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Abstract: A general kinetic model is presented for the chemomechanical coupling of dimeric kinesin
molecular motors with and without extension of their neck linkers (NLs). A peculiar feature of the
model is that the rate constants of ATPase activity of a kinesin head are independent of the strain
on its NL, implying that the heads of the wild-type kinesin dimer and the mutant with extension of
its NLs have the same force-independent rate constants of the ATPase activity. Based on the model,
an analytical theory is presented on the force dependence of the dynamics of kinesin dimers with and
without extension of their NLs at saturating ATP. With only a few adjustable parameters, diverse
available single molecule data on the dynamics of various kinesin dimers, such as wild-type kinesin-1,
kinesin-1 with mutated residues in the NLs, kinesin-1 with extension of the NLs and wild-type
kinesin-2, under varying force and ATP concentration, can be reproduced very well. Additionally, we
compare the power production among different kinesin dimers, showing that the mutation in the NLs
reduces the power production and the extension of the NLs further reduces the power production.
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1. Introduction

Motor proteins, also called molecular motors, are important classes of macromolecules that play
critical roles in supporting and maintaining various biological processes [1,2]. Kinesins are a superfamily
of motor proteins capable of moving on microtubule (MT) filaments by using the energy from ATP
hydrolysis to perform diverse functions such as the transport of intracellular cargoes, responsibility of
chromosome segregation during cell division, etc. [3-9]. Among the kinesin superfamily [10], kinesin-1
and kinesin-2 motors are two typical families that have been studied extensively and intensively.
A kinesin-1 motor has two identical N-terminal heads that are connected together by a coiled-coil
stalk through their neck linkers (NLs) (each consisting of 14 amino acid residues) [11]. An example of
kinesin-2 motors is vertebrate KIF17 that is also a homodimer but with the NL in each head having 17
residues [12]. Both families of kinesin dimers can move stepwise and progressively on MT filaments in
a hand-over-hand manner and toward the plus end of MT in about 8.2 nm increments—the periodicity
of an MT filament [13]. Important and interesting issues related to the motors are how the chemical
reaction of ATPase activity couples with the mechanical stepping (i.e., the chemomechanical coupling)
and their movement dynamics [14].

With various experimental methods, the dynamics of the kinesin motors has been investigated in
detail. In particular, using single-molecule optical trappings the dependences of the velocity upon the
external force acting on the coiled-coil stalk and upon the ATP concentration were determined [15-26].
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The velocity decreases with the increase of the external force resisting the forward movement (called
backward force). The velocity increases with the increase of ATP concentration, satisfying the
Michaelis-Menten kinetics. Furthermore, it was revealed that extending the NLs of kinesin-1 dimer
such as human kinesin-1 reduces both the velocity and stall force [26]. More puzzlingly, the experimental
data revealed that under no external force, multiple ATP molecules are hydrolyzed per mechanical
step for the human kinesin-1 dimer with extension of the NLs [26] while for the wild-type (WT) case
about one ATP molecule is consumed per mechanical step [15,27]. To explain these experimental data,
a lot of models have been proposed in the literature [14,26,28-36]. Most of the models argued that the
ATPase activity of the kinesin motor is regulated by the strain on the NLs. In those models, it was
proposed that the external backward force, which affects the strain on the NLs, results in the reduction
of the ATPase rate and thus the velocity, and the extension of the NLs, which also affects the strain on
the NLs, reduces the ATPase rate and thus the velocity. Recently, with a simplified model proposing
that the external force does not affect the rate constants of ATPase activity we studied the dynamics
of WT kinesin-1 dimers under varying external force, reproducing quantitatively diverse available
single-molecule data for WT kinesin-1 dimers [37,38]. Using complicated numerical simulations of
the mechanical motion coupled with ATPase activity, the dynamics of the WT dimers and that of the
mutant ones with extension of their NLs were investigated [39,40]. Nevertheless, an analytical and
simple theory is desirable to explain consistently both the dynamics of the WT dimers and that of the
mutants with extension of their NLs.

In this work, inspired by previous studies [37—40], we present a general kinetic model for the
chemomechanical coupling pathway to study the dynamics of both WT and mutant kinesin dimers
with extension of their NLs under varying external force and ATP concentration. In our model, the rate
constants of ATPase activity are independent of both the external force on the NLs and the length of
the NLs. Based on the model, we study analytically the dynamics of kinesin dimers with and without
extension of their NLs at saturating ATP and study numerically the dynamics at non-saturating ATP.
With only a few adjustable parameters, the theoretical and numerical data explain quantitatively the
diverse available single-molecule data on kinesin-1 dimers with and without extension of their NLs as
well as kinesin-2 KIF17. Moreover, to compare performance among different species of kinesin dimers
we study analytically their power production and efficiency, showing that the power production and
efficiency by the mutant dimer are greatly reduced compared to the WT dimer.

2. Results and Discussion

2.1. The Model

We first describe the model for the chemomechanical coupling pathway of kinesin dimer, based
on which our theoretical analyses are made. The model is built up on the basis of the following three
pieces of experimental and computational evidence and/or arguments.

(1) A kinesin head in nucleotide-free (¢), ATP, or ADP.Pi state binds strongly to MT whereas in
ADP state binds weakly to MT, as experimental data showed [41-45]. Additionally, immediately after
Pi release there is a very short time period ¢ (in the order of us) when the ADP-head has a lower
affinity to the local binding site (denoted by E;1) on MT than that to other binding sites (denoted
by E.»), as all-atom molecular dynamics (MD) simulations indicated [46]. This can be understood
as follows [46,47]. The large conformational changes in the local MT tubulin induced by the strong
interaction with ¢-, ATP- or ADP.Pi-head [48] result in the local tubulin having a further weaker
interaction with the ADP-head than other unperturbed tubulins. As the weak interaction between
the ADP-head and MT can hardly induce the conformational change of the MT-tubulin [46], in the
time t; after Pi release from the MT-bound ADP.Pi head the local MT-tubulin returns to the normally
unchanged conformation, with the binding energy of the local MT-tubulin to the ADP-head becoming
the same as other tubulins.
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(2) When an MT-bound head is in ATP or ADP.Pi state, its NL can dock into its motor domain
whereas in ¢ or ADP state its NL cannot dock [49,50]. Structural analyses showed that the NL docking
involves NL strand 9 forming a cover-neck bundle with strand 0 of the motor domain [22,51], which
can occur when the two strands are in proximity.

(3) An interaction exists between the MT-bound head and detached ADP-head. When the
MT-bound head is in ADP or ¢ state, with undocked NL, the two heads have a high binding energy,
while when the MT-bound head is in ATP or ADP.Pi state, with docked NL, the binding energy
is reduced greatly, as recent all-atom MD simulations indicated (see Figure S1 in Supplementary
Information, which is reproduced from Shi et al., to be published in Proteins).

The proposed chemomechanical coupling pathway at low ATP is schematically illustrated in
Figure 1. We begin with the trailing head in ATP state binding strongly to binding site Il on MT while
the leading head in ¢ state binding strongly to site III (Figure 1a). After an ATPase activity (ATP
hydrolysis and Pi release) taking place in the trailing head, the ADP-head has a low affinity (E,y1) to
the local site II for a very short time period ¢, in the order of ps. During f, it is most probable (with a
probability Py) that the ADP-head escapes from the potential well of depth E,y; and then diffuses to the
intermediate (INT) position relative to the MT-bound head, where the two heads have a high binding
energy (Figure 1b). If the ADP-head has not escaped from the potential well of depth E,,; within ¢,
(with probability 1-Py), after the depth of the potential well changes to Eyy, the ADP-head is almost
unable to escape from the potential well until ADP is released. Then, ATP binding, ATP hydrolysis, and
Pi release take place in the trailing head (the transition shaded in light green). The trailing ADP-head
then diffuses to the INT position with probability Py (Figure 1b), as just mentioned above. This INT
(or one-head-bound) state (Figure 1b) is consistent with the available cryo-EM image [52] and recent
all-atom MD simulations (Shi et al., to be published in Proteins) showing that one head in ¢ state binds
to MT and the other head is in the above position of the MT-bound head. After ATP binding to the
MT-bound head, NL docking takes place, weakening the interaction between the two heads (Figure 1c).
Then, by overcoming the weak binding energy (Ej) between the two heads and the energy change
(AEnL) arising from the stretching of the NLs, the ADP-head (with a probability Pg) diffuses to and
binds to the nearest front binding site IV on MT with affinity E,y», and ADP is released (Figure 1d).
From Figure 1a to b to c to d, a forward step was made by hydrolyzing an ATP molecule. From
Figure 1c, it is also possible (with probability 1-Pg) that by overcoming Ej, NL-docking energy (Ep) of
the MT-bound head and AEy;, the ADP-head diffuses to and binds to the previous site II with affinity
E.» (noting that after Pi release the binding energy of site II for ADP-head changes rapidly from E,,; to
Ey in time ¢, in the order of ps), and ADP is released (Figure 1e). The transition (from Figure la to b to
c to e) gives a futile chemomechanical coupling cycle.

In Figure le after the ATPase activity (ATP hydrolysis and then Pi release) taking place in the
leading head, there are also two possible cases that can occur. There is a probability 1-Py that the head
still binds to site III but an ATPase cycle (consisting of ADP release, ATP binding, ATP hydrolysis, and
then Pi release) takes place (the transition shaded in light green). There is also a probability Py that the
ADP-head diffuses to the INT position (Figure 1f). ATP binding to the MT-bound head induces its
NL docking, weakening its interaction with the ADP-head (Figure 1g). Then, by overcoming E; and
AEyN the ADP-head rebinds to the previous site III with affinity E,,,, and releases ADP (Figure 1a).
The transition (from Figure le to f to g to a) gives a futile chemomechanical coupling cycle. From
Figure 1g, it is also possible that by overcoming Ej, Ep, and AEy;, the ADP-head diffuses to and binds
to site I with affinity E,,», and releases ADP (Figure 1h). The transition (from Figure le to f to g to h)
gives a backward step by hydrolyzing one ATP molecule. Because the transitions of Figure 1g to a and
to h overcome the same energy barriers as the transitions of Figure 1c to d and to e, respectively, the
transition from Figure 1g to a and that from Figure 1c to d occur with the same probability Pg and the
transition from Figure 1g to h and that from Figure 1c to e occur with the same probability 1-Pg.
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Figure 1. The model of stepping of kinesin dimer at low ATP concentrations. (a—h) The pathway for
the chemomechanical coupling (see text for detailed description). The thickness of the arrow represents
the magnitude of the transition probability under no external force.

