stepping of the molecular motor
toward the barbed or positive end of actin (the forward direction) is powered by
the free energy released from the ATPase activity. The motor moves in a hand-
over-hand manner, with a step size of about 36 nm and an unloaded velocity of
about 500 nm s−1 at saturating ATP concentration [2–4].

Using high-resolution single-molecule optical trappings, it was determined
that the stall force of myosin-V, which is defined as the external force under
which the mean velocity is equal to zero, is around 3 pN [5,6]. The dependences
of the velocity, dwell time between two mechanical steps and ratio of forward to
backward steps (simply called stepping ratio) upon ATP concentration and exter-
nal force smaller than the stall force were well determined [5,6]. The dependence
of run length, which is defined as the distance travelled by an individual myosin-
V on an actin filament before unbinding, upon ATP concentration and external
force was also studied elaborately [7,8]. It was shown that in the range of ATP
concentration larger than 10 µM, as the ATP concentration increases the unloaded
run length decreases [7]. At saturating ATP concentration and under the external
force in the range of –5 pN (forward force) to 1.5 pN (backward force), the run
length is almost independent of the force although the velocity decreases
evidently with the force [8]. More interestingly, Gebhardt et al. [9] found that
besides the ATP-dependent processive stepping under the external force smaller
than the stall force, myosin-V can alsomake processive backward steppingwith a
step size of about 36 nm under the superstall force, which is almost completely
independent of the ATPase activity. Accordingly, the dependences of the velocity
uponATP concentration and the external force in thewide range from the forward
force to the backward force larger than the stall force were also revealed [9].
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Figure 1. Model of chemomechanical coupling of myosin-V at low ATP. (a–l ) Schematic illustrations of the chemomechanical coupling pathway (see text for
detailed description). The thickness of each arrow represents the magnitude of the transition rate or probability under no load. Inside box: (a0–c0) orientations
of the neck domain relative to motor domain bound to actin filament in different nucleotide states; (d0) the relative orientation of the two heads in the equilibrium
state with one head bound to actin and the other head detached from the actin, with the right panel corresponding to the side view of the left panel. Stars
represent the position of the gold particle labelled to the head used in the experiments of Andrecka et al. [31].
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Apart from the above-mentioned quantities such as the
velocity, dwell time and run length, the unbinding rate of
myosin-V from actin during its processivemovement is another
important quantity to characterize its dynamics. In addition, in
order to study theoretically and computationally the collective
transport of cargos by multiple myosin-V motors, besides
the force–velocity relation of the single myosin-V motors the
force–unbinding rate relation is also essential, the latter of
which has not received attention.

Although thedependencesofvelocityofmyosin-VuponATP
concentration and the external force in the range smaller than the
stall force have been extensively studied theoretically and com-
putationally [10–20], the theoretical study under the external
force in the range larger than the stall force has not been paid
much attention and the single-molecule data of Gebhardt et al.
[9] have not been explained quantitatively. The single-molecule
data of Clemen et al. [8], which showed that under the external
force in the range of –5 pN (forward force) to 1.5 pN (backward
force), while the velocity decreases evidently with the force the
run length is almost independent of the force, have not been
explained theoretically. Moreover, how the ATP concentration
and external force affect the unbinding rate is unclear. The pur-
pose of this work is to study theoretically the dynamics of
myosin-V under the external force in a wide range from the for-
ward force to the backward force larger than the stall force on the
basis of our proposed model, addressing the above-mentioned
unclear issues, which has strong implications for the stepping
mechanism of myosin-V.
2. The model
2.1. The chemomechanical coupling pathway
Themodel for the chemomechanical coupling ofmyosin-Vwas
proposed previously [21], which is set up on the basis of the
following experimental evidence and arguments. (i) Myosin
head in ADP or nucleotide-free (ϕ) state has a strong affinity
for actin, while in ATP or ADP.Pi state has a weak affinity
[22–26]. Moreover, it is argued that after ATP binding there is
a very short time period (of the order of microseconds) when
the affinity of the ATP-head to the local binding site on actin
(denoted by Ew1) is weaker than that to other binding sites
(denoted by Ew2) [21]. As explained previously [21,27], the
presence of this very short time period is due to the structural
change of the actin monomer induced by its strong interaction
with myosin head in ADP and ϕ states [28–30]. (ii) The orien-
tation of the neck domain of the myosin head relative to its
motor domain bound to actin depends on the nucleotide
state. In ATP or ADP.Pi state, the neck has random orientations
(figure 1a0) [32–38]. In ADP state, the neck has a fixed orien-
tation, tilting forward (the plus end of actin) (figure 1b0)
[25,33,38–42]. In ϕ state, the neck tilts forward further
(figure 1c0) [40–42]. (iii) It is argued that the residue elements
connecting the neck and coiled-coil stalk behave elastically,
having a small torsional/bendable elastic stiffness, rather
than behave completely flexibly, having zero torsional/bend-
able stiffness. When two heads are not bound to actin or
when one head is bound to actin and the other head is detached
from actin, the nonzero torsional/bendable elastic stiffness of
the residue elements would keep the two heads in a definite
relative position and orientation (figure 1d0, termed as equili-
brium conformation or state), which is in accord with the
available experimental and structural data [43–47]. This equili-
brium state of the dimer with one head binding to actin
filament dictates that the detached head would fluctuate on
the left side of the actin-bound head or the actin filament,
implying that during processive stepping when one head
detaches from the actin filament it always fluctuates
temporarily on the left side of the filament, explaining the
experimental data of Andrecka et al. [31].
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Figure 2. Model of chemomechanical coupling and unbinding of myosin-V at saturating ATP. (a–g) Schematic illustrations of the occurrence of the weak affinity
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under no load.
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The chemomechanical coupling pathway at low ATP is
illustrated in figure 1. At low ATP, ADP release and ATP bind-
ing are rate-limiting steps of the ATPase activity. Let us begin
the chemomechanical coupling cycle with both heads in ADP
state binding strongly to actin (figure 1a). The rate constant of
ADP release from the leading head is much smaller than that
from the trailing head (see next section).

