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The biomolecular motor kinesin uses chemical energy released from a fuel reaction to generate di-
rectional movement and produce mechanical work. The underlying physical mechanism is not fully
understood yet. To analyze the energetics of the motor, we reconceptualize its chemomechanical cy-
cle in terms of separate fuel reaction and work production processes and introduce a thermodynamic
constraint to optimize the cycle. The model predicts that the load dependences of the motor’s veloc-
ity, stepping ratio, and dwell time are determined by the mechanical parameters of the motor—track
system rather than the fuel reaction rate. This behavior is verified using reported experimental data
from wild-type and elongated kinesins. The fuel reaction and work production processes indicate that
kinesin is driven by switching between two chemical states, probably following a general pattern for
molecular motors. The comparison with experimental data indicates that the fuel reaction processes
are close to adiabatic, which is important for efficient operation of the motor. The model also suggests

that a soft, short neck linker is important for the motor to maintain its load transport velocity.
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1 Introduction

Kinesin is a motor protein that moves along a polymeric
track for intracellular transport [1, 2]. It comprises a
pair of identical global domains (heads) connected by
two flexible peptide chains (neck linkers) [3, 4]. Using
this structure, kinesin makes successive steps in hand-
over-hand fashion toward the plus end of the track (mi-
crotubule). The two heads contact with the track and
catalyze fuel (adenosine triphosphate, ATP) by the hy-
drolysis reaction to obtain energy. The motion of kinesin
along the track is rapid and highly directional; it has a
speed of ~100 step/s [5-8], and the probability of mak-
ing a backward step is only ~1/1000 [6-8]. In transport,
kinesin can support a load of up to ~7 pN with an energy
efficiency of ~70% [5-8]. The excellent performance has
attracted much research interest in the motor’s internal
working mechanism [9-16].

During a forward step, kinesin undergoes a tightly
coupled chemomechanical cycle composed of multistep
catalysis in the fuel reaction and a series of conforma-

tional changes that generate displacement and work [9—
11, 17, 18]. Interaction of the chemical and mechanical
processes is a key to the working mechanism. Cataly-
sis of the fuel reaction and the accompanying conforma-
tional changes have been studied extensively using exper-
iments [5-7, 18-21] and theoretical models [9-16]. The
chemomechanical coupling is often interpreted as simul-
taneous occurrence of a catalysis step and the induced
conformational change. However, recent studies provide
some evidence that the coupled chemical and mechanical
processes occur successively. First, it was theoretically
proposed [22] that the optimized cycle of kinesin is con-
nected by two adiabatic processes, in which the entropy
of the system does not increase, and two mechanical pro-
cesses, in which displacement and work are generated.
The behavior predicted by the theory is consistent with
experimental data, suggesting that the chemomechani-
cal cycle is composed of these two types of processes.
Second, an experiment [19] showed that the neck linker
zippering that directs forward steps is induced by ATP
hydrolysis. This finding changed the previous under-
standing that zippering depends on ATP binding. Ac-
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cording to this new observation, the chemomechanical
cycle is composed of ATP binding and hydrolysis fol-
lowed by neck linker zippering, as well as release of the
hydrolysis products [adenosine diphosphate (ADP) and
inorganic phosphate (Pi)] followed by rear head detach-
ment from the track. This order forms a “drive—move”
pattern. Therefore, the two types of processes in the
theory are likely to be specific to the fuel reaction and
work production. On the basis of the above analysis, a
cycle with these chemical and mechanical processes can
be formulated, which may simplify theoretical analysis of
the chemomechanical cycle and provide thermodynamic
information for understanding the underlying physical
mechanism.