It should be noted that besides the above-mentioned transitions, other possible transitions can
also occur, which are not drawn in Figure 1. For example, in Figure 1e before ATP hydrolysis occurs in
the leading head ATP can bind to the trailing head, becoming the state with both heads bound by ATP.
Similarly, in Figure 1a before ATP hydrolysis occurs in the trailing head ATP can bind to the leading
head, also becoming the state with both heads bound by ATP. From the state with both heads in ATP
state, if the ATPase activity (ATP hydrolysis and then Pi release) takes place in the trailing head the
system becomes the state of Figure 1c with probability Py, while if the ATPase activity takes place in
the leading head the system becomes the state of Figure 1g with probability Py.

As all-atom MD simulations showed [39,40,53], for WT kinesin-1 with the NL of each head having
14 residues, when the two heads are bound to two successive binding sites on an MT filament that are
8.2-nm apart the internally stretched force on the NLs has a large value (about 30 pN). Driven by the
large internally stretched force and the thermal noise, the ADP-head can escape from the potential
well of depth E,,; within the time period ¢, with nearly 100% probability [39,40]. Thus, for a good
approximation, we take Py = 1. That is, the transitions shaded in light green cannot occur, with the
pathway becoming identical to that presented before [38]. By contrast, for mutant kinesin-1 with each
NL being extended by six residues, when the two heads are bound to two successive binding sites on
an MT filament that are 8.2-nm apart the internally stretched force in the NLs is nearly zero [39,40].
Thus, after Pi release, the ADP-head may not escape from the potential well of depth E,; within the
time period t, with 100% probability, i.e., with Py < 1.

As done in the single-molecule optical trapping assays [15-26], we consider a bead attached to the
coiled-coil stalk that connects the NLs of the two heads and an external force, F, acting on the bead.
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The force F is defined to be positive when pointing backward. The available experimental data showed
that extending the NLs of the kinesin-1 dimer by any length via inserting additional residues into the
NLs has nearly no effect on the ATPase rate of the dimer during its processive movement on MT [27].
Since changing the length of the NLs changes the strain on the NLs when the two heads are bound
to MT, the experimental data thus imply that the strain on the NL has no effect on the ATPase rate
(at least the rate constants of the rate-limiting steps of the ATPase activity such as ATP hydrolysis and
Pi release) of the kinesin head. Consequently, we propose that changing the NL length has no effect on
the ATPase rate, and the external force F, which affects the strain on the NL, also has no effect on the
ATPase rate. However, the orientation direction of the NL has an effect on the ATPase rate: the trailing
head with the forward NL orientation has a much higher ATPase rate than the leading head with the
backward NL orientation. This can be understood as follows. The NL with the forward orientation can
interact with the head and the interaction enhances the ATPase rate, and by contrast, the NL with the
backward orientation has no interaction with the head. This is consistent with the experimental data
showing that by deleting the NL, equivalent to removing the interaction of the NL with the head, the
ATPase rate is reduced greatly [54].

2.2. The Simplified Model at Saturating ATP

At saturating ATP, the chemomechanical coupling pathway shown in Figure 1 can be simplified to
that shown in Figure 2a—f. We begin with both heads in ATP state binding strongly to MT (Figure 2a).

First, consider an ATPase activity (ATP hydrolysis and then Pi release) taking place in the trailing
head. Then, two possible cases can occur, as discussed above. One case, with probability 1-Py, is
that the head still binds to site II but an ATPase cycle (consisting of ADP release, ATP binding, ATP
hydrolysis and Pi release) takes place in the head (the transition shaded in light green). Another
case, with probability Py, is that the ADP-head diffuses to the INT position relative to the MT-bound
head (Figure 2b). In the INT state, with the MT-bound head in ATP state, NL docking takes place,
weakening the interaction between the two heads (Figure 2c). Then, the ADP-head (with probability
Pr) diffuses to and binds to the nearest front site IV with affinity E,;», and ADP is released, which is
followed immediately by ATP binding (Figure 2d). From Figure 2a to d, a forward step was made
by hydrolyzing an ATP molecule. From Figure 2c, it is also possible (with probability 1-Pg) that the
ADP-head diffuses to and binds to the previous site II with affinity E,», and ADP is released, which
is followed immediately by ATP binding (Figure 2a). The transition (from Figure 2a to c and then
returning to a) gives a futile chemomechanical coupling cycle.

Second, consider in Figure 2a an ATPase activity (ATP hydrolysis and then Pi release) taking place
in the leading head. Two possible cases can occur. One case, with probability 1-P, is that the head
still binds to site III but an ATPase cycle (consisting of ADP release, ATP binding, ATP hydrolysis
and Pi release) takes place in the head (the transition shaded in light green). Another case, with
probability Py, is that the ADP-head diffuses to the INT position (Figure 2e). After the binding affinity
of site III for ADP-head changes rapidly back to E,; in time f;, the detached ADP-head rebinds to
site III, with probability Pg, and ADP is released, followed immediately by ATP binding (Figure 2a).
The transition (from Figure 2a to e and then returning to a) gives a futile chemomechanical coupling
cycle. From Figure 2e, it is also possible that the ADP-head diffuses to and binds to site I with affinity
E», with probability 1-Pg, and ADP is released, followed immediately by ATP binding (Figure 2f).
The transition (from Figure 2a to e to f) gives a backward step by hydrolyzing an ATP molecule.
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Figure 2. The model of stepping of kinesin dimer at saturating ATP. (a—f) The pathway for the
chemomechanical coupling (see text for detailed description). The thickness of the arrow represents the
magnitude of the transition probability under no external force. (g) The simplified model derived from
the pathway shown in (a—f). The red circle represents the center of mass of the motor. The positions of
binding sites on the MT filament are denoted by ..., (i-1), i, (i+1), ... .

The pathway (Figure 2a—f) can be simply described as follows. We denote by k*) and k(-) the
rate constants of ATP hydrolysis and Pi release in the trailing and leading heads at saturating ATP,
respectively. Considering that the step of ATP hydrolysis and Pi release is rate limiting in the ATPase
activity at saturating ATP, it is approximate that k") and k() are ATPase rates of the trailing and
leading heads, respectively. Since under physiological conditions an ATP hydrolysis gives free energy
~20 kgT and k) and k(-) are constants independent of the NL strain and external force (see above),
it is a good approximation to consider the transitions of the ATPase activity to be irreversible under
any external force, i.e., to ignore the reverse transitions of the ATPase activity. Since in the INT state
with the MT-head bound with ATP (Figure 2b) its NL docks rapidly [55], we approximate that the NL
docking occurs immediately. Thus, during processive movement of the dimer the total ATPase rate is
k™) + k(9), a constant independent of the NL length and external force, which is consistent with the
available experimental data [27]. When an ATPase activity with rate constant k™) takes place, the motor
either takes a forward step with probability PyPg or does not move with probability (1-Py) + Po(1-PE).
When an ATPase activity with rate constant k{~) takes place, the motor either takes a backward step
with probability Py(1-Pg) or does not move with probability (1-Pp) + PoPg. Since after detaching from
MT the time for the ADP-head to diffuse from the binding site on MT to INT position and the time
for the ADP-head to diffuse from the INT position to binding site on MT are much shorter than the
inverse of the ATPase rates [39], for a good approximation, the velocity of the motor is determined
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solely by the ATPase rates of the two heads. Hence, the overall forward stepping rate of the motor is
PoPek™), backward stepping rate is Py(1-Pg)k(=), and ATPase rate with no stepping is wg = [(1-Pg) +
Po(1-Pg)1k™) + [(1-Pg) + PoPglk(7), as schematically shown in Figure 2g.

2.3. Dynamics of WT Kinesin-1 at Saturating ATP

For the case of WT kinesin dimer, Py = 1 (see above) and the transitions shaded in light green in
Figure 2 can be excluded, as studied in the previous work [38]. Since NL is flexible it is reasonable
to consider that when only one head is bound to MT the interaction between the attached bead and
kinesin dimer acts only on the NL of the head having a larger distance to the bead. Thus, when only one
head is bound to MT, the backward external force (F > 0) acts only on the NL of the head in the leading
position and the forward external force (F < 0) acts only on the NL of the head in the trailing position.
As a result, after the trailing head detaches from site II, F > 0 has no effect on its movement to the INT
position and F < 0 facilitates its movement to the INT position, giving the transition from Figure 2a to
b with 100% probability for any F. After the leading head detaches from site III, F > 0 facilitates its
movement to the INT position and F < 0 has no effect on its movement to the INT position, giving the
transition from Figure 2a to e with 100% probability for any F. When F > 0 the force dependence of the
rate for the detached ADP-head to move from the INT position to the front binding site on MT has the
form kg = C; exp(—ﬁFd(H) and the rate for the detached ADP-head to move from the INT position
to the rear binding site on MT has the form kg = C; exp(—BEp) (see Section S1 in Supplementary
Information). Here, C; is a constant independent of F, [3_1 = kgT, with kg being the Boltzmann constant
and T the absolute temperature, d*) is the characteristic distance for the movement of the detached
ADP-head from the INT position to the front binding site on MT, and Ep is the NL-docking energy
and. Throughout we consider room temperature (T = 298 K) unless otherwise pointed out.