First, consider ADP release from the trailing head
(figure 1b). After ATP binding, the trailing head detaches
easily from site II by overcoming the very weak affinity Ew1

and moves to the equilibrium position (figure 1c). Then, by
overcoming energy (EE) of retaining the detached head in the
equilibrium position and orientation relative to the
actin-bound head, the detached head can bind (with prob-
ability PE1) to site IV with affinity Ew2, releasing Pi
(figure 1d). Alternatively, by overcoming energy EE and
energy (EB) of bending the neck of the actin-bound ADP-
head, the detached head can rebind (with probability 1− PE1)
to site II with affinity Ew2, releasing Pi (figure 1a) (noting that
after ATP binding site II returns elastically to the normally
unchanged conformation in a time of the order of micro-
seconds). From figure 1a–d, a forward step was made.
Second, consider in figure 1a ADP release from the leading
head (figure 1e). After ATP binding, the leading head detaches
easily from site III by overcoming Ew1 and moves to the equili-
brium position (figure 1f ). Then, by overcoming energy EE, the
detached head can rebind (with probability PE1) to site III with
affinity Ew2, releasing Pi (figure 1a). Alternatively, by overcom-
ing energy EE and energy EB, the detached head can bind (with
probability 1− PE1) to site I with affinity Ew2, releasing Pi
(figure 1g). From figure 1a to 1g, a backward step was made.

In figure 1b, ADP can also release from the leading head
before ATP binding to the trailing head (figure 1h). In figure 1e,
ADP can also release from the trailing head before ATP binding
to the leading head (figure 1h). From figure 1h, after ATP bind-
ing to the trailing head, the head detaches easily from site II
by overcoming Ew1 and moves to the equilibrium position
(figure 1i). Then, by overcoming energy EE, the detached head
can bind (with probability PE2) to site IV with affinity Ew2,
releasing Pi (figure 1j). Alternatively, by overcoming energy
EE and energy (EB*) of bending the neck of the actin-bound
ϕ-head, the detached head can also rebind (with probability
1− PE2) to site II with affinity Ew2, releasing Pi (figure 1e).
From figure 1b–j, a forward step was made. From figure 1h,
after ATP binding to the leading head, the head detaches
easily from site III by overcoming Ew1 and moves to the equili-
brium position (figure 1k). Then, by overcoming energy EE,
the detached head can rebind (with probability PE2) to site III
with affinity Ew2, releasing Pi (figure 1b). Alternatively, by over-
coming energy EE and energy EB*, the detached head can also
bind (withprobability 1−PE2) to site Iwith affinityEw2, releasing
Pi (figure 1l ). From figure 1e to 1l, a backward step was made.

In figure 1,we only illustrate the chemomechanical coupling
of the motor without consideration of the unbinding of the
motor from actin. In figure 2, we illustrate the unbinding of
the motor during its processive movement. For simplicity,
we focus only on saturating ATP in figure 2. Let us still begin
the chemomechanical coupling cycle with both ADP-heads
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binding strongly to actin (figure 2a). After ADP release from the
trailing head and thenATP binding, the head detaches from site
II and moves to the equilibrium position (figure 2b). Then, the
detached head can either bind (with probability PE1) to site IV
(figure 2c) or bind (with probability 1− PE1) to site II (figure 2d).
In figure 2c, Pi release in the leading head can take place rapidly
before ADP release from the trailing head (figure 2e). Occasion-
ally,ADP release in the trailinghead can also take place before Pi
release from the leading head (figure 2f ). In figure 2f, during the
timeperiod (PeriodW)before Pi release in the actin-boundhead
takes place, themotor can unbind from actin by overcoming the
weak affinity Ew2. In figure 2d, Pi release in the trailing head can
take place rapidly before ADP release from the leading head
(figure 2a). Occasionally, ADP release in the leading head can
also takeplacebeforePi release fromthe trailinghead(figure2g).
In figure 2g, during the time period (PeriodW) before Pi release
in the actin-bound head takes place, themotor can unbind from
actin by overcoming the weak affinity Ew2. It is mentioned here
that in figure 2aADP release and thenATPbinding can also take
place occasionally in the leading head (not drawn here). If this
case occurs, the motor can either make a backward step or
make no movement, and occasionally Period W can occur,
during which the motor unbinds from actin.