In this paper, we reconceptualize the chemomechan-
ical cycle of kinesin in terms of separate fuel reaction
and work production processes. The model is formu-
lated using the kinetics. The dependence of the kinetic
rates on the input chemical energy and output mechan-
ical work are given by the detailed balance condition.
Entropy production as defined by the kinetics [23, 24] is
used to quantify the energy dissipation in the processes,
and a thermodynamic constraint [22] on the entropy pro-
duction is introduced to optimize the directional fidelity
of the motor. With the reconceptualized cycle and the
thermodynamic constraint, the expressions for the mo-
tor’s velocity, stepping ratio, and dwell time show a com-
mon feature; namely, their load dependences rely mainly
on the mechanical parameters of the motor—track sys-
tem and are not influenced by the fuel reaction rates.
The predicted feature is tested by a comparison with re-
ported experimental data from wild-type and elongated
kinesins, which supports the reconceptualized cycle. The
reconceptualized cycle indicates that kinesin is driven by
switching between two chemical states, probably follow-
ing a general pattern for molecular motors. When the
model results are fitted to the experimental data, the
model yields low entropy production in the fuel reaction
processes, which suggests that these processes are close
to adiabatic. The model also suggests that the soft, short
neck linkers play an important role in maintaining the
load transport velocity of kinesin.

2 Kinetic model

2.1 Reconceptualized chemomechanical cycle

The cycle (Fig. 1) starts with an ATP-waiting state,
where one head waits for ATP binding and is strongly
attached to the track, and the other head binds with
ADP and diffuses to search for the next association site
on the track. ATP binding and subsequent hydrolysis
(1 — 2) induce zippering of the neck linker, which di-
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Fig. 1 TIllustration of the reconceptualized chemomechani-
cal cycle for kinesin. The shown biped is kinesin. The plump
foot is the motor head. The blue line connecting the two
plump feet is the necklinker. The short red line (in state 2
& 3) on the necklinker denotes the zippering effect. The he-
lical structure in the middle of the necklinker is the coiled
coil which dimerizes the two motor heads. Load force (f)
is attached through the coiled coil to the middle of the neck
linker. The track is the microtubule filament. The symbols T
and D on the motor head denote ATP and ADP respectively.
The symbols a and S on the track denote the subunits of
a-tubulin and S-tubulin which compose the microtubule fila-
ment. The symbols of ‘+’ and ‘~’ denote the forward and the
backward directions of the track. The red arrows associated
with ATP, ADP, Pi and H2O denote the fuel reactions, which
is catalyzed by the motor head. The black arrows denote the
mechanical processes of head detaching from track as well as
head binding to track, which are coupled with the load force.

rects the diffusing head to attach to the forward site on
the track (2 — 3). After attaching, the head takes the
leading position, which causes it to release ADP and be-
come strongly attached to the track. The other head,
which falls to the rear position, releases the hydroly-
sis product Pi (3 — 4); consequently, the head con-
tains the remaining ADP and becomes weakly attached
to the track. Hence, ADP and Pi release switch the
head-track attachment strength between the front and
rear heads, and induce the rear head to detach from the
track (4 — 1). Finally, the motor returns to the initial
state but hydrolyzes one ATP molecule and takes one
step forward along the track. If a load is attached to
the motor, mechanical work is performed in the forward
step. The order of the processes in the cycle is adopted
from an experiment [19], and the corresponding fuel re-
action (1 — 2 and 3 — 4) and work production (2 — 3
and 4 — 1) processes are described by our reconceptual-
ization.

2.2 Kinetics and thermodynamics of the model

A transition from one state () to another (j) is assigned
a transition rate (k;;). All transitions are assumed to be
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reversible (k;; <> k;;). According to the reconceptualiza-
tion of the cycle, the transition rates for the fuel reaction
processes (1 — 2 and 3 — 4) depend on the chemical en-
ergy (Ap’) provided by the fuel, and the transition rates
for the work production processes (2 — 3 and 4 — 1)
depend on the mechanical work produced by the motor
(fd). The relations are generated using the detailed bal-
ance condition as follows:

kiok
AF12—|—AF34—|—A/.L/ = k:BTln 12 34, (1)
ko1ka3
koskay
AF53 + AFy — fd=kgTIn . (2)
k3ok14

AF;; is the difference in the free energy of the motor
between state ¢ and state j; f is the load force, d is the
step size (~8 nm), kp is the Boltzmann constant, and T
is the environmental temperature (~300 K). After one
cycle, the total free-energy change of the motor equals
Zero: AF12 + AF23 + AF34 + AF41 = 0. Both AFQg and
—AF},; are composed of the head-track binding energy
for the ADP-bound head and the free energy of the ex-
tended neck linker (Fig. 1). The free energy of neck linker
zippering is ignored because it is very small (~ 1kgT)
[4] Hence, AFQg + AF41 = 0, and AFlg + AF34 = 0, SO
Egs. (1) and (2) can be simplified as follows:

k12 k34

Ay = kTl , 3

s B ko1kas ®)