With kg and kg, probability Pg can be calculated by Pg = kg/ (kg +kg) = C; exp(—ﬁFd(+)) /
[Cl exp(—ﬁFd(+)) +CG exp(—ﬁED)]. Hence, the force dependence of the stepping ratio (defined
as the ratio of the number of forward steps to that of backward steps) of the motor can be
calculated by r = Pgk(*) /[(1 - PE)k(_)] = (k(+) /k(_)) exp(BEp) exp(—ﬁd(HF) =19 exp(—aH)F), where
ro = (k(+) / k(‘)) exp(BEp) is the stepping ratio under no external force and a(*) = pd(*) is independent
of F. Similarly, when F < 0 the force dependence of the stepping ratio has the form, r = rg exp(—a(_)F),

where a(~) = gd(-) is independent of F, with d(~) being the characteristic distance for the movement
of the detached ADP-head from the INT position to the rear binding site on MT. For approximation,
d+) = d) and at) = a(-) = a. Therefore, for both F > 0 and F < 0, the force dependence of the

stepping ratio can be re-expressed as
= To(l_F/FS) (1)

ro = (k) /k{=)) exp(BEp) k)

where Fg = In(rg)/a is the stall force, at which r = 1, and Ep, is the NL-docking energy (see above).
Using Equation (1) and relation r = Pek(+)/ [(1 - PE)k(_)], probability Pg can be re-expressed as

b ro(1-F/Fs) 5
B o OF/Fs) £ k() k() )
From Figure 2g with Py = 1, the velocity of the motor can be expressed as
v = [Pgk™) - (1 - Pp)k]d (4)

where d = 8.2 nm is the step size equal to the period of the MT filament. Substituting Equation (3) into
Equation (4) we obtain
ro(1-F/Fs) 1

_ )
STy L ©)

(%
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We then derive the equation for mean dwell time between two mechanical steps. If n (n >0
is an integer) ATP molecules are hydrolyzed for the motor to make a mechanical step (either a
forward or backward step), the dwell time before stepping is n/ (k(+) + k(‘)). The probability
for the motor to make a mechanical step after hydrolyzing n ATP molecules can be expressed as
[k(+)PE + k(1 - PE)][k(+) (1-Pg) + k(_)PE]n_1 /(k(+) + k(_))n. Hence, the mean dwell time between
two mechanical steps can be calculated by

0 n [KHPg+ K (1 - Pp)|[KH) (1 - Pp) +k(‘)PE]n_l
Ta= Y o (k) + 5O

(6)

n=1

Equation (6) can be reduced as Tq = 1/ [k(+)PE + k) (1- PE)], which with Equation (3) can be
re-expressed as
ro(1-F/Fs) 4 k(1) k(=) 1

T =
d r-F/Fs) 11 k()

@)

Using Equations (1), (5), and (7), the available single-molecule data on the force dependence of
stepping ratio, velocity and dwell time at saturating ATP for WT kinesin-1 dimers can be reproduced
quantitatively with only four adjustable parameters, o, Fs, k") and k(-). Each parameter has a clear
physical meaning; 7y is the stepping ratio under no external force, Fs is the stall force, and k™) and k()
are the ATPase rates of the trailing and leading heads, respectively. Using Equation (1) and taking
70 = 900 and Fs = 7 pN, the single-molecule data of Carter and Cross [23] on the force dependence of
stepping ratio for Drosophila kinesin (abbreviated as DmK) at saturating ATP (1 mM) can be reproduced
(Figure 3a). Adjusting rg =220 and Fg = 7.6 pN, the single-molecule data of Nishiyama et al. [20] on the
force dependence of stepping ratio for bovine brain kinesin (abbreviated as Bovine) at saturating ATP
(1 mM) can be reproduced (Figure 3b). Using Equation (5), the single-molecule data of Andreasson
et al. [24] on the force dependence of velocity for DmK at saturating ATP (2 mM) can be fitted well
by adjusting 7y = 890, Fs = 8 pN, k*) = 95 57! and k{7) = 3 s7! (see Table 1, Figure 3c). Note here
that rg = 890 is close to that used in Figure 3a for DmK, and Fs = 8 pN is slightly larger than that
used in Figure 3a. The slight difference of Fs could be due to different buffer conditions in different
experiments [23,24]. With ry = 220 and Fs = 7.6 pN (see Figure 3b) and adjusting k*) = 138 s™! and
k() =3 571 (see Table 1), the single-molecule data of Nishiyama et al. [20] on the force dependence of
velocity for Bovine at saturating ATP (1 mM) can be fitted well (Figure 3d). Using Equation (7) and
with parameter values given in Table 1 for DmK, the theoretical results of dwell time versus force
are shown in Figure 3e. Using Equation (7) and with parameter values given in Table 1 for Bovine,
the theoretical results of dwell time versus force are in agreement with the single-molecule data of
Nishiyama et al. [20] at saturating ATP (1 mM) (Figure 3f).

Table 1. Values of parameters for different species of kinesin motors.

Parameters DmK Bovine HsK HsK-6AA  Hsk-CL  HsK-CL-6AA KIF17

7o 890 +120 220 +68 900 900 600 + 50 600 + 50 220

Fs (pN) 8+0.3 76+1.1 7 7 5+0.4 5+ 04 8
k) (571 95+ 1 138420  905+71  905x7.1 107 + 3 107 + 3 307 + 22
kO (57 3+04 3+1.1 4+05 4+05 4 4 9.8+ 1.6
Py(0) - - - 0.33 + 0.02 - 0.33 0.65 + 0.1

kp (uM~1s71) - - - - - 33 33

kg (™Y - - - - - 30 30

Symbol “-” denotes that the value is not required in the calculation in the main text. Errors are estimated from
least-squares fittings to the available experimental data at saturating ATP.
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Figure 3. Dynamics of wild type (WT) kinesin-1 at saturating ATP. (a) Stepping ratio versus external
force for DmK. Line represents analytical solution. Symbols are experimental data at 1 mM ATP
taken from Carter and Cross [23]. Adapted by permission from Springer Nature: Carter, N.J.; Cross,
R.A. Mechanics of the kinesin step. Nature 2005, 435, 308-312. Licence number: 4680770608424 (b)
Stepping ratio versus external force for bovine brain kinesin (Bovine). Line represents analytical
solution. Symbols are experimental data at 1 mM ATP taken from Nishiyama et al. [20]. Adapted
by permission from Springer Nature: Nishiyama, M.; Higuchi, H.; Yanagida, T. Chemomechanical
coupling of the forward and backward steps of single kinesin molecules. Nat. Cell Biol. 2002, 4, 790-797.
Licence number: 4680771132891. (c) Velocity versus external force for DmK. Line represents analytical
solution. Symbols are experimental data at 2 mM ATP taken from Andreasson et al. [24]. (d) Velocity
versus external force for Bovine. Line represents analytical solution. Symbols are experimental data at
1 mM ATP taken from Nishiyama et al. [20] Adapted by permission from Springer Nature: Nishiyama,
M.; Higuchi, H.; Yanagida, T. Chemomechanical coupling of the forward and backward steps of single
kinesin molecules. Nat. Cell Biol. 2002, 4, 790-797. Licence number: 4680771132891. (e) Dwell time
versus external force for DmK. Line represents analytical solution. (f) Dwell time versus external force
for Bovine. Line represents analytical solution. Symbols are experimental data at 1 mM ATP taken
from Nishiyama et al. [20]. Adapted by permission from Springer Nature: Nishiyama, M.; Higuchi, H.;
Yanagida, T. Chemomechanical coupling of the forward and backward steps of single kinesin molecules.
Nat. Cell Biol. 2002, 4, 790-797. Licence number: 4680771132891.
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More interestingly, with above fitted parameter values and Equation (2) we can determine the
NL-docking energy Ep and compare with the available experimental data [56]. With 7y = 890 + 120,
k®) =95 + 157! and k{7 = 3 + 0.4 s7! for DmK (see Table 1), we obtain Ep = (3.34 + 0.28) kgT.
Here, from Equation (2), the error of Ep, is calculated with AEp = [0Ep /drglArg + |8ED / k(=) |Ak(_) +
‘&ED /8k(+)(Ak(+) = ﬁ_l(Aro/ro + Ak 7kG) 4 Ak /k(+)), where Arg, Ak(-) and Ak(*) represent
errors of ry, k() and k), respectively. With ry = 220 + 68, K =138 +20stand k) =3 £ 1.1s71
for Bovine (see Table 1), we obtain Ep = (1.56 + 0.82) kgT. These small values of Ep = (3.34 + 0.28)
kgT and (1.56 + 0.82) kgT are close to the available experimental data showing that the free energy
change associated with the NL docking is only about (1 — 2) kgT [56]. It is noted that in the prevailing
models presented in the literature proposing that the NL docking drives the forward movement of the
ADP-head, a persistent problem is that the small NL-docking energy of (1 — 2) kgT is only about 10%
of the energy required to generate an 8.2-nm step against a load of 7 — 8 pN [57,58]. Here, with our
model proposing that the NL docking provides an energy barrier to prevent the detached ADP-head in
the INT position from moving backward and the ATPase rates of the two heads are independent of F,
this puzzling issue can be understandable easily. In addition, from the fitted curve in Figure 3a we have
d™) = 4 nm, which is understandable easily by considering that d*) should be smaller than or about
half of d = 8.2 nm. By contrast, with the prevailing models presented in the literature proposing that
the force dependence of velocity is determined by the force dependence of ATPase rate, it is puzzling
why the related characteristic distance is only about half of the movement distance of the motor in one
step [28].

In addition, other available single-molecule data, such as those on the dependence of the forward
stepping rate, backward stepping rate and dwell time upon backward force (F > 0) and temperature (T)
at saturating ATP [59], can also be reproduced quantitatively (Figure 4, see Section S2 in Supplementary
Information for related equations). As shown in Table S1 (see Supplementary Information), only four
parameters are adjusted to fit all the single-molecule data (10 curves) shown in Figure 4. Interestingly,
the fitted value of Ep = 0.4 pN nm (see Table S1) implies that the free energy change of NL docking is
very small, also consistent with the experimental result [56]. The analytical result of the stall force
being independent of temperature (see Equation (515) in Section S2) is also in agreement with the
available single-molecule data [60].

It is mentioned that in the calculation here, we use the step size of a constant value of d = 8.2 nm,
which is equal to the periodicity of an MT filament. However, from the published experimental results,
the step size fluctuated in a range of £2 nm. The fluctuations of the step size could be due to the large
fluctuations of the position of the attached bead which was detected in the experiments. Another point
to note here is that for simplicity of analysis, we have not considered the effect of the length of the
coiled-coil stalk on kinesin movement. With a model system simulating complex of kinesin dimer and
MT, it was demonstrated that the interaction between the stalk and MT provides the force to drive
the motion of the motor [61]. Using single-molecule optical trapping, Asbury et al. [21] found that
WT kinesin-1 homodimer moves in an asymmetric hand-over-hand manner (called limping), and the
length of the stalk affects the limping character. Although the effect of the stalk length on the limping
effect of kinesin homodimers has been studied numerically based on our model (Figure 2) [40], it is
interesting to have an analytical study on the effect of the stalk length on the kinesin movement, which
will be studied in the future.
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Figure 4. Thermodynamics of WT bovine brain kinesin-1 at saturating ATP. Lines represent analytical

solutions. Symbols are experimental data at 1 mM ATP taken from Taniguchi et al. [59]. Adapted by

permission from Springer Nature: Taniguchi, Y.; Nishiyama, M.; Ishii, Y.; Yanagida, T. Entropy rectifies
the Brownian steps of kinesin. Nat. Chem. Biol. 2005, 1, 342-347. Licence number: 4680771382349. (a-d)
Forward and backward stepping rates versus external force at different temperatures. (e,f) Dwell times

between two mechanical steps versus external force at different temperatures. Blue and red symbols

represent the experimentally measured dwell times for forward and backward steps, respectively.