Besides the unbinding during Period W, the motor also
has a small probability to unbind during other periods in a
chemomechanical coupling cycle (see Results).

2.2. Force-independent rate constants of ATPase activity
As done in optical-trapping experiments [5,6,8,9], consider an
external force, F, acting on the coiled-coil stalk that connects
the two necks of the two heads. Here, F is defined to be posi-
tive, namely, F > 0 when it is in the backward direction.

As done in previous work [21], it is proposed that the rate
constants of theATPaseactivityof the twoheadsare independent
of F in the range used in the optical-trapping experiments. It is
proposed, however, that the bending of the neck has a large
effect on the rate constant of ADP release (the rate-limiting step
of the ATPase activity) of the myosin head. In D-D state with
both heads in ADP state (e.g. figure 1a), the bending of the
neck of the leading head induces severe deformations of the
head and its nucleotide-binding site. Thus, the rate constant
(kð�Þ

D ) of ADP release of the leading head is much smaller than
that (kðþÞ

D ) of the trailing head that has little deformation. In ϕ-D
state with the trailing head in ϕ state and the leading head in
ADP state (e.g. figure 1b), the further forward rotation of the
neckof the trailing head alleviates the deformation of the leading
head relative to that in D-D state. Thus, the rate constant (kð�Þ

D� ) of
ADP release of the leading head in ϕ-D state is larger than kð�Þ

D in
D-D state but is smaller than kðþÞ

D . We take kð�Þ
D� ¼ CDk

ð�Þ
D , with

CD > 1. Additionally, both heads have the same rate constant of
Pi release, denotedby kP, and the same second-order rate constant
of ATP binding, denoted by kb. Since after ATP binding the ATP
hydrolysis takesplacevery rapidly, for simplicity,we take the rate
constant of ATP hydrolysis to be infinitely large.
3. Results and discussion
3.1. Velocity, stepping ratio and dwell time with

consideration of only ATP-dependent stepping
Since the rate constant of Pi release stimulated by actin is
much larger than that of ADP release, for approximation, in
this and next sections to study the velocity, stepping ratio
and dwell time we take kP to be infinitely large.

In our model, probabilities PE1 and PE2, as defined in
figure 1, are independent of ATP concentration. The expressions
for force dependences of PE1 and PE2 can be derived as follows.
Under the external force F, the rate for the detached head to
transit from the equilibrium state (e.g. figure 2b) to the state
binding to the front binding site on actin (e.g. figure 2c) can
be written as kF =C exp(− βFd(+)), where C is a constant inde-
pendent of F, β−1 = kBT is the thermal energy, and d(+) is the
characteristic distance for the transition. The rate for the
detached head to transit from the equilibrium state (e.g.
figure 2b) to the state binding to the rear binding site on actin
(e.g. figure 2d) can be written as kR =C exp(− βEB)exp(βFd

(−)),
where EB is the bending energy of the neck of the actin-bound
ADP-head when the detached head binds to the rear binding
site on actin, as defined above, and d(−) is the characteristic
distance for the transition. Probability PE1 can be calculated
with PE1 = kF/(kF + kR). Substitution of kF and kR into the
above equation yields

PE1 ¼ exp (bEB) exp (�aF)
exp (bEB) exp (�aF)þ 1

, ð3:1Þ

where α= β(d(+) + d(−)) is independent of F. Similarly, probability
PE2 has the form

PE2 ¼ exp (bEB
�) exp (�a�F)

exp (bEB
�) exp (�a�F)þ 1

, ð3:2Þ

where EB* is the bending energy of the neck of the actin-bound
ϕ-head when the detached head binds to the rear binding site
on actin, as defined above, and α* = β(d*(+) + d*(−)) is indepen-
dent of F, with d*(+) and d*(−) being the characteristic distances
for the detached head to transit from the equilibrium state
(e.g. figure 1i) to the states binding to the front and rear
binding sites on actin, respectively. Considering that the neck
of the actin-bound ϕ-head tilts forward more than that of the
ADP head, d(+) should be larger than d*(+) whereas d(−) should
be smaller than d*(−). Thus, for approximation, we have
d�ðþÞ þ d�ð�Þ � dðþÞ þ dð�Þ and α*≈ α.

First, we focus on saturating ATP. From figure 2,
the stepping ratio of the motor can be calculated by
r ¼ PE1k

ðþÞ
D =½ð1� PE1Þkð�Þ

D �. Substitution of equation (3.1)
into the above equation yields

r ¼ r(1�F=FS)
0 , ð3:3Þ

where r0 ¼ (kðþÞ
D =kð�Þ

D ) exp (bEB) is the stepping ratio at F = 0
and FS = ln(r0)/α is the stall force. With equation (3.3),
equation (3.1) can be rewritten as

PE1 ¼ r(1�F=FS)
0

r(1�F=FS)
0 þ kðþÞ

D =kð�Þ
D

: ð3:4Þ

The velocity of the motor can be calculated by

v ¼ [PE1k
ðþÞ
D � (1� PE1)k

ð�Þ
D ]d, ð3:5Þ

where d = 36 nm is the step size. The mean dwell time between
two mechanical steps can be written as [21]