_fd = kpTin i2ka (4)
k3okia

After a cycle, a portion of the chemical energy from the
fuel is used to do work, and the rest is dissipated. The
dissipated energy is quantified in terms of the entropy
production as follows:

Ap' — fd =T(AS12 + ASaz + ASz4 + ASy1). (5)

AS;; is the entropy production of a transition from state
i to state j, which is defined as AS,; = kg In(p;ki;/p;k;i)
[23, 24], and p; is the probability that the motor is in
state i. According to the definition of the entropy pro-
duction, ASs3 and ASy; quantify the stepping bias of the
motor, so the two entropy production values determine
the directional fidelity of the motor. Because the sum
of the two entropy production values is always limited,
namely, T(AS23+ASy) < Ap’ — fd (Eq. 5), optimizing
the motor’s directional fidelity requires ASs3 = ASy
[22]. In this model, the condition for optimization is in-
troduced. The entropy production values of the two fuel
reaction processes are also assumed to be equal, that is,
ASjs = AS34. The sum ASE = ASY, + ASY, is treated
as a fitting parameter, where 0 indicates that no load is
attached.
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2.3 Assignment of kinetic rates

The transition rates are assigned to satisfy Egs. (3) and
(4) and the two conditions for entropy production. The
ATP, ADP, and Pi binding rates are proportional to
their concentrations, that is, k12 = kaTpp[ATP] and
kss = (1/kappu[ADP] + 1/kpi,[Pi])~t. The square
brackets denote the concentrations, and kaTtpn, KADPD,
and kpjp, are the binding coefficients. The reversed rates,
k21 and kg4, are constants that satisfy Eq. (3). The
transition rates of the work production processes de-
pend on the attached load according to a Boltzmann
relationship, namely, k;; = k?je_f %ij/ksT where k'ioj is
the rate without a load attached, and ¢;; is the load-
coupling distance. The load-coupling distances satisfy
023 — 032 + 041 — 014 = d according to Eq. (4). The
load-coupling distances are also constrained by the two
conditions for entropy production according to the rela-
tions below (Methods):

k1g 1 — e~ AS12/ks kos eASi2/kp _ 1

kg eASu/kE 17 ky 1 — o ASw/kp’

k3o 1 — e ASs/ks ka1 eASsa/kp _

Foi A% 1 kyy 1 c s (O
All four entropy productions are load-dependent.

Eq. (6), in combination with the relations ASss = ASy;
and AS72 = AS34, requires the same load dependence
for ko3 and k41 and the same load dependence for k3o
and k14. Hence, (523 = (5417 532 = 514, and 523 — 632 =
041 — 014 = d/2. 093 is treated as the independent param-
eter, and the load dependence of do3 = dg + ¢ f, where dg
is the distance for zero load, and ¢ is the elongation coef-
ficient of the distance for the attached load. The worm-
like chain model [25] gives ¢ = Ipl./(2kpT) (Methods),
where [, and [, are the persistence length and contour
length of the neck linker, respectively.

3 Results and discussion

3.1 Expressions for kinesin’s behavior according to the
model

On the basis of the kinetic model, analytical expressions
for kinesin’s velocity, forward versus backward stepping
ratio, and dwell time are derived. Assuming that the
energy dissipation (TASY) in the fuel reaction processes
is small, the velocity is expressed as (Methods)

d[eAsg/(sz) — 1]e~/@o+ef)/(kpT)

BT CRR (kg ) ke kg

v

(7)

Eq. (7) contains a prefactor for the dependence of the
fuel reaction rates and an exponential factor for the load
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dependence. The transition rates for the two mechani-
cal processes do not appear explicitly in the expression.
Hence, the fuel reaction rates and load force influence
the velocity through the two independent factors. The
prefactor is the velocity without a load attached. The
functional form of the prefactor indicates that the ve-
locity increases with the fuel concentration through the
fuel-binding rate, k12 = karpp[ATP]. The load force (f)
appears only in the exponential factor, so the load de-
pendence of the velocity remains the same for different
fuel concentrations. The functional form of the expo-
nential factor suggests a Gaussian-type reduction of the
velocity against the load, which relies on the two param-
eters g and . §p is determined by the configurational
change of the neck linker as the diffusing head binds to
the track when no load is attached, and ¢ is determined
by the mechanical parameters of the neck linker (I, and
l.); thus, the load dependence of the velocity is related
only to the mechanical parameters of the motor—track
system.