2.4. Dynamics of Kinesin-1 with Extended NLs at Saturating ATP

In the above section, we studied analytically the dynamics of WT kinesin-1 dimer, with Py = 1.
In this section, we will study analytically the dynamics of mutant kinesin-1 dimer of extended NLs.
For example, we consider that the NL is extended by inserting six additional residues AEQKLT into
the C-terminal portion of the NL region of each head, as done in Clancy et al. [26]. As all-atom MD
simulations showed [39,40], for the mutant kinesin dimer with the extended NLs, when the two heads
are bound to two successive binding sites on an MT filament the internally stretched force between the

NLs is nearly equal to zero. Thus, after Pi release the ADP-head may not escape from the potential
well of depth E,,; within the time period ¢, with 100% probability, implying Py < 1 under no external
force. In addition, since the NL is flexible and the internally stretched force is nearly equal to zero, the
backward external force F (> 0) acts only on the leading head while the forward external force F (< 0)
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acts only on the trailing head. In the following we consider the backward force F > 0 and forward force
F <0, separately.

First, consider F > 0. Since F affects only the leading head while has no effect on the trailing
head, at saturating ATP the forward stepping rate is Po(0)Pg (F)k(*) and the backward stepping rate is
Po(F)[1 - Pg(F)]k(-) (see Figure 2g), where Py(0) is the probability for the kinesin head to escape from
the potential well of depth E,y; within the time period ¢, under F = 0. For approximation, the force
dependence of Py(F) can be calculated by

Po(F) =1—[1-Py(0)] exp(—pFd) forF <0 (8)

where 6 is the characteristic distance, which should be equal to the Debye length of about 1 nm in
solution, and thus we take 6 = 1 nm.

Probability Pg can still be calculated by Pg(F) = kg/(kg+kr) = C; exp(—ﬁFd(+))/
[Cl exp(—ﬁFd(+)) +CG exp(—ﬁED)], where C; has the same form as that for the WT case except
that the energy change AEny arising from NL stretching has a different value from that for the WT case
(see Section S1). As it is seen, Pg(F) is independent of C;. Thus, the above equation for Pg(F) is the
same as that for the WT case, which can also be written as Equation (3).

The stepping ratio can be calculated by r = Py(0)Pg (F)k(*)/ {Po (F)[1-Pg (F)]k(_)}. Substitution
of Equation (3) into above equation yields

(1-F/Fs) Po(0)

T Py(F)

9

Note that for the WT case, Py(F) = Py(0) = 1 and Equation (9) becomes Equation (1). It should be
emphasized that in Equation (9) only under Py(0) = Py(F) the stall force is equal to Fs, whereas under
Py(0) # Py(F) the stall force is no longer equal to Fs. In other words, Fs represents the stall force only
under case of Py(F) = Py(0) =1 (i.e., the WT case). By contrast, ry is the stepping ratio at F = 0 under
any case.

The velocity can be calculated by v = {PO(O)PE(F)k(+) —Py(F)[1- PE(F)]k(‘)}d. Substitution of
Equation (3) into above equation yields

1-F/Fs) _
Po(0)ro'*F/Fs) — Py (F) g
ro(=F/Fs) 4+ k(+) /k(=)

0= (10)

Note that for the WT case, Py(F) = Pg(0) = 1 and Equation (10) becomes Equation (4).

The diffusion constant is calculated by D = tlgg [<x2 (t)> - (x(t))z] /(2t), where x is the
center-of-mass position of the motor along the movement direction in a movement trace. From this
equation, we finally obtain D = {PO (0)Pg(F)k*) 4 Py(F)[1 — Pg(F)]k>) }dz /2. Substitution of Equation
(3) into above equation yields

1 Py(0)r"F/Fs) 4 Py (F) (+) g2

b=3 ro(1=F/Fs) 4 k(+) /(=)

(11)

The randomness parameter, which is defined as R = tlim{[(xz(t)> - (x(t)}z]/ [d(x(t))]}, can be
calculated by R = 2D/ (vd). Substitution of Equations (10) and (11) into above equation yields

Po(0)ro1=F/Fs) 4 Py (F)

R —
Py(0)ro(1=F/Fs) — Py(F)

(12)
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The mean number of ATP molecules consumed per forward step can be calculated by
N = (k(*) + k(‘))/ (PO(O)PE (F )k(“). Substitution of Equation (3) into above equation yields

(13)

(=) (1F/F
NF=(1+k ) s) 4 k(+) /k(=

k(+) Po(0)ro(1=F/Fs)

The mean number of ATP molecules consumed per step (either a forward or a backward step) can be
calculated by N = (k(*) 4 k() /{Po (0) P (F)k*) + Pg(F)[1 - Pg(F)]k(~)}. Substitution of Equation (3)
into above equation yields

(14)

(=) (1-F/Fs)
N=(1+k )1’0 s) —I—k /k

k(+) ) Py (0)ro(1=F/Fs) +P0(F)

Second, consider F < 0, which affects only the trailing head while has no effect on the leading
head. Similar to Equation (8) for F > 0, the force dependence of Py(F) for F < 0 can be calculated by

Po(F) =1—-[1-Py(0)] exp(BFS) for F<0 (15)

Similar to the derivation of Equations (9)—(14) for F > 0, we can derive following equations for
F < 0. The stepping ratio has the form

(/) P Z Eg ) (16)

r=rp

e

The velocity has the form

ro1-F/Fs) —
7’0(1 F/Fs) + k /k(

The diffusion constant has the form

1 Po(F)ro(1-F/Fs) _|_p0(()) (h) g2

D= 18
2 1’0(1 F/Fs) 4 j(+) /k(= (18)
The randomness parameter has the form
Po(F)ro1=F/Fs) 4 Py (0
r - Po(B)ro +Po(0) (19)
Po(F)ro(1-F/Fs) — Py (0)
The mean number of ATP molecules consumed per forward step has the form
(=) \ g (=F/Fs) 4 k() /k(=)
Ny = (14 )00 ThT/k (20)
k(+) pO(F)rO(l—F/Fs)

The mean number of ATP molecules consumed per step (either a forward or a backward step) has
the form

(21)

=) (1-F/Fs)
N:(1+k )ro s) 4+ k() k(=

k(+) Po(F)T’O(l F/Fs) +P0(0)

Now, we can use Equations (8)—(21) to calculate velocity, stepping ratio, randomness parameter,
ATP number per step, etc., at saturating ATP. First, we consider WT human kinesin-1 (abbreviated as
HsK) and the one with its two NLs being extended by inserting six additional amino acids AEQKLT
into the C-terminal portion of the NL region of each head (abbreviated as HsK-6AA). In our model,
although the extension of the NLs for HsK-6AA changes the strain on the NLs, it has no effect on the
ATPase activity of the head, the NL docking of the MT-bound head and the interaction of the head with
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MT. In addition, the extension has the same effect on the movement of the detached ADP-head from the
INT position to the front binding site on MT and to the rear binding site on MT, thus having no or little
effect on ry and Fs. Hence, we have the same values of ry, Fs, k), and k() for both HsK and HsK-6AA.
As mentioned above, Py = 1 for HsK and Py < 1 for HsK-6AA under F = 0. By taking g = 900 and
Fs =7 pN, as done in Figure 3a for DmK, and adjusting K+ =905s71 k() =451, and Py(0) =0.33
(see Table 1), the single-molecule data of Andreasson et al. [24] on the force dependence of velocity
for both HsK and HsK-6AA at saturating ATP (2 mM) can be fitted well (Figure 5a). In other words,
with the same four parameters rg, Fs, k™), and k(=) for both HsK and HsK-6AA and an additional
parameter P((0) for HsK-6AA, the calculated results for both HsK and HsK-6AA shown in Figure 5a
are in quantitative agreement with the single-molecule data. The calculated results of the stepping ratio
versus external force for HsK and HsK-6AA at saturating ATP are shown in Figure 5b. As expected,
the stepping ratio for HsK-6AA at a given backward force (F > 0) is smaller than that for HsK whereas
at a given forward force (F < 0) is larger than that for HsK.
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Figure 5. Dynamics of HsK and HsK-6AA at saturating ATP. (a) Velocity versus external force. Lines
represent analytical solutions. Symbols are experimental data at 2 mM ATP taken from Andreasson et al. [24].
(b) Analytical solutions of stepping ratio versus external force.