Td ¼ 1

kðþÞ
D PE1 þ kð�Þ

D ð1� PE1Þ
: ð3:6Þ

Then, we focus on non-saturating ATP. Based on the
pathway of figure 1, it is difficult to obtain an exactly analytical
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solution to the dynamics. Here, we present an approxima-
tely analytical solution. For simplicity of treatment, the
overall ATPase rate of the trailing head can be approximately
written as

kðþÞ ¼ kðþÞ
D kb½ATP�

kðþÞ
D þ kb½ATP�

: ð3:7Þ

TheoverallATPase rateof the leadingheadcanbeapproximately
written as [21]

kð�Þ ¼ (1� Pf)
kð�Þ
D kb½ATP�

kð�Þ
D þ kb½ATP�

þ Pf
kð�Þ
D� kb½ATP�

kð�Þ
D� þ kb½ATP�

, ð3:8Þ

where Pϕ is the probability of ADP release in the leading
head when the trailing head is nucleotide free, which can be
calculated by

Pf ¼ kð�Þ
D�

kð�Þ
D� þ kb½ATP�

: ð3:9Þ

After ATP binding to the trailing head, the occurrence prob-
ability of the equilibrium state with the actin-bound head
bound with ADP (e.g. figure 1c) is denoted by PðþÞ

D and the
occurrence probability of the equilibrium state with the actin-
bound head being nucleotide free (e.g. figure 1i) is then
1� PðþÞ

D . PðþÞ
D can be calculated by

PðþÞ
D ¼ kb½ATP�

kð�Þ
D� þ kb½ATP�

: ð3:10Þ

After ATP binding to the leading head, the occurrence
probability of the equilibrium state with the actin-bound
head bound with ADP (e.g. figure 1f ) is denoted by Pð�Þ

D
and the occurrence probability of the equilibrium state with
the actin-bound head being nucleotide free (e.g. figure 1k)
is then 1� Pð�Þ

D . Pð�Þ
D can be calculated by

Pð�Þ
D ¼ kb½ATP�

kðþÞ
D þ kb½ATP�

: ð3:11Þ

Thus, after ATP binding to the trailing head, the overall
probability of a forward stepping of the motor has the form

PEF ¼ PðþÞ
D PE1 þ (1� PðþÞ

D )PE2: ð3:12Þ

After ATP binding to the leading head, the overall
probability of a backward stepping of the motor has the form

PEB ¼ Pð�Þ
D (1� PE1)þ (1� Pð�Þ

D )(1� PE2): ð3:13Þ

In equations (3.12) and (3.13), PE1 can be calculated with
equation (3.4). With equations (3.1)–(3.4), equation (3.2) for
PE2 can be rewritten as

PE2 ¼ Crr
(1�F=FS)
0

Crr
(1�F=FS)
0 þ kðþÞ

D =kð�Þ
D

, ð3:14Þ

where Cr ¼ exp [b(EB� � EB)]. Since EB* > EB, we have Cr≫ 1.
As done before [21], we fix Cr = 100, equivalent to EB* – EB =
4.6 kBT.

The stepping ratio of the motor can be approximately
calculated by

r ¼ PEFkðþÞ

PEBkð�Þ : ð3:15Þ
The velocity of the motor can be approximately calculated by

v ¼ (PEFkðþÞ � PEBkð�Þ)d: ð3:16Þ

The mean dwell time between two mechanical steps can
be approximately calculated by

Td ¼ 1
PEFkðþÞ þ PEBkð�Þ : ð3:17Þ

From equations (3.7) to (3.17), it is noted that at saturating
ATP, equations (3.15), (3.16) and (3.17) reduce to equations
(3.3), (3.5) and (3.6), respectively.

As shown before [21,48], using the above equations the
available single-molecule data on force dependences of step-
ping ratio r, velocity v and mean dwell time Td at different
ATP concentrations can be reproduced well with adjustable
parameters kðþÞ

D , kð�Þ
D , r0, FS, kb and CD. For example, with

kðþÞ
D ¼ 14 s�1, kð�Þ

D ¼ 0:16 s�1, kb = 0.25 µM−1s−1, r0 = 6000,
FS = 2.75 pN and CD = 6 (table 1), the single-molecule data
of Uemura et al. [6] on force dependences of r, v and Td at
both saturating (1 mM) and low (10 µM) ATP concentrations
for chick brain myosin-V can be reproduced well (figure 3)
(electronic supplementary material).
3.2. Velocity with consideration of both ATP-dependent
and ATP-independent steppings

In the above section, we have only considered the ATP-
dependent stepping to study the motor dynamics, which is
applicable to the case in the range of F smaller than the
stall force under some experimental conditions, e.g. under
the conditions of Uemura et al. [6]. In this section, we consider
both the ATP-dependent and ATP-independent steppings.