The stepping ratio between forward and backward
steps is interpreted as the average ratio of all the me-
chanical transition events in the forward direction ver-

]

0 _ _ _ _
B9/ @kn) (Bt + ka) + kot + kg of Gotef)/(ksT)

T GASL/ (k) _ |

For a small load, the stepping ratio is a large number
(R > 1), so the term (R + 1)~! in Eq. (9) can be ig-
nored, and the expression for the average dwell time fol-
lows the functional form of the velocity [Eq. (6)] in a
reciprocal way. For a large load, the term (R+1)~! can
be expanded as > .- (—R)", and all the terms in the
expanded expression contain a factor contributing to the
dwell time for zero load and another factor for the load
dependence. Hence, in the expressions for the velocity,
stepping ratio, and dwell time [Egs. (7), (8), and (9),
respectively), the load dependence of the performance is
independent of the fuel reaction rate. This feature is spe-
cific to the reconceptualized cycle under the condition of
small energy dissipation in the fuel reaction processes.

3.2 Comparison with experimental data

The behavior predicted by the model is compared with
reported experimental data [6, 7] from wild-type kinesin,
and the key features of the predicted behavior are ex-
amined in terms of the comparison. The measured ve-
locity shows approximately the same load dependence
for high and low fuel (ATP) concentrations [Figs. 2(a)
and (b)]. The measurements also support the predicted
Gaussian-type reduction against the load. The velocity
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sus that of those in the backward direction, namely,
R = (p2k23 =+ p4k41)/(p3k32 + p1k14). The ratio is ex-
pressed as (Methods)

R = oA/ =TASE)/(2kpT) o~ f(d/2)/(kBT) (8)

Like Eq. (7), the expression also contains factors for the
zero-load stepping ratio and load dependence. The zero-
load stepping ratio is determined by the input chemi-
cal energy (Ay') minus the dissipated portion (TASL).
The load dependence of the stepping ratio relies only
on the characteristic distance of the half-step size (d/2),
which is determined by the track. This load dependence
is different from that of the velocity, in which the elon-
gation coefficient () depends on the parameters of the
neck linker. As a consequence of the introduced condi-
tion for optimizing the directional fidelity, the derived
expression for the stepping ratio is similar to that in
Ref. [22].

The average dwell time for a step depends on the mo-
tor’s velocity and stepping ratio, so the expression for
the average dwell time is derived using Eqs. (7) and (8)
(Methods):

1—2(R+1)71). (9)

T

predicted by the theory fits the experimental data. The
values of the parameters used in the fitting are listed in
Table 1. The measured stepping ratio and dwell time
also show approximately the same load dependence for
high and low fuel (ATP) concentrations. Without ad-
justment of the parameters, the predicted stepping ratio
and dwell time are also consistent with the experimental
data [Figs. 2(c)—(f)]. The measured stepping ratio clearly
displays a load-coupling distance of ~4 nm, which is just
the half-step size of kinesin. This feature is also con-
sistent with the theory [Eq. (7)]. Regarding the dwell
time, whereas the theory derives the average dwell time,
the measurements give the dwell times for forward and
backward steps. However, the difference between the
two is small, and their load dependence is similar. The
predicted load dependence of the average dwell time fits
both measurements well.

In the above comparison, the load-irrelevant param-
eters are adjusted to fit the experimental data for zero
load, and the load-relevant parameters are adjusted to fit
the load dependence. The zero-load velocity and dwell
time predicted by the model are determined mainly by
the fuel-binding coefficient (karp,) and the entropy pro-
duction (ASY) of the two fuel reaction processes [Eqgs. (7)
and (9)]. In the fitting, the binding coeflicients of the

Hui-Juan Xu, et al., Front. Phys. 13(5), 138206 (2018)
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Fig. 2 Predicted performances vs. experimental data. The lines are theoretical predictions and the symbols are experimen-
tal data. The blue and the red colors denote the high (1 mM) and the low (10 uM) fuel (ATP) concentrations respectively.
(a, b) The velocities for the high and the low ATP concentrations refer to the left and the right vertical axes respectively.
(c, d) The black lines indicate the predicted stepping ratios at the high and low ATP concentrations are overlapped. (e,
f) The filled and the empty symbols denote the dwell times for forward and backward steps respectively. The experimental
data in (a), (c) and (e) are from Ref. [6], and the experimental data in (b), (d) and (f) are from Ref. [7]. Ay’ is taken 14
kT for the theoretical predictions.