Second, we consider human kinesin-1 with a residue cysteine in each of the two NL domains
being mutated (abbreviated as HsK-CL) and the one with its two NLs being extended by inserting six
additional residues AEQKLT into the C-terminal portion of the NL region of each head (abbreviated as
HsK-CL-6AA). For the leading head with the backward orientation of its NL, no interaction would
be present between the head and its NL. Thus, the mutation of a residue cysteine in the NL domain
(HsK-CL and HsK-CL-6AA) would have no effect on the ATPase activity of the leading head and the
interaction of the leading head with MT. Consequently, value of k(=) and value of Py(0) for HsK-CL and
HsK-CL-6AA should be equal to those for HsK and HsK-6AA, respectively. As a result, we still take
k() = 4 s71 for HsK-CL and HsK-CL-6AA, Py(0) = 1 for HsK-CL, and Py(0) = 0.33 for HsK-CL-6AA,
same as those for HsK and HsK-6AA. However, since the mutation of the NL would affect the NL
docking and the interaction between the NL and the trailing head with the forward orientation of
the NL, values of parameters ry, Fs and k™) for HsK-CL and HsK-CL-6AA would be different from
those of HsK and HsK-6AA. By adjusting rg = 600, Fs = 5 pN, and k*) = 107 s™! (see Table 1), the
calculated results for dynamics of both HsK-CL and HsK-CL-6AA such as the force dependence of
velocity (Figure 6a), stepping ratio (Figure 6b), and randomness parameter (Figure 6¢) are in agreement
with the single-molecule data of Clancy et al. [26] and Andreasson et al. [24]. In particular, the
calculated data show that about 3.3 ATP molecules consumed per forward step under no load for
HsK-CL-6AA (Figure 6d), which is in quantitative agreement with the experimental data of about
3.5 [26]. The calculated data of nearly 1 ATP molecule consumed per forward step under no load for
HsK-CL is also in quantitative agreement with the experimental data [27] (Figure 6d).
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Figure 6. Dynamics of HsK-CL and HsK-CL-6AA at saturating ATP. (a) Velocity versus external force.
Lines represent analytical solutions. Circles are experimental data for HsK-CL-6AA at 2 mM ATP taken
from Clancy et al. [26] (adapted by permission from Springer Nature: Clancy, B.E.; Behnke-Parks, W.M.;
Andreasson, J.O.L.; Rosenfeld, S.S.; Block, S.M. A universal pathway for kinesin stepping. Nat. Struct.
Mol. Biol. 2011, 18, 1020-1027. Licence number: 4680780256064), while triangles are experimental data
for HsK-CL at 2 mM ATP taken from Andreasson et al. [24]. (b) Stepping ratio versus external force.
Lines represent analytical solutions. Symbols are experimental data for HsK-CL-6AA at 2 mM ATP taken
from Clancy et al. [26] Adapted by permission from Springer Nature: Clancy, B.E.; Behnke-Parks, W.M.;
Andreasson, ].O.L.; Rosenfeld, S.S.; Block, S.M. A universal pathway for kinesin stepping. Nat. Struct.
Mol. Biol. 2011, 18, 1020-1027. Licence number: 4680780256064. (c) Reciprocal randomness versus
external force. Lines represent analytical solutions. Symbols are experimental data for HsK-CL-6AA at
2 mM ATP taken from Clancy et al. [26]. Adapted by permission from Springer Nature: Clancy, B.E.;
Behnke-Parks, W.M.; Andreasson, ].O.L.; Rosenfeld, S.S.; Block, S.M. A universal pathway for kinesin
stepping. Nat. Struct. Mol. Biol. 2011, 18, 1020-1027. Licence number: 4680780256064. (d) Number of
ATP molecules consumed per forward step versus external force. Lines represent analytical solutions.
Circle is the experimental data for HsK-CL-6AA at 2 mM ATP taken from Clancy et al. [26] (adapted by
permission from Springer Nature: Clancy, B.E.; Behnke-Parks, W.M.; Andreasson, J.O.L.; Rosenfeld,
S.S.; Block, S.M. A universal pathway for kinesin stepping. Nat. Struct. Mol. Biol. 2011, 18, 1020-1027.
Licence number: 4680780256064), while triangle is the experimental data for HsK-CL at 1 mM ATP taken
from Yildiz et al. [27].

Taken together, with only three adjustable parameters ry, Fs and k™), the calculated results for both
HsK-CL and HsK-CL-6AA shown in Figure 6 are in quantitative agreement with the single-molecule
data. In addition, it is noted that g = 600 and Fs = 5 pN for HsK-CL and HsK-CL-6AA are smaller than
7o = 900 and Fs = 7 pN for HsK and HsK-6AA (see Table 1). This is understandable easily, because
the mutation of the NL reduces the NL-docking energy, decreasing and increasing the probabilities
for the detached ADP-head to move from the INT position to the front and rear binding sites on MT,
respectively, under the backward load.
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2.5. Dynamics of Kinesin-1 with Extended NLs at Non-Saturating ATP

At low ATP, the pathway for the chemomechanical coupling of mutant kinesin-1 with extended
NLs is schematically shown in Figure 1, with Py < 1. Since it is difficult to obtain exactly analytical
solutions for the dynamics of the motor at non-saturating ATP, here we use Monte-Carlo (MC) algorithm
(see Section 3) to study numerically the dynamics of the mutant kinesin-1. At non-saturating ATP,
besides parameters r, Fs, k™), k(=), and Py(0) (see above section), two additional parameters ky, and k_4
are also required to study the dynamics. Parameter k;, (also independent of force) is the second-order
rate constant of ATP binding to the ¢-head in any position on MT (whether it is in the leading or INT or
trailing position) and parameter k_; (also independent of force) is the rate constant of ATP dissociation
from the leading head with the backward NL orientation (see Section 3). Note that when the head is in
the trailing or INT position, without the backward NL orientation, we take zero ATP dissociation rate
(see Section 3).

In our previous work [38], using MC simulations and with six parameters ry, Fs, k), k), ky,, and
k_1, diverse and even contradictory available single-molecule data on dynamics of different species of
WT kinesin-1 dimers such as squid optic lobe kinesin, DmK, and Bovine (with Py = 1) under varying
external force and ATP concentrations were reproduced well. Here, we focus on dynamics of the
mutant kinesin-1 dimer with extended NLs such as HsK-CL-6AA under varying external force and
ATP concentrations. For HsK-CL-6AA, we have values of ry, Fg, k™), (=), and Py(0) (see Table 1),
as given in Figure 6. To study its dynamics at non-saturating ATP, we take k, = 3.3 uM~'s™! and
k_; =305s7! (see Table 1).

In Figure 7a we show the MC simulated and single-molecule results of the velocity versus F at
2 mM and 10 uM ATP concentrations. Figure 7b shows the MC simulated and single-molecule results
of the stepping ratio versus F at 2 mM and 10 uM ATP concentrations using the method described
in Section 3. In Figure 7c we show the MC simulated and single-molecule results of the reciprocal
randomness, R™!, versus F at 2 mM and 10 uM ATP concentrations. Figure 7d shows the MC simulated
and single-molecule results of the velocity versus ATP concentration under no external force (i.e.,
F =0). Figure 7e shows the MC simulated and single-molecule results of the backstepping velocity
versus ATP concentration under F = 7 pN. Figure 7f shows the MC simulated results of the mean
number of ATP molecules consumed per step (either a forward or a backward step) versus F at 2 mM
and 10 uM ATP concentrations, where to check the MC simulation we also show the analytical solution
of Equation (14) at saturating ATP (line). From Figure 7a-e, it is seen that all the simulated results are
in quantitative agreement with the single-molecule data [26].

It should be mentioned here that the results for HsK-CL and HsK-CL-6AA shown in both Figures 6
and 7 are calculated with the same parameters ry, Fs, k) k), ky, and k_; and an additional parameter
Py(0) for HsK-CL-6AA (see Table 1). In addition, the two parameters k(=) and Py(0) related to the
leading head for HsK-CL and HsK-CL-6AA have the same values as those given in Figure 5 for HsK
and HsK-6AA. Thus, only five parameters ry, Fs, k), ky,, and k_; are adjustable here to make all of the
analytical and MC simulated results for both HsK-CL and HsK-CL-6AA shown in Figures 6 and 7 be
in quantitative agreement with the single-molecule data.

By contrast, using models presented in the literature to fit the single-molecule data, many more
adjustable parameters are required for a species of the kinesin and moreover, different parameters
values are required for the WT case and the corresponding case with extension of its NLs. For example,
10 and 13 parameters were adjustable in References [26] and [36], respectively, to fit the single-molecule
data shown in Figure 7 for only HsK-CL-6AA. Moreover, with those fitted parameter values, the
calculated numbers of ATP molecules consumed per forward step under no load are far away from the
experimental value of 3.5 [26]. In addition, with those fitted parameters, the calculated ATPase rate of
the motor during its processive movement is changed significantly as the force is varied in the small
range from 0 to 4 pN (near the stall force), implying that variation of the NL strain by only 4 pN can
result in a significant change in the ATPase rate. This is in contrast to the available experimental data
showing that extending NLs of kinesin-1 dimer via adding different numbers (2-26) of residues in each
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NL (implying variation of the NL strain from about 30 pN to 0 pN [39,40]) has nearly no effect on the
ATPase rate of the motor during its processive movement [27].
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Figure 7. Dynamics of HsK-CL-6AA at different ATP concentrations. Unfilled symbols are MC
simulated data, with error bars representing SEM (n = 1000), line is the analytical solution at saturating
ATP, and filled symbols are experimental data taken from Clancy et al. [26]. Adapted by permission
from Springer Nature: Clancy, B.E.; Behnke-Parks, W.M.; Andreasson, ].O.L.; Rosenfeld, S.S.; Block,
S.M. A universal pathway for kinesin stepping. Nat. Struct. Mol. Biol. 2011, 18, 1020-1027. Licence
number: 4680780256064. (a) Velocity versus external force. (b) Stepping ratio versus external force. (c)
Reciprocal randomness versus external force. (d) Velocity versus ATP concentration under no external
force. (e) Backstepping velocity versus ATP concentration under backward force of 7 pN. (f) Number
of ATP molecules consumed per step versus external force.

2.6. Dynamics of Kinesin-2

Up to now, we have focused on kinesin-1 homodimers. In this section, we study dynamics of
kinesin-2 homodimer KIF17, comparing with the single-molecule data of Milic et al. [25]. For KIF17,
the NL in each head has 17 residues. Previous all-atom MD simulations indicated that when the
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two heads are bound to MT the internally stretched force on the NLs has a very small value, close to
zero [39,53], as in the case of HsK-CL-6AA. Thus, we also take Py < 1 under no external force for KIF17.

First, we consider saturating ATP. We take ry = 220, same as that for Bovine (see Table 1), and
Fs = 8 pN, also close to that for Bovine (see Table 1). Then, by adjusting k") =307 s71, k(-) =9.8 571, and
Py(0) = 0.65 (see Table 1), the analytical results of the velocity versus external force (line in Figure 8a)
reproduce the single-molecule data at 2 mM ATP [25] very well (Figure 8a). Then, we consider
non-saturating ATP. By taking k, = 3.3 uM™1s7! and k_; = 30 s™! (see Table 1), the MC simulated
results of both the velocity versus external force F at [ATP] = 20 uM (Figure 8a) and the velocity
versus [ATP] under F = 3 pN (Figure 8b) are in good agreement with the single-molecule data [25].
Moreover, in Figure 8c we show the MC simulated results of the stepping ratio versus backward force
at 2 mM and 20 uM concentrations, where the stepping ratio is calculated as done in Figure 7b (see
Section 3). These predicted results of Figure 8c can be test easily by using single-molecule optical
trappings. In Figure 8d we show the MC simulated results of the mean number of ATP molecules
consumed per step (either a forward or a backward step) versus external force at 2 mM and 20 uM
ATP concentrations. From Figure 8d we see that under no external force, about 1.8 ATP molecules are
consumed to make a mechanical step.
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Figure 8. Dynamics of KIF17 at different ATP concentrations. Unfilled symbols are MC simulated
data, with error bars representing SEM (n = 1000), line is the analytical solution at saturating ATP, and
filled symbols are experimental data taken from Milic et al. [25]. (a) Velocity versus external force.
(b) Velocity versus ATP concentration under backward force of 3 pN. (c) Stepping ratio versus external
force. (d) Number of ATP molecules consumed per step versus external force.