In our model, the ATP-independent stepping arises from
the detachment of one head in strong actin-binding state (ϕ or
ADP state) from actin when the other head is binding fixedly
to the actin. Under the external force F, the rate of the leading
head in strong actin-binding state to detach from actin can be
written as

kð�Þ
s ¼ kð�Þ

s0 exp
F

Fð�Þ
d

 !
, ð3:18Þ

where kð�Þ
s0 is detaching rate of the leading head under no exter-

nal force on the motor and Fð�Þ
d is the characteristic detachment

force. Similarly, the rate of the trailing head in strong actin-
binding state to detach from actin can be written as

kðþÞ
s ¼ kðþÞ

s0 exp � F

FðþÞ
d

 !
, ð3:19Þ

where kðþÞ
s0 is detaching rate of the trailing head under no exter-

nal force on the motor and FðþÞ
d is the characteristic detachment

force. For approximation, we take FðþÞ
d ¼ Fð�Þ

d ¼ Fd. Since in the
state with two heads binding strongly to actin (e.g. figure 2a)
the internal force arising from the bending of the necks acts
on the two heads in different directions, the detaching rates
kð�Þ
s0 for the leading head and kðþÞ

s0 for the trailing head would
have different values.

As in the case of the head bound weakly to actin, assum-
ing that the neck of the detached head in any nucleotide state
also has random orientations, it is noted that by considering
both the ATP-dependent and ATP-independent steppings,
equation (3.15) for stepping ratio, equation (3.16) for velocity



Table 1. Parameter values for different myosin-V (MV) motors under different experimental conditions. Symbol ‘—’ denotes that the value is not required in
the calculation.

parameter

chick brain MV under
condition of Uemura
et al. [6]

chick brain MV under
condition of Gebhardt
et al. [9]

murine MV under
condition of Zhang
et al. [7]

chick brain MV under
condition of Clemen
et al. [8]

kðþÞ
D (s−1) 14 ± 1 8 ± 1 13.4 ± 0.8 10.3 ± 0.6

kð�Þ
D (s−1) 0.16 ± 0.02 0.07 ± 0.03 — 0.13 ± 0.04

kb (μM
−1s−1) 0.25 ± 0.04 1.8 ± 0.2 0.42 ± 0.05 —

r0 6000 ± 2000 6000a — 1000 ± 400

FS (pN) 2.75 ± 0.06 2.75a — 4 ± 0.5

CD 6 ± 1.2 6a — —

kð�Þ
s0 (s−1) — 1.4 ± 0.2 — 0.095 ± 0.016

kðþÞ
s0 (s−1) — 0.13 ± 0.05 — 0e

Fd (pN) — 4.6 ± 0.3 — 4.6c

kP (s
−1) — 82b 280 ± 20 82 ± 8

εs0 (s
−1) — 0.06b 0.06 ± 0.008 0.06d

aValues are taken to be the same as those under condition of Uemura et al. [6].
bValues are taken to be the same as those under condition of Clemen et al. [8].
cValue is taken to be the same as that under condition of Gebhardt et al. [9].
dValue is taken to be the same as that under condition of Zhang et al. [7].
a,b,c,d,eValues are not adjustable in fitting the experimental data.
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and equation (3.17) for mean dwell time at non-saturating
ATP can be replaced by the following equations:

r ¼ PEF(kðþÞ þ kðþÞ
s )

PEB(kð�Þ þ kð�Þ
s )

, ð3:20Þ

v ¼ [PEF(kðþÞ þ kðþÞ
s )� PEB(kð�Þ þ kð�Þ

s )]d ð3:21Þ
and Td ¼ 1

PEF(kðþÞ þ kðþÞ
s )þ PEB(kð�Þ þ kð�Þ

s )
: ð3:22Þ

Now, we use the above equations to fit the single-molecule
data of Gebhardt et al. [9] on the dependence of velocity upon
force and ATP concentration for chick brain myosin-V. We use
the same values of parameters r0, FS and CD as those used in
figure 3 (table 1). With adjustable parameters kðþÞ

D ¼ 9 s�1,
kð�Þ
D ¼ 0:08 s�1, kb = 1.8 µM−1 s−1, kð�Þ

s0 ¼ 1:4 s�1 and Fd =
4.6 pN (table 1), the single-molecule data [9] can be reproduced
well (figure 4) (electronic supplementary material).

Intriguingly, the single-molecule data of Gebhardt et al.
[9] showed that the distribution of dwell time for backward
steps under superstall force (F > 3 pN) has a biphasic charac-
ter, namely, the distribution can be fitted well by the sum of
two single exponentials with two positive amplitudes. Based
on our model, we provide a quantitative explanation of this
biphasic character (see appendix A).

3.3. Unbinding rate and run length
In our model, during the processive stepping the unbinding of
the motor from actin occurs mainly during Period W
(figure 2), especially at high ATP concentrations. The
expression for the unbinding rate by considering that the
unbinding can occur only during Period W can be derived
as follows.