Table 1 Fitting parameters. WT and EL denote wild-type kinesin and elongated kinesin, respectively. The fittings to the
experimental data in Refs. [6, 7] and [17] yield karpb, kaDPb, kpib, k21, ASE and I,. The values of katpy, kappb, kpib and
k21 are close to the measured values in experiment [18]. The value of [, is close to the measurement in Ref. [26]. The value
of I, is derived by the number of residues (14 for wild-type kinesin and 20 for elongated kinesin) in one necklinker multiplied
by the length of one residue (~0.36 nm).

Expt. EaTpb (MM/s)  kappb (MM/s)  kpip (WM/s) ka1 (1/s)  ASL (k) S0 (nm) I (nm) Iy (nm)
[6] WT 4 2.5 1 220 0.65 0.16 5 0.4
[71 WT 14 7 7 220 0.9 0.16 5 0.4
[17] EL 10 7 7 220 0.35 0.16 7.2 0.58

fuel (kaTpp) and the hydrolysis products (kappn, and which is consistent with our assumption of small energy
kpib), as well as the fuel release rate (k21), are taken dissipation (TASQ) in the fuel reaction processes. For
close to the values measured in the experiment [18]. The small ASQ, the predicted zero-load stepping ratio de-
entropy production AS2 remains small (~0.6-0.9 kp), pends mainly on the input chemical energy Ay’ [Eq. (8)],

Hui-Juan Xu, et al., Front. Phys. 13(5), 188206 (2018) 138206.5
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which is assigned to fit the experimental data.

The theoretical load dependences of the velocity and
dwell time depend on the parameters do, I., and l,. The
fitting requires a small value of &g, which indicates that
the load dependence relies mainly on [, and [,,. To fit the
load dependence, [, is obtained directly from the num-
ber (~14) of amino acids in one neck linker multiplied
by the length (~0.36 nm) of each amino acid, and the
persistence length (l,) is taken close to the value mea-
sured in the experiments [26]. To reproduce the single-
exponential load dependence of the stepping ratio, AS%
must be a small number, which is again consistent with
our assumption regarding TASQ. This requirement is
discussed in detail in a later section.

To further test the model, we compare its predictions
with experimental data from a mutant kinesin with elon-
gated neck linkers and a conserved track [17]. Six amino
acids were inserted into each neck linker in the exper-
iment, so [, is increased, and ¢ (= l,l./(2kpT)) is en-
larged; thus, the theory [Eq. (7)] predicts a faster de-
crease in the velocity against the load compared to that
for the wild-type kinesin. The experimental data for the
elongated kinesin indeed display a faster decrease in the
velocity against the load [Fig. 3(a)]. Further, the data
for the elongated kinesin also show that the load depen-
dence of the velocity is approximately the same at high
and low ATP concentrations [Fig. 3(a)]. With the in-
creased [, (~ 7.2 nm for 20 amino acids), the predicted
velocity fits the experimental data. All the other pa-
rameters in the fitting are close to those used for the
wild-type kinesin (Table 1). Regarding the stepping ra-
tio, the load dependence relies only on the half-step size
according to Eq. (8). Because of the conserved track,
the step size of the elongated kinesin remains the same
as that of the wild-type kinesin. Therefore, the theory

400 ELe[ATP]=2mM

S 60
300 - 2 200 )
401800

_ 100 20

) 0 0l

EZOO*\,I’------. 013234567 [0

B o= ! Load

'g L 400

- [ ]

2 1007 TATPI2 mM N
OWT ST ’
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0 — T T 1 T T 1 T T T O‘ T 0
o 1 2 3 4 5 6 7
Load (pN)

predicts the same load dependence of the stepping ra-
tio for the elongated and wild-type kinesins. Two sets
of experimental data ([ATP] = 10 pM and 2 puM) for
the elongated kinesin indeed show the same slope as the
half-step size [Fig. 3(b)]. Hence, the overall agreement
revealed by the comparisons verifies the predicted fea-
tures of the behavior and supports the reconceptualized
cycle for kinesin.