2.7. Power Production and Efficiency of Kinesin Dimers

One of important factors that characterize the performance of a molecular motor is the work
production per unit time (power). To compare the performance among different species of kinesin
motors, we calculate the power that the motor can provide at saturating ATP.
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Under backward force F > 0, the power production can be calculated by
W = {PO(O)PE(F)k(+) —Py(F)[1- PE(F)]k(‘)}Fd. Substitution of Equation (3) into above equation yields

- Po(0)rg(1=F/Fs) — Py (F) +)
W= ek (22)

where Py(F) is calculated by Equation (8). Similarly, under forward force F < 0, the power production
has the form
Py (F)ro"F/Fs) — Py(0)

- Y
W ro(1=F/Fs) 4 k(+) / k(=) Kk (23)

where Py(F) is calculated by Equation (15).

Using Equation (22) and with parameter values given in Table 1, the calculated results of the power
versus backward force for different species of kinesin motors are shown in Figure 9a. From Figure 9a
we see that the maximum power (in units of kgT/s) decreases in the following order: 552.6 (KIF17) >
388.5 (DmK) > 362.4 (HsK) > 300.1 (Bovine) > 265.1 (HsK-CL) > 117.0 (HsK-6AA) > 86.0 (HsK-CL-6AA).
Among the seven kinesin molecular motors studied here, KIF17 has the best performance by providing
the highest power of about 552.6 kgT/s, whereas HsK-CL-6AA has the worst performance by providing
the lowest power of about 86 kgT/s. These results indicate that the power provided by WT kinesin-2
(KIF17) is larger than that by WT kinesin-1 (DmK, HsK, and Bovine). The power by WT kinesin-1 is
larger than that by the mutant with a residue cysteine in the NL domain being mutated (HsK-CL).
The extension of the NLs (HsK-6AA and HsK-CL-6AA) reduces the power relative to that without the
extension of the NLs (HsK and HsK-CL).

(2) N ' ®) 42 ' ] ' ‘ ]

HsK

300+ ovine .

HsK-C

(=]
—

Power (kgT/s)
Efficiency

HsK-6AA

HsK-CL-6AA

of N

0 2 4 6 8 10
Force (pN) Force (pN)

Figure 9. Analytical results of power production and efficiency of different kinesin motors versus
backward force. (a) Force dependence of power production. (b) Force dependence of efficiency.

The efficiency of kinesin motors can be calculated by 1 = W/ Ay, where Ap is the energy input
per unit time. In our model, Ay = (k(ﬂ + k(_))AG, where AG is the free energy change provided by
hydrolysis of an ATP molecule. With parameter values given in Table 1 and taking AG= 20 kgT under
physiological conditions, the calculated results of 1 versus backward force for seven species of kinesin
motors are shown in Figure 9b. It is noted that the calculated efficiency of about 16% for HsK is in
agreement with the available single-molecule value determined recently at F = 2 pN [62]. Comparing
Figure 9a with Figure 9b, we see that except for KIF17 that can provide the highest power production
but has a mediate efficiency, in general, the motor that can provide a high (low) power production has
a high (low) efficiency.
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3. Methods

3.1. Monte Carlo Simulations

The dynamics of kinesin at non-saturating ATP is obtained using MC simulations, as used
before [37,38]. We take the time step At = 107 s, and we have checked that reducing the time step has
no effect on the simulation results. In the MC simulations, we take the following into considerations.
ATP can bind to the ¢-head in any position on MT (whether it is in the leading position or in the INT
state or in the trailing position) with a constant second-order binding rate k,. When the head is in
the leading position, with the backward NL orientation, ATP can dissociate with a rate constant k_;.
When the head is in the trailing position or in the INT state, without the backward NL orientation,
ATP can dissociate with a rate constant k_, (for simplicity, we take k_, = 0 throughout, implying that
the rate constant of ATP dissociation from the head without the backward NL orientation is very
low). This position-dependent ATP-binding efficiency (with k_; >> k_, = 0) is consistent with the
single-molecule data of Dogan et al. [63] showing a lower efficiency of ATP binding to E. coli kinesin
head with the backward NL orientation than that without the backward NL orientation. Rate constants
kp and k_; are independent of the force F and NL length. In the trailing position the rate constant of
ATPase activity (i.e., ATP transition to ADP) of the head is k*), independent of the force F and NL
length, while in the leading position is k(-), also independent of the force F and NL length. When an
ATPase activity occurs in the trailing head the ADP-head either still binds to the rear binding site on MT
with probability 1-Py or moves immediately forward to the INT position with probability Py. When an
ATPase activity occurs in the leading head the ADP-head either still binds to the front binding site on
MT with probability 1-Pg or moves immediately backward to the INT position with probability Py.
The force dependence of probability Py(F) is calculated by Equations (8) and (15). If the ADP-head still
binds to MT, ADP is released immediately, which is followed by ATP binding. In the INT state, when
the MT-bound head is in ATP state its NL docks immediately, and then the tethered ADP-head either
moves immediately forward to the front binding site on MT with probability Py or moves immediately
backward to the rear binding site on MT with probability 1-Pg. The dependence of probability Pg on F
is calculated by Equation (3). Once the ADP-head binding to MT, ADP is released immediately. Here,
we perform MC simulations for HsK-CL-6AA and for KIF17 at non-saturating ATP, with the parameter
values: rg = 600, Fs = 5 pN, K+ =107s1 k0 =457 Py(0) =0.33, k, = 3.3 uM_ls‘l, and k_q =30s7!
for HsK-CL-6AA, and ry = 220, Fs = 8 pN, k) =307 571, k(-) = 9.8 5™, Py(0) = 0.65, k, = 3.3 uM~'s71,
and k_1 = 30 s~! for KIF17 (see Table 1). The program for the MC simulations can be downloaded from
github (https://github.com/think92/kinetic-model-for-kinesin).

3.2. Methods for Calculation of Stepping Ratio

At non-saturating ATP, the stepping ratio is calculated as follows. As mentioned above, the
interaction between the bead attached to the coiled-coil stalk and kinesin dimer acts only on the NL of
the head that has a larger distance to the bead. In addition, in the single-molecule optical trapping
assays the position of the motor is dictated by that of the bead. Thus, under the backward force on the
bead, when one kinesin head binds to MT and the other head moves between the rear binding site on
MT and the INT position no movement of the bead can be detected, when the other head moves from
the INT position to the front binding site on MT a forward step of the bead can be detected, and when
the other head moves from the front binding site on MT to the INT position a backward step of the
bead can be detected. Besides, to directly compare with the single-molecule experimental data that
were recorded at 2 kHz [26], when the other head moves from one to another position, which can be
detected by the movement of the bead, only the head can stay at the latter position for a time period
longer than 0.5 ms can the motor be considered to make a step.

At saturating ATP, since the detached head cannot stay at the INT position for a time period
longer than 0.5 ms, the stepping ratio calculated with the method described above should be the
same as that calculated based on the change of the center-of-mass position of the dimer (see Section
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S3 in Supplementary Information for detailed discussion). Note that the analytical results shown in
Figure 3a,b, Figures 5b and 6b were obtained based on the change of the center-of-mass position of
the dimer.

4. Concluding Remarks

A general kinetic model is presented for the chemomechanical coupling of kinesin dimers without
and with extension of the NLs. Compared to the previous models, the novelty of the current model is
that the ATPase activity of the kinesin head is independent of both the external force and the internal
tension on the NLs or length of the NLs, implying that for the same species of kinesin both the WT
case and the mutant case with extension of its NLs have the same rate constants of the ATPase activity.
Based on the model, an analytical theory is presented for the dynamics of various kinesin dimers,
such as WT kinesin-1, kinesin-1 with mutated residue in the NL domain, kinesin-1 with extension
of the NLs, and WT kinesin-2, under varying force at saturating ATP. At non-saturating ATP the
dynamics is studied numerically using the MC algorithm. With only a few adjustable parameters,
diverse available single-molecule data can be explained quantitatively and consistently. By contrast,
using the previous models, many more adjustable parameters are required. Although here we have
made studies for only kinesin-1 and kinesin-2, our analytical theory can also be applicable to other
families of processive kinesin dimers. For example, using Equation (5), the available single-molecule
data on the force dependence of velocity for kinesin-5 dimer and kinesin-3 dimer at saturating ATP
can also be explained well (see Figure S2 in Supplementary Information).

As mentioned in Section 2.1, our model is built up on the basis of the available structural,
experimental and computational evidence. Moreover, based on the model and with only a few
adjustable parameters, diverse available experimental data on dynamics of various kinesin homodimers
with and without extension of the NLs can be explained quantitatively and consistently. All these give
support to the model.

In order to further verify the model, it is hoped that the predicted results can be tested in future
experiments. For example, using single-molecule optical trapping techniques, the predicted results
on the force dependence of stepping ratio for HsK and HsK-6AA (Figure 5b), HsK (Figure 6b) and
KIF17 (Figure 8c) can be tested. Using single-molecule optical trapping techniques complemented
with using a fluorescent ATP analogue (deac-aminoATP), we can simultaneously monitor processive
stepping and nucleotide binding/dissociation under different forces, similar to that used by Sakamoto
et al. [64] to study the chemomechanical coupling of myosin-V. Thus, the predicted results on the
force dependence of the number of ATPs consumed per step, which is equivalent to the inverse of the
chemomechanical coupling ratio, for different species of kinesin motors (Figures 6d, 7f and 8d) can be
tested. The straightforward comparison of the predicted results with the experimental data is critical
to prove the model.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/19/
4911/s1.

Author Contributions: P.X. proposed the model, made analytical solutions and wrote the manuscript. S.-K.G.
performed MC simulations. H.C. assisted in research.

Funding: This research was funded by National Natural Science Foundation of China, grant number 11775301.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1.  Lodish, H; Berk, A.; Zipursky, S.L.; Matsudaira, P.; Baltimore, D.; Darnell, J. Molecular Cell Biology, 4th ed.;
W.H. Freeman and Company: New York, NY, USA, 2000.