PeriodWcomes from the state of themotorwithonehead in
ADP or ϕ state binding strongly to actin and the other head in
ADP.Pi state binding weakly to actin with affinity Ew2 (e.g.
figure 2c,d). (i) In the state with the trailing head in ADP or ϕ
state and the leading head in ADP.Pi state (e.g. figure 2c), if
ADP release and ATP binding in the trailing head take place
before Pi release in the leading head, Period W occurs. (ii) In
the state with the trailing head in ADP.Pi state and the leading
head in ADP or ϕ state (e.g. figure 2d), if ADP release and ATP
binding in the leading head take place before Pi release in the
trailing head, Period W also occurs. Since the occurrence of
PeriodW is determined by the rate constant of Pi release rela-
tive to that ofADP release, the large rate constant of Pi release,
kP, must be taken into account to study the unbinding rate.

First, we focus on saturating ATP. In one ATPase cycle, the
occurrence probability of case (i) can be calculated by
PE1k

ðþÞ
D =ðkðþÞ

D þ kPÞ and the occurrence probability of case (ii)
can be calculated by (1� PE1)k

ð�Þ
D =ðkð�Þ

D þ kPÞ. Thus, the occur-
rence probability of Period W in one ATPase cycle can be
calculated by

Pw ¼ PE1
kðþÞ
D

kðþÞ
D þ kP

þ (1� PE1)
kð�Þ
D

kð�Þ
D þ kP

: ð3:23Þ

The total ATPase rate can be calculated by

k ¼ kðþÞ
D þ kð�Þ

D : ð3:24Þ

Supposing that the motor unbinds from actin when Period
Woccurs, the unbinding rate by considering that the unbinding
can occur only during Period W can be calculated by

1w ¼ kPw: ð3:25Þ

Then, we focus on non-saturating ATP. In one ATPase cycle, the
occurrence probability of case (i) can be approximately calcu-
lated by PEFk

(+)/(k(+) + kP) and the occurrence probability of
case (ii) can be approximately calculated by PEBk

(−)/(k(−) + kP).
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Thus, the occurrence probability of Period W in one ATPase
cycle can be approximately calculated by

Pw ¼ PEF
kðþÞ

kðþÞ þ kP
þ PEB

kð�Þ

kð�Þ þ kP
: ð3:26Þ

The total ATPase rate can be approximately calculated by

k ¼ kðþÞ þ kð�Þ: ð3:27Þ
The unbinding rate by considering that the unbinding can
occur only during Period W can still be calculated by equation
(3.25), but with k being calculated by equation (3.27) and Pw

being calculated by equation (3.26).
Besides unbinding during Period W, the motor can also

unbind with a small probability during other periods when
the motor binds strongly to actin in a chemomechanical coup-
ling cycle. Since in a chemomechanical coupling cycle the
motor is almost always in the state with both heads binding
strongly to actin, the unbinding during other periods except
Period W should occur mainly in the period with both heads
binding strongly to actin. Thus, the unbinding rate during
other periods except Period W, which is denoted by εs,
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should be approximately a constant value independent of
ATP concentration. According to Kramers, theory, the force
dependence of εs can be written as

1s ¼ 1s0 exp
jFj
Fd

� �
, ð3:28Þ

where ϵs0 is the unbinding rate atF = 0 andFd is the characteristic
unbinding force, as defined in the above section.

The total unbinding rate can be written as

1 ¼ 1w þ 1s: ð3:29Þ
The run length can be calculated by

L ¼ v
1
: ð3:30Þ

First, we use the above equations to fit the single-molecule
data of Zhang et al. [7] on dependences of velocity v, run length
L andunbinding rate ε uponATP concentration under no exter-
nal force for murine myosin-V. With above-fitted values for
chick brain myosin-V under experimental conditions of
Uemura et al. [6] and Gebhardt et al. [9] (table 1), we obtain
PE1 ≈ 1 and PE2 ≈ 1 under F = 0. Thus, to fit the experimental
data of Zhang et al. [7] on dependence of v upon ATP concen-
tration under F = 0, for approximation, only parameters kðþÞ

D
and kb are required. Moreover, to fit the experimental data on
dependence of L and ε upon ATP concentration under F = 0,
two additional parameters kP and εs0 are required. With adjus-
table parameters kðþÞ

D ¼ 13:4 s�1, kb = 0.42 µM−1s−1, kP = 280 s−
1 and εs0 = 0.06 s−1 (table 1), the single-molecule data [7] can be
reproduced well (figure 5) (electronic supplementary
material). For comparison, in figure 5b,c (dashed lines), we
also show the theoretical results calculated by considering
that the unbinding can occur only during Period W.
Interestingly, from figure 5c, it is seen that the unbinding
rate decreases with the decrease of ATP concentration, result-
ing in the run length increasing with the decrease of ATP
concentration in the range of [ATP] > 12 µM (Figure 5b).
However, with the further decrease of ATP concentration in
the range of [ATP] < 12 µM, the run length decreases when
the total unbinding is considered (solid line in Figure 5b).
This is because in the range of [ATP] < 12 µM, as [ATP]
decreases the total unbinding rate becomes nearly levelled
off (solid line in figure 5c) and the sensitive decrease of v
with the decrease of [ATP] (figure 5a) results in the decrease
of the run length.