3.3 Energy dissipation in the fuel reaction processes

Our model indicates that the energy dissipation in the
fuel reaction processes is small (TASY < 1kgT). If large
values of the dissipation are used, the theoretical predic-
tions [Egs. (7), (8), and (9)] deviate from the experi-
mental data. For the stepping ratio in particular, the
single-exponential dependence on the load [Eq. (8)] is
not valid in the theory for large values of the dissipation.
As the dissipation increases, the stepping ratio from the
exact solution decreases (Fig. 4), and its load dependence
is no longer single-exponential as shown in Eq. (8). In
this case, an increased input energy (Ap') may compen-
sate for the reduction in the stepping ratio [as indicated
by Eq. (8)], but it still cannot make the solution fit the
experimental data. Hence, the comparison further sup-
ports the prediction that the energy dissipation in the
fuel reaction processes is small.

The extremely efficient biomolecular motor FoF; (en-
ergy efficiency ~100% [27-29]) also displays a single-
exponential load dependence of the stepping ratio [28],
and the decreased slope of the dependence is also equal
to the half-step size of the motor. Studies [30, 31] that
used kinetic models to analyze the motor’s chemome-
chanical cycle also derived small dissipation in the fuel
reaction processes. Therefore, advanced biomolecular

1000

® EL, [ATP]=2 uM

100+

Stepping ratio

Load (pN)

Fig. 3 Performances of elongated kinesin. The lines are theoretical predictions and the symbols are experimental data. (a)
The large frame shows the comparison between the velocities of the elongated kinesin and the wild-type kinesin. The small
frame shows the velocities of the elongated kinesin for the high and the low fuel (ATP) concentrations. (b) Comparison
between the stepping ratios of the elongated kinesin and the wild-type kinesin. The experimental data of the elongated
kinesin are from Ref. [17], and the experimental data of the wild-type kinesin are from Refs. [6, 7]. The predictions for the
fuel concentrations of 2 mM, 10 and 2 uM are made by Ap’ of 8, 7 and 4.5 kpT respectively.
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Fig. 4 Analysis of the energy dissipation in the fuel-
reaction processes. The lines are predictions from the model
with different values of ASS. The solid line fits the experi-
mental data using the value of ASS in Table 1, and the dot
lines are results from adjusting ASZ. The symbols are exper-
imental data for high ATP concentration ([ATP] = 1 mM)
from Ref. [6].

motors likely dissipate very small amounts of energy dur-
ing the fuel reaction. In the reconceptualized cycle, the
fuel reaction processes do not contribute directly to work
production, so the input energy assigned to the processes
cannot be used to do work. Hence, the small energy dis-
sipation indicates that most of the input energy is used in
the mechanical processes of work production and direc-
tional movement, that is, Ay’ ~ Fd + T(AS23 + ASy1),
which is ideal for efficient fuel-driven motors.

3.4 Dependence of load transport velocity on the neck
linker

An important function of kinesin is intracellular trans-
port. Maintaining high velocity during cargo transport
is desirable, so ideally the velocity of kinesin should de-
crease slowly against the load. Our model suggests that
the decrease in the slope depends on the load-coupling
distance d23, which increases with the load force owing
to the force-induced extension of the neck linkers. We
further test the relation by using a fixed load-coupling
distance do3 to fit the measured velocity [Figs. 5(a) and
(b)]. The fixed 23 produces an exponential decrease in
the load dependence of the velocity, which deviates from
the experimental data. In the theory, the load depen-
dence of the dwell time is approximately the reciprocal of
that for the velocity [Egs. (7) and (9)], so the dwell time
is also used for the test. The predicted dwell time with
the fixed 623 obviously deviates from the experimental
data at large loads [Figs. 5(c) and (d)]. These results in-
dicate that the load-coupling distance do3 increases with
the load force.