2. Chowdhury, D. Stochastic mechano-chemical kinetics of molecular motors: A multidisciplinary enterprise
from a physicist’s perspective. Phys. Rep. 2013, 529, 1-197. [CrossRef]


http://www.mdpi.com/1422-0067/20/19/4911/s1
http://www.mdpi.com/1422-0067/20/19/4911/s1
http://dx.doi.org/10.1016/j.physrep.2013.03.005

Int. ]. Mol. Sci. 2019, 20, 4911 22 of 24

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Vale, R.D.; Reese, T.S.; Sheetz, M.P. Identification of a novel force-generating protein, kinesin, involved in
microtubule-based motility. Cell 1985, 42, 39-50. [CrossRef]

Hirokawa, N. Kinesin and dynein superfamily proteins and the mechanism of organelle transport. Sciernce
1998, 279, 519-526. [CrossRef] [PubMed]

Vale, R.D.; Milligan, R.A. The Way Things Move: Looking Under the Hood of Molecular Motor Proteins.
Science 2000, 288, 88-95. [CrossRef] [PubMed]

Vale, R.D. The molecular motor toolbox for intracellular transport. Cell 2003, 112, 467-480. [CrossRef]
Asbury, C.L. Kinesin: world’s tiniest biped. Curr. Opin. Cell Biol. 2005, 17, 89-97. [CrossRef] [PubMed]
Kolomeisky, A.B.; Fisher, M.E. Molecular Motors: A Theorist’s Perspective. Annu. Rev. Phys. Chem. 2007, 58,
675-695. [CrossRef]

Hirokawa, N.; Noda, Y.; Tanaka, Y.; Niwa, S. Kinesin superfamily motor proteins and intracellular transport.
Nat. Rev. Mol. Cell Biol. 2009, 10, 682-696. [CrossRef]

Lawrence, C.J.; Dawe, R.K.; Christie, K.R.; Cleveland, D.W.; Dawson, S.C.; Endow, S.A.; Goldstein, L.S.;
Goodson, H.V,; Hirokawa, N.; Howard, J.; et al. A standardized kinesin nomenclature. J. Cell Biol. 2004, 167,
19-22. [CrossRef]

Kozielski, F,; Sack, S.; Marx, A.; Thorméhlen, M.; Schénbrunn, E.; Biou, V.; Thompson, A.; Mandelkow, E.M.;
Mandelkow, E. The crystal structure of dimeric kinesin and implications for microtubule-dependent motility.
Cell 1997, 91, 985-994. [CrossRef]

Shastry, S.; Hancock, W.O. Interhead tension determines processivity across diverse N-terminal kinesins.
Proc. Natl. Acad. Sci. USA 2011, 108, 16253-16258. [CrossRef] [PubMed]

Yildiz, A.; Tomishige, M.; Vale, R.D.; Selvin, PR. Kinesin walks hand-over-hand. Science 2004, 303, 676-678.
[CrossRef] [PubMed]

Xie, P. Mechanism of processive movement of monomeric and dimeric kinesin molecules. Int. J. Biol. Sci.
2010, 6, 665-674. [CrossRef] [PubMed]

Schnitzer, M.].; Block, S.M. Kinesin hydrolyses one ATP per 8-nm step. Nature 1997, 388, 386-390. [CrossRef]
[PubMed]

Svoboda, K.; Schmidt, C.F.; Schnapp, B.J.; Block, S.M. Direct observation of kinesin stepping by optical
trapping interferometry. Nature 1993, 365, 721-727. [CrossRef] [PubMed]

Coppin, C.M.; Pierce, D.W.; Hsu, L.; Vale, R.D. The load dependence of kinesin’s mechanical cycle. Proc. Natl.
Acad. Sci. USA 1997, 94, 8539-8544. [CrossRef] [PubMed]

Kojima, H.; Muto, E.; Higuchi, H.; Yanagida, T. Mechanics of single kinesin molecules measured by optical
trapping nanometry. Biophys. J. 1997, 73, 2012-2022. [CrossRef]

Visscher, K.; Schnitzer, M.].; Block, S.M. Single kinesin molecules studied with a molecular force clamp.
Nature 1999, 400, 184-189. [CrossRef]

Nishiyama, M.; Higuchi, H.; Yanagida, T. Chemomechanical coupling of the forward and backward steps of
single kinesin molecules. Nat. Cell Biol. 2002, 4, 790-797. [CrossRef] [PubMed]

Asbury, C.L.; Fehr, AN.; Block, S.M. Kinesin Moves by an Asymmetric Hand-Over-Hand Mechanism. Science
2003, 302, 2130-2134. [CrossRef]

Khalil, A.S.; Appleyard, D.C.; Labno, A.K.; Georges, A.; Karplus, M.; Belcher, A.M.; Hwang, W.; Lang, M.].
Kinesin's cover-neck bundle folds forward to generate force. Proc. Natl. Acad. Sci. USA 2008, 105, 19247-19252.
[CrossRef] [PubMed]

Carter, N.J.; Cross, R.A. Mechanics of the kinesin step. Nature 2005, 435, 308-312. [CrossRef] [PubMed]
Andreasson, J].O.L.; Milic, B.; Chen, G.-Y.; Guydosh, N.R.; Hancock, W.O.; Block, S.M. Examining kinesin
processivity within a general gating framework. eLife 2015, 4, e07403. [CrossRef] [PubMed]

Milic, B.; Andreasson, J.O.L.; Hogan, D.W.; Block, S.M. Intraflagellar Transport Velocity is Governed by the
Number of Active KIF17 and KIF3AB Motors and Their Motility Properties under Load. Proc. Natl. Acad.
Sci. USA 2017, 114, E6830-E6838. [CrossRef] [PubMed]

Clancy, B.E.; Behnke-Parks, W.M.; Andreasson, J.O.L.; Rosenfeld, S.S.; Block, S.M. A universal pathway for
kinesin stepping. Nat. Struct. Mol. Biol. 2011, 18, 1020-1027. [CrossRef]

Yildiz, A.; Tomishige, M.; Gennerich, A.; Vale, R.D. Intramolecular strain coordinates kinesin stepping
behavior along microtubules. Cell 2008, 134, 1030-1041. [CrossRef] [PubMed]

Schnitzer, M.J.; Visscher, K.; Block, S.M. Force production by single kinesin motors. Nat. Cell Biol. 2000, 2,
718-723. [CrossRef]


http://dx.doi.org/10.1016/S0092-8674(85)80099-4
http://dx.doi.org/10.1126/science.279.5350.519
http://www.ncbi.nlm.nih.gov/pubmed/9438838
http://dx.doi.org/10.1126/science.288.5463.88
http://www.ncbi.nlm.nih.gov/pubmed/10753125
http://dx.doi.org/10.1016/S0092-8674(03)00111-9
http://dx.doi.org/10.1016/j.ceb.2004.12.002
http://www.ncbi.nlm.nih.gov/pubmed/15661524
http://dx.doi.org/10.1146/annurev.physchem.58.032806.104532
http://dx.doi.org/10.1038/nrm2774
http://dx.doi.org/10.1083/jcb.200408113
http://dx.doi.org/10.1016/S0092-8674(00)80489-4
http://dx.doi.org/10.1073/pnas.1102628108
http://www.ncbi.nlm.nih.gov/pubmed/21911401
http://dx.doi.org/10.1126/science.1093753
http://www.ncbi.nlm.nih.gov/pubmed/14684828
http://dx.doi.org/10.7150/ijbs.6.665
http://www.ncbi.nlm.nih.gov/pubmed/21060728
http://dx.doi.org/10.1038/41111
http://www.ncbi.nlm.nih.gov/pubmed/9237757
http://dx.doi.org/10.1038/365721a0
http://www.ncbi.nlm.nih.gov/pubmed/8413650
http://dx.doi.org/10.1073/pnas.94.16.8539
http://www.ncbi.nlm.nih.gov/pubmed/9238012
http://dx.doi.org/10.1016/S0006-3495(97)78231-6
http://dx.doi.org/10.1038/22146
http://dx.doi.org/10.1038/ncb857
http://www.ncbi.nlm.nih.gov/pubmed/12360289
http://dx.doi.org/10.1126/science.1092985
http://dx.doi.org/10.1073/pnas.0805147105
http://www.ncbi.nlm.nih.gov/pubmed/19047639
http://dx.doi.org/10.1038/nature03528
http://www.ncbi.nlm.nih.gov/pubmed/15902249
http://dx.doi.org/10.7554/eLife.07403
http://www.ncbi.nlm.nih.gov/pubmed/25902401
http://dx.doi.org/10.1073/pnas.1708157114
http://www.ncbi.nlm.nih.gov/pubmed/28761002
http://dx.doi.org/10.1038/nsmb.2104
http://dx.doi.org/10.1016/j.cell.2008.07.018
http://www.ncbi.nlm.nih.gov/pubmed/18805095
http://dx.doi.org/10.1038/35036345

Int. ]. Mol. Sci. 2019, 20, 4911 23 of 24

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

Fisher, M.E.; Kolomeisky, A.B. Simple mechanochemistry describes the dynamics of kinesin molecules.
Proc. Natl. Acad. Sci. USA 2001, 98, 7748-7753. [CrossRef]

Xie, P.; Dou, S.-X.; Wang, P.-Y. Mechanochemical couplings of kinesin motors. Biophys. Chem. 2006, 123,
58-76. [CrossRef]

Wang, Z.; Feng, M.; Zheng, W.; Fan, D. Kinesin is an evolutionarily fine-tuned molecular ratchet-and-pawl
device of decisively locked direction. Biophys. J. 2007, 93, 3363-3372. [CrossRef]

Hyeon, C.; Onuchic, J.N. Internal strain regulates the nucleotide binding site of the kinesin leading head.
Proc. Natl. Acad. Sci. USA 2007, 104, 2175-2180. [CrossRef] [PubMed]

Liepelt, S.; Lipowsky, R. Kinesin’s Network of Chemomechanical Motor Cycles. Phys. Rev. Lett. 2007, 98,
258102. [CrossRef]

Khataee, H.; Liew, A.W.C. A mathematical model describing the mechanical kinetics of kinesin stepping.
Bioinformatics 2014, 30, 353-359. [CrossRef] [PubMed]

Sumi, T. Design principles governing chemomechanical coupling of kinesin. Sci. Rep. 2017, 7, 1163. [CrossRef]
Hwang, W.; Hyeon, C. Energetic Costs, Precision, and Transport Efficiency of Molecular Motors. |. Phys.
Chem. Lett. 2018, 9, 513-520. [CrossRef] [PubMed]

Xie, P; Chen, H. A non-tight chemomechanical coupling model for force-dependence of movement dynamics
of molecular motors. Phys. Chem. Chem. Phys. 2018, 20, 4752-4759. [CrossRef] [PubMed]