Then, we fit the single-molecule data of Clemen et al. [8] on
dependences of velocity v, run length L and unbinding rate ε
upon external force F in the range of F < 2.5 pN at saturating
ATP for chick brain myosin-V. As noted from figure 4, in the
range of F < 2.5 pN the ATP-independent stepping makes
a much smaller contribution to the movement than
ATP-dependent stepping. Thus, for approximation, we neglect
the ATP-independent stepping here. As in figure 4, we take
Fd = 4.6 pN, and as in figure 5, we take εs0 = 0.06 s−1. With
adjustable parameters kðþÞ

D ¼ 10:3 s�1, kð�Þ
D ¼ 0:13 s�1, r0 =

1000, FS = 4 pN and kP = 82 s−1 (table 1), the single-molecule
data [8] can be reproduced well (figure 6) (electronic sup-
plementary material). For comparison, in figure 6b,c (dashed
lines), we also show the theoretical results calculated by consid-
ering that the unbinding can occur only during PeriodW. From
figure 6a,b, it is seen that both the theoretical and experimental
data showed that in the range of F =−5 to 1.5 pN the run length
is almost independent of F, although the velocity decreases
evidently with the increase of F for F > 0. More interestingly,
from figure 6c, it is seen that under the backward force in the
range of F < 2.5 pN, the unbinding rate has the characteristic
of a catch bond, with the unbinding rate decreasing with the
increase of the backward force.
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Up to now, we have fitted the available experimental data
on the dynamics ofmyosin-V. Then,we provide somepredicted
results, which can be tested easily using single-molecule optical
trappings. With parameter values for chick brain myosin-V
under experimental conditions of Gebhardt et al. [9] (table 1)
and by additionally taking kP = 82 s−1 and εs0 = 0.06 s−1, as
given in figure 6, we show the predicted results on force depen-
dences of velocity v, run length L and unbinding rate ε at
different ATP concentrations (figure 7). Interestingly, from
figure 7c, it is seen that at very low ATP (1 µM) the unbinding
rate has the characteristic of a slip bond for both the forward
and backward loads. By contrast, at an ATP concentration
that is not very low (e.g. ≥ 5 µM), the unbinding rate has the
characteristic of a catch-slip bond for the backward load and
the characteristic of a slip bond for the forward load.
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In figure 6, we show the results in the range of F< 2.5 pN at
saturatingATP for chick brainmyosin-Vunderexperimental con-
ditions ofClemen et al. [8].Now,wegive results in the large range
of F. With consideration of only ATP-dependent stepping, as
done in figure 6, the force dependences of run length L and
unbinding rate ε are shown in figure 8a (dashed line) and
figure 8b, respectively. With consideration of both ATP-depen-
dent and ATP-independent steppings, we still take Fd = 4.6 pN
as in figure 4. With adjustable parameter kð�Þ

s0 ¼ 0:095 s�1, the
theoretical data (solid line in figure 8a) reproduce the experimen-
tal data of Clemen et al. [8]. Here, for approximation, we take
kðþÞ
s0 ¼ 0 because kðþÞ

s0 � kð�Þ
s0 . Thepredicted results of theunbind-

ing rate versus F are shown in figure 8b. Note thatwhether for the
case with inclusion of the ATP-independent backward stepping
or not, we have the same unbinding rate. From figure 8b, we
see that at saturating ATP, the unbinding rate has the catch-slip-
bond characteristic for the backward load and the slip-bond
characteristic for the forward load, as indicated in figure 7c.
4. Concluding remarks
The dynamics of myosin-V is studied theoretically based on
our proposed model. In the studies, both ATP-dependent and
ATP-independent steppings are considered. Specifically, the
dependences of velocity, run length and unbinding rate upon
external force and ATP concentration are studied, giving quan-
titative explanations of the available single-molecule data and
providing predicted results. Interestingly, the results show
that the unbinding rate increases with the increase of ATP
concentration and levels off at both low and high ATP concen-
trations. More interestingly, at an ATP concentration that is
not very low, the unbinding rate exhibits the catch-slip-bond
characteristic under the backward load, with the unbinding
rate decreasing rapidly with the increase of the backward
load in the range smaller than about 2.5 pN and then increas-
ing slowly with the increase of the backward load. By
contrast, under the forward load, the unbinding rate exhibits
the slip-bond characteristic. In the future, we should rely on
these force and ATP-concentration dependences of velocity
and unbinding rate to study theoretically and/or computa-
tionally the collective transport by multiple myosin-V
motors.
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Appendix A. Biphasic character of dwell-time
distribution for backward steps under
superstall force
We suppose that there are two strong actin-binding states of
a myosin head. One is state S1 and the other is state S2, with
state S2 having a slightly larger affinity to actin than
state S1. Upon the detached ADP-head or ϕ-head binding
strongly to actin, the head is initially in state S1. Then,
state S1 transits to state S2, with the rate constant of the
transition being denoted by kð�Þ

tr for the leading head and
by kðþÞ

tr for the trailing head. Both rate constants kð�Þ
tr and

kðþÞ
tr are independent of F in the range used in the optical-
trapping experiments. Under the backward force F, the
rate of the leading head in state S1 to detach from actin is
denoted by kð�Þ

s1 and in state S2 is denoted by kð�Þ
s2 . Evidently,

kð�Þ
s1 . kð�Þ

s2 .
Here, we focus on superstall force (F > 3 pN). As shown in

the main text, under F > 3 pN, the average rate of the leading
head in strong actin-binding state to detach from actin, kð�Þ

s ,
is much larger than the rate of the leading head to detach
from actin arising from ATP binding, k(−). In addition, PE1≈ 0
and PE2≈ 0 under F > 3 pN. Thus, the backward stepping
rate is approximately equal to kð�Þ

s1 in state S1 and kð�Þ
s2 in

state S2. Consequently, the pathway of a backward step
under F > 3 pN can be described by the following scheme:

S
1

S
2

B

k
tr
(–)

k
s1
(–) k

s2
(–)

In the scheme, S1 and S2 represent state S1 and state S2 of
the leading head, respectively, and B represents the state
when the leading head becomes the trailing one, i.e. the tran-
sition to B represents that a backward step occurs. Denoting
by PS1, PS2 and PB the probabilities of states S1, S2 and B,
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Figure 9. Results for biphasic character of dwell-time distribution for back-
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respectively, the probability density for the dwell time, f (t),
can be calculated with following differential equations:

dPS1

dt
¼ �(kð�Þ

tr þ kð�Þ
s1 )PS1, ðA1Þ

dPS2

dt
¼ kð�Þ

tr PS1 � kð�Þ
s2 PS2 ðA2Þ

and
dPB

dt
¼ kð�Þ

s1 PS1 þ kð�Þ
s2 PS2, ðA3Þ

with the initial condition PS1(t = 0) = a, PS2(t = 0) = 1− a and
PB(t = 0) = 0, where a is the probability of the leading head
in state S1 at t = 0, which can be calculated with

a ¼ kð�Þ
s

kðþÞ
tr þ kð�Þ

s

: ðA4Þ

The force dependences of kð�Þ
s1 and kð�Þ

s2 can be written as

kð�Þ
s1 ¼ kð�Þ

s01 exp
F
Fd

� �
ðA5Þ

and

kð�Þ
s2 ¼ kð�Þ

s02 exp
F
Fd

� �
, ðA6Þ

where Fd is the characteristic unbinding force, as defined in
the main text, and kð�Þ

s01 . kð�Þ
s0 and kð�Þ

s02 , kð�Þ
s0 , with kð�Þ

s0
being the mean detaching rate of the leading head in strong
actin-binding state at F = 0, as defined in the main text.

The probability density for the dwell time can be calculated
by f(t) = dPB/dt. Solving equations (A 1)–(A 3), we finally obtain

f(t) ¼ Z1l1 exp (�l1t)þ Z2l2 exp (�l2t), ðA7Þ
l1 ¼ kð�Þ

tr þ kð�Þ
s1 , ðA8Þ

l2 ¼ kð�Þ
s2 , ðA9Þ

Z1 ¼ a(kð�Þ
s1 � kð�Þ

s2 )

kð�Þ
tr þ kð�Þ

s1 � kð�Þ
s2

ðA10Þ

and Z2 ¼ kð�Þ
tr þ ð1� aÞ(kð�Þ

s1 � kð�Þ
s2 )

kð�Þ
tr þ kð�Þ

s1 � kð�Þ
s2

: ðA11Þ

With equations (A 10) and (A 11), the amplitude ratio has
the form

Z2

Z1
¼ kð�Þ

tr þ ð1� aÞ(kð�Þ
s1 � kð�Þ

s2 )

a(kð�Þ
s1 � kð�Þ

s2 )
: ðA12Þ

As expected, from equations (A 10) and (A 11) it is seen that
Z1 +Z2 = 1. Since 0 < a ≤ 1 and kð�Þ

s1 . kð�Þ
s2 , from equations

(A 10) and (A 11) it is noted that Z1 > 0 and Z2 > 0. Thus, from
equation (A 7) we see that the dwell-time distribution for the
backward steps under superstall force (F > 3 pN) has the
biphasic character, with the sum of two single exponentials,
one having a rate constant λ1 and amplitude Z1 and the
other having a rate constant λ2 and amplitude Z2. This bipha-
sic character is consistent with the experimental data of
Gebhardt et al. [9]. Specifically, using equations (A 5), (A 6),
(A 8) and (A 9), with Fd = 4.6 pN given in table 1 and by
adjusting kð�Þ

s01 ¼ 3:5 s�1, kð�Þ
s02 ¼ 0:6 s�1 and kð�Þ

tr ¼ 5 s�1, the
theoretical data of rate constants λ1 and λ2 versus F are
in quantitative agreement with the experimental data of
Gebhardt et al. [9] (figure 9a). Moreover, using equations
(A 4)–(A 6) and (A 12), with above parameter values for
kð�Þ
s01 , k

ð�Þ
s02 and kð�Þ

tr , with Fd = 4.6 pN and kð�Þ
s0 ¼ 1:4 s�1 given

in table 1 and by adjusting only kðþÞ
tr ¼ 0:16 s�1, the theoretical

data of amplitude ratioZ2/Z1 are also close to the experimental
data [9] (figure 9b).
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