According to the model, the elongation coefficient ()
depends on the persistence length (I,,) and contour length
(I.) of the neck linker [e = [,l./(2kpT)], suggesting that

Hui-Juan Xu, et al., Front. Phys. 13(5), 138206 (2018)

at small values of I, and [, the velocity of kinesin can
decrease slowly with increasing load. The neck linker
is only a single-peptide chain and thereby is very soft
(I, < 1 nm), which satisfies the requirement of a short
persistence length. The contour length of the two neck
linkers (~10 nm) must be longer than the step size (~8
nm), but the ratio of the contour length to the step size
is small (~1.25), which also satisfies the requirement of a
short contour length. Hence, the soft, short neck linker
supports the ability of kinesin to maintain a relatively
high velocity while transporting loads. Regarding the
functional roles of the neck linker, studies [12, 32] suggest
that its short length is important for kinesin to generate
unidirectional motion and output a sufficient amount of
work. Therefore, the soft, short neck linker plays an
important role in kinesin’s transport function.

3.5 Chemomechanical coupling of kinesin

The model provides a picture of two chemical pro-
cesses and two mechanical processes that interact succes-
sively in the chemomechanical cycle. According to our
reconceptualization, the fuel inside the two motor heads
switches between two chemical states: ADP for one head
and no fuel for the other versus ATP for one head and
ADP for the other (Fig. 1). The driving mechanism is
comparable to that of heat engines, which are driven by
switching the temperatures of their working substances
that occupy hot and cold reservoirs; that of some ar-
tificial molecular motors [33-36], which are driven by
switching the frequencies of light to induce molecular
isomerization in the motors; and that of the Brownian
motor [37], which is driven by switching the external
potential between on and off. The similarity indicates
that the reconceptualized cycle for kinesin probably fol-
lows a general pattern for power machines. Moreover,
a recent theory [22] proved that the optimized cycle for
kinesin contains two processes with zero entropy pro-
duction, which are comparable to the two adiabatic pro-
cesses in the Carnot cycle. This study further suggests
that the two processes are specific to the fuel reaction.
Hence, the reconceptualized cycle and thermodynamic
analysis in this study may provide a new way to see the
chemomechanical coupling of kinesin.

The proposed driving mechanism of kinesin can be fur-
ther tested from other perspectives in the future. To elu-
cidate the working mechanism of kinesin, a recent study
[16] developed a rigorous method to analyze multiple cy-
cles that may occur in its operation and showed that
there is a single cycle that dominates the working pro-
cesses. For general kinetic models, the method can de-
rive the probability that each cycle will occur, so it can
be used to check the significance of the reconceptualized
cycle by general consideration of more possible working
cycles. Other biomolecular motors such as myosin V' and
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load-coupling distance d23 = do + €f and d23 = 1 nm. Other parameters for the predictions remain the same as in Table 1.

The symbols are experimental data from Refs. [6, 7].

FyFy are also driven by the fuel reaction of ATP; their
performance data are also abundant [38, 39] and can be
used to test the generality of the proposed driving mech-
anism.

4 Conclusions

In this study, we reconceptualize kinesin’s chemome-
chanical cycle in terms of separate chemical and me-
chanical processes and introduce a thermodynamic con-
straint for optimization of the cycle. The model pre-
dicts that the load dependences of the motor’s param-
eters are not influenced by the fuel reaction rates but
rely only on the mechanical parameters of the motor—
track system. The predicted behavior is consistent with
reported experimental data from wild-type and mutant
kinesins. The reconceptualized cycle suggests that the
fuel reaction switches the motor between two chemical
states to drive the motion. Thermodynamic analysis in-
dicates that a small amount of energy is dissipated in the
fuel reaction processes, and thus most of the input energy
can be used to generate motion and work. Therefore, the
way that the motor catalyzes the fuel reaction without
high dissipation is a key to achieving efficient operation.
The information is useful for studies on fuel catalysis in
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biomolecular motors. The model also quantifies the re-
lation between the load dependence of the velocity and
the parameters of the neck linker, and suggests that the
soft, short neck linker is important for maintaining the
velocity during load transport. This relation might be
useful for experimental realization of advanced artificial
mimics of the bipedal motor. The overall study may lead
to a deeper understanding of the physical mechanism of
biomolecular motors.