Xie, P.; Guo, S.-K.; Chen, H. ATP-concentration- and force-dependent chemomechanical coupling of kinesin
molecular motors. J. Chem. Inf. Model. 2019, 59, 360-372. [CrossRef] [PubMed]

Guo, 5.-K.; Wang, P-Y;; Xie, P. A model of processive movement of dimeric kinesin. . Theor. Biol. 2017, 414,
62-75. [CrossRef] [PubMed]

Guo, S.-K.; Wang, P--Y,; Xie, P. Dynamics of dimeric kinesins: Limping, effect of longitudinal force, effects of
neck linker extension and mutation, and comparison between kinesin-1 and kinesin-2. Int. ]. Biol. Macromol.
2017, 105, 1126-1137. [CrossRef]

Crevel, LM.T.C.; Lockhart, A.; Cross, R.A. Weak and strong states of kinesin and Necd. J. Mol. Biol. 1996, 257,
66-76. [CrossRef]

Hancock, W.O.; Howard, J. Kinesin’s processivity results from mechanical and chemical coordination between
the ATP hydrolysis cycles of the two motor domains. Proc. Natl. Acad. Sci. USA 1999, 96, 13147-13152.
[CrossRef] [PubMed]

Sosa, H.; Peterman, E.J.G.; Moerner, W.E.; Goldstein, L.S.B. ADP-induced rocking of the kinesin motor
domain revealed by single-molecule fluorescence polarization microscopy. Nat. Struct. Mol. Biol. 2001, 8,
540-544. [CrossRef] [PubMed]

Uemura, S.; Kawaguchi, K.; Yajima, J.; Edamatsu, M.; Toyoshima, Y.Y.; Ishiwata, S. Kinesin—microtubule
binding depends on both nucleotide state and loading direction. Proc. Natl. Acad. Sci. USA 2002, 99, 5977-5981.
[CrossRef] [PubMed]

Cross, R.A. Mechanochemistry of the kinesin-1 ATPase. Biopolymers 2016, 105, 476-482. [CrossRef] [PubMed]
Shi, X.-X.; Fu, Y.-B.; Guo, S.-K.; Wang, P-Y.; Chen, H.; Xie, P. Investigating role of conformational changes of
microtubule in regulating its binding affinity to kinesin by all-atom molecular dynamics simulation. Proteins
2018, 86, 1127-1139. [CrossRef] [PubMed]

Xie, P. Stepping behavior of two-headed kinesin motors. Biochim. Biophys. Acta-Bioenergetics 2008, 1777,
1195-1202. [CrossRef] [PubMed]

Morikawa, M.; Yajima, H.; Nitta, R.; Inoue, S.; Ogura, T.; Sato, C.; Hirokawa, N. X-ray and Cryo-EM structures
reveal mutual conformational changes of Kinesin and GTP-state microtubules upon binding. EMBO ]. 2015,
34,1270-1286. [CrossRef]

Rice, S.; Lin, AW,; Safer, D.; Hart, C.L.; Naber, N.; Carragher, B.O.; Cain, S.M.; Pechatnikova, E.;
Wilson-Kubalek, E.M.; Whittaker, M.; et al. A structural change in the kinesin motor protein that drives
motility. Nature 1999, 402, 778-784. [CrossRef]

Asenjo, A.B.; Weinberg, Y.; Sosa, H. Nucleotide binding and hydrolysis induces a disorder-order transition in
the kinesin neck-linker region. Nat. Struct. Mol. Biol. 2006, 13, 648-654. [CrossRef]

Hwang, W.; Lang, M.].; Karplus, M. Force generation in kinesin hinges on cover-neck bundle formation.
Structure 2008, 6, 62-71. [CrossRef]

Alonso, M.C.; Drummond, D.R;; Kain, S.; Hoeng, J.; Amos, L.; Cross, R.A. An ATP gate controls tubulin
binding by the tethered head of kinesin-1. Science 2007, 316, 120-123. [CrossRef]


http://dx.doi.org/10.1073/pnas.141080498
http://dx.doi.org/10.1016/j.bpc.2006.04.003
http://dx.doi.org/10.1529/biophysj.107.108233
http://dx.doi.org/10.1073/pnas.0610939104
http://www.ncbi.nlm.nih.gov/pubmed/17287347
http://dx.doi.org/10.1103/PhysRevLett.98.258102
http://dx.doi.org/10.1093/bioinformatics/btt698
http://www.ncbi.nlm.nih.gov/pubmed/24292938
http://dx.doi.org/10.1038/s41598-017-01328-9
http://dx.doi.org/10.1021/acs.jpclett.7b03197
http://www.ncbi.nlm.nih.gov/pubmed/29329502
http://dx.doi.org/10.1039/C7CP05557A
http://www.ncbi.nlm.nih.gov/pubmed/29379931
http://dx.doi.org/10.1021/acs.jcim.8b00577
http://www.ncbi.nlm.nih.gov/pubmed/30500195
http://dx.doi.org/10.1016/j.jtbi.2016.11.023
http://www.ncbi.nlm.nih.gov/pubmed/27899285
http://dx.doi.org/10.1016/j.ijbiomac.2017.07.147
http://dx.doi.org/10.1006/jmbi.1996.0147
http://dx.doi.org/10.1073/pnas.96.23.13147
http://www.ncbi.nlm.nih.gov/pubmed/10557288
http://dx.doi.org/10.1038/88611
http://www.ncbi.nlm.nih.gov/pubmed/11373624
http://dx.doi.org/10.1073/pnas.092546199
http://www.ncbi.nlm.nih.gov/pubmed/11959922
http://dx.doi.org/10.1002/bip.22862
http://www.ncbi.nlm.nih.gov/pubmed/27120111
http://dx.doi.org/10.1002/prot.25592
http://www.ncbi.nlm.nih.gov/pubmed/30132979
http://dx.doi.org/10.1016/j.bbabio.2008.04.040
http://www.ncbi.nlm.nih.gov/pubmed/18501186
http://dx.doi.org/10.15252/embj.201490588
http://dx.doi.org/10.1038/45483
http://dx.doi.org/10.1038/nsmb1109
http://dx.doi.org/10.1016/j.str.2007.11.008
http://dx.doi.org/10.1126/science.1136985

Int. ]. Mol. Sci. 2019, 20, 4911 24 of 24

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Hariharan, V.; Hancock, W.O. Insights into the mechanical properties of the kinesin neck linker domain
from sequence analysis and molecular dynamics simulations. Cell. Mol. Bioeng. 2009, 2, 177-189. [CrossRef]
[PubMed]

Cao, L.; Wang, W.,; Jiang, Q.; Wang, C.; Knossow, M.; Gigant, B. The structure of apo-kinesin bound to tubulin
links the nucleotide cycle to movement. Nat. Commun. 2014, 5, 5364. [CrossRef] [PubMed]

Rosenfeld, S.S.; Jefferson, G.M.; King, P.H. ATP reorients the neck linker of kinesin in two sequential steps.
J. Biol. Chem. 2001, 276, 40167-40174. [CrossRef] [PubMed]

Rice, S.; Cui, Y.; Sindelar, C.; Naber, N.; Matuska, M.; Vale, R.; Cooke, R. Thermodynamic properties of the
kinesin neck region docking to the catalytic core. Biophys. J. 2003, 84, 1844-1854. [CrossRef]

Kikkawa, M. The role of microtubules in processive kinesin movement. Trends Cell Biol. 2008, 18, 128-135.
[CrossRef]

Block, S.M. Kinesin motor mechanics: Binding, stepping, tracking, gating, and limping. Biophys. ]. 2007, 92,
2986-2995. [CrossRef]

Taniguchi, Y.; Nishiyama, M.; Ishii, Y.; Yanagida, T. Entropy rectifies the Brownian steps of kinesin. Nat. Chem.
Biol. 2005, 1, 342-347. [CrossRef]

Kawaguchi, K,; Ishiwata, S. Temperature dependence of force, velocity, and processivity of single kinesin
molecules. Biochem. Biophys. Res. Commun. 2000, 272, 895-899. [CrossRef]

Chou, Y.C.; Hsiao, Y.-F,; To, K. Dynamic model of the force driving kinesin to move along microtubule—
Simulation with a model system. Phys. A Stat. Mech. Appl. 2015, 433, 66-73. [CrossRef]

Ariga, T.; Tomishige, M.; Mizuno, D. Nonequilibrium energetics of molecular motor kinesin. Phys. Rev. Lett.
2018, 121, 218101. [CrossRef] [PubMed]

Dogan, M.Y.; Can, S.; Cleary, F.B.; Purde, V,; Yildiz, A. Kinesin’s front head is gated by the backward
orientation of its neck linker. Cell Rep. 2015, 10, 1967-1973. [CrossRef] [PubMed]

Sakamoto, T.; Webb, M.R.; Forgacs, E.; White, H.D.; Sellers, ].R. Direct observation of the mechanochemical
coupling in myosin Va during processive movement. Nature 2008, 455, 128-132. [CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s12195-009-0059-5
http://www.ncbi.nlm.nih.gov/pubmed/21544223
http://dx.doi.org/10.1038/ncomms6364
http://www.ncbi.nlm.nih.gov/pubmed/25395082
http://dx.doi.org/10.1074/jbc.M103899200
http://www.ncbi.nlm.nih.gov/pubmed/11509561
http://dx.doi.org/10.1016/S0006-3495(03)74992-3
http://dx.doi.org/10.1016/j.tcb.2008.01.002
http://dx.doi.org/10.1529/biophysj.106.100677
http://dx.doi.org/10.1038/nchembio741
http://dx.doi.org/10.1006/bbrc.2000.2856
http://dx.doi.org/10.1016/j.physa.2015.03.075
http://dx.doi.org/10.1103/PhysRevLett.121.218101
http://www.ncbi.nlm.nih.gov/pubmed/30517811
http://dx.doi.org/10.1016/j.celrep.2015.02.061
http://www.ncbi.nlm.nih.gov/pubmed/25818289
http://dx.doi.org/10.1038/nature07188
http://www.ncbi.nlm.nih.gov/pubmed/18668042
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	The Model 
	The Simplified Model at Saturating ATP 
	Dynamics of WT Kinesin-1 at Saturating ATP 
	Dynamics of Kinesin-1 with Extended NLs at Saturating ATP 
	Dynamics of Kinesin-1 with Extended NLs at Non-Saturating ATP 
	Dynamics of Kinesin-2 
	Power Production and Efficiency of Kinesin Dimers 

	Methods 
	Monte Carlo Simulations 
	Methods for Calculation of Stepping Ratio 

	Concluding Remarks 
	References