5 Methods

5.1 Relation between transition rate and entropy
production

For a single-pathway cycle, the steady-state condition
is pikiit1 — Piv1kis1,6 = pi—1ki—1,i — pikii—1. Further,
piki; is the transition flux from state ¢ to state j. By
introducing the definition of entropy production, namely,
AS;; = kpln[p;kij/(pjkji)], the steady-state condition
can be expressed in terms of the transition rates with

entropy production:
Eiig1(1—e BSuim/key — k0 (eASi-ni/ke 1) (10)

Applying Eq. (10) to the four-state model yields Eq. (6).
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5.2  Expression for the velocity

The velocity of the motor is equal to the net-transition
flux of the cycle multiplied by the step size, v = d(p1 k12—

paka1). The expression is expanded using the steady-
state condition (pikiﬂuﬂ — pi—i—lki—Q—l,i = pi—lki—l,i —
pikii—1) and the normalization of the total probability
of the four states (p; + pa + p3 +ps = 1):

P1 P2 p3
v=d + +
(P1k12 — ko1 pokos — pskso

P3k3s — paky3

P )_1. (11)

_l’_
Pakar — p1kig

By introducing the definition of entropy production in the four terms on the right-hand side of Eq. (11), as well as
the relation in Eq. (6), the velocity is expressed in two equivalent forms:

v=d ko1e2512/k5 4 fyy
B 1ok (eASi2/ke — 1)
v kage®923/k5 4 kg
- k23k32<eA523/k3 _ 1)

k3skaz(eASsa/ks —1)

kygeB5u/ks 4y
karkia(eASa/ke —1)

-1

kaget93/F 4 kg ]—1

The two equations are exact solutions of the velocity. Eq. (12) is used to derive the velocity at zero load (f = 0)

for ASY, + ASS, = ASL/2:

dleASe/(2kn) _ 1]

V=0 = .
F=0 A5/ @kB) (it 4 k) + kot + ki

(14)

Eq. (13) is used to derive the load dependence of the velocity by introducing the optimization condition ASs; =
ASy = ASS; — fd/(2T) as well as the load dependence of the transition rates. The derived expression is

deAS3s/kp o~ Fd/(2kpT) _ 1

v

Applying the approximation e2523/k5 > 1 and replacing
the zero-load velocity with Eq. (14) yields Eq. (7).

5.3 Expression for the stepping ratio

The stepping ratio, R = (p2k23 + paka1)/(psksz +pikia),
can be simplified by introducing the condition ASs3 =
ASy1, which yields R = e2523/ks = ¢AS41/ks - Replac-
ing AS23 in the expression with its form in Eq. (5) gives
R = elAw—T(AS124+A834)]/(2kBT) . o= f(d/2)/(k8T)  The as-
sumption of small AS7s + AS34 suggests that the sum
can be replaced by AS without affecting the value of
R, yielding Eq. (8).

5.4 Expression for the dwell time

The relationship between the velocity (v) and average
dwell time (7) over all steps is v = [(p2kas — p3ksa +
pakar — p1k14)d/2]/[(p2kas + pskso + pakar + p1k14)T/2].
Replacing the velocity with Eq. (7) and the transi-
tion fluxes with the stepping ratio [R = (p2kas +
paka1)/(psksz +p1ki4)] gives the expression for the dwell
time in Eq. (9).

Hui-Juan Xu, et al., Front. Phys. 13(5), 138206 (2018)

T AR oot T (AR (RG,) T + (K 1] + () + (W) 1}

(15)

5.5 Elongation coefficient €

In state 2 (Fig. 1), the load force (f) pulls the neck
linker with the track-bound head toward the minus end
of the track. The wormlike chain model with a Gaussian
approximation gives the force—extension relation of the
neck linker: f = [kgT/(lyl.)]l, where [ is the extension.
In state 3, because both heads are bound to the track,
the load force extends the neck linker on the plus-end
side but reduces it on the minus-end side, and the force—
extension relation is f = [kgT/(lyl.)](l1 — l2), where [;
and [y are the extensions for the two neck linkers. Hence,
the load-coupling distance is elongated by the distance
I —(lh —12)/2 = [lple/(2kBT)]f, and the coefficient
equals 1yl /(2kgT).
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