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The movement of single kinesin molecules was observed while applying noisy external forces that
mimic intracellular active fluctuations. We found kinesin accelerates under noise, especially when a large
hindering load is added. The behavior quantitatively conformed to a theoretical model that describes the
kinesin movement with simple two-state reactions. The universality of the kinetic theory suggests that
intracellular enzymes share a similar noise-induced acceleration mechanism, i.e., active fluctuations in cells
are not just noise but are utilized to promote various physiological processes.
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Fluctuations are ubiquitous and prominent in micro-
scopic systems. The effects of the fluctuations on motions
and/or chemical reactions are a long-studied field of non-
equilibrium physics [1–8], and their relevance in biological
systems is emerging as a hot topic [9–18]. Recently, direct
observations in vitro have confirmed that motor proteins are
violently shaken by thermal fluctuations [19]. The walking
molecular motor, kinesin-1 (hereafter called kinesin),
which carries vesicles on microtubules in cells [20], has
long been proposed to utilize thermal fluctuations to make
directed movements [3]. In addition to thermal fluctuations,
living cells actively generate nonthermal fluctuations using
energy derived frommetabolic activities [10–12]. However,
it is not clear whether and how these active fluctuations
affect the function of kinesins in living cells.
In our previous study, we investigated the energetics of

single-molecule kinesin in vitro [21], where the energy
input-output balance of working kinesin was obtained
using a novel nonequilibrium equation, the Harada-Sasa
equality [22]. Whereas ∼50% efficiency of kinesin has
been reported at stall-force conditions [23], we observed
only 20% power efficiency at working conditions and
found that ∼80% of the input free energy obtained from
adenosine triphosphate hydrolysis (Δμ) was not transmitted
to cargo movement but dissipated via hidden paths [21],
implying that kinesin has low efficiency [24]. However, it is
hard to imagine that kinesin, which has been preserved after
billions of years of molecular evolution, would be ineffi-
cient at cargo transport. Therefore, we hypothesized that
kinesin is optimized for its actual working environment,
living cells, but not necessarily in vitro [25]. The effects of
these active fluctuations, which do not exist in experimental
conditions in vitro but do occur in living cells [10–12], on
the functions of individual motors are unknown.
In this study, to investigate the effects of active fluctua-

tions on single kinesin molecules, we used an in vitro

measurement system to apply actively fluctuating external
forces (i.e., noise), artificially mimicking intracellular
active fluctuations [Fig. 1(a)]. The results show that kinesin
accelerates in response to the applied noise, especially
under the application of a large average hindering force
(load), indicating that kinesin is optimized to its actively
fluctuated working environment. Moreover, the accelera-
tion was quantitatively explained with a mathematical
model using independently determined parameters.
Because of the universality of the theories behind the
model, the noise-induced acceleration found in kinesin is
widely applicable to other general enzymes in cells.
Active fluctuations within eukaryotic cells are mostly

derived from actomyosins in cytoskeletal networks [9,11]. It
has been reported that the distribution of myosin-generated
fluctuations is heavily tailed in a manner similar to a Lévy
stable distribution rather than a simple Gaussian distribution
[13]. To reproduce the intracellular active fluctuations
in vitro, we numerically generated Lévy-like stochastically
fluctuating signals [26] and applied these signals as external
forces via an optical trap to a probe bead that acted as a
cargo carried by kinesin [Fig. 1(a), see Methods in the
SupplementalMaterial [27] ]. The position of the laser focus
was controlled within 100� 100 nm from the bead center
due to the technical limitation of the optical tweezers. The
applied noise was therefore truncated by replacing values
above the limit with an upper (or lower) limit, which we
term “semitruncated Lévy noise” [Fig. 2(a)]. Note that Lévy
noise cannot be realized in physical systems in its exact
mathematical form. Rather, semitruncated Lévy noise more
resembles the non-Gaussian fluctuations that have been
found in various physical systems far from equilibrium,
including active swimmer suspensions [14–16], actomyosin
networks [13], and cultured cells [17].
Semitruncated Lévy noise was applied to a single kinesin

molecule in addition to a constant force (load) [Fig. 2(b)].
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The average velocities and relative velocities, which are the
ratio of the average velocity with and without added noise,
are shown in Figs. 2(c) and 2(d). Each marker indicates the
average load (−1 ∼ −5 pN), and the horizontal axis is
normalized by the standard deviation (s.d.) of the fluctua-
tions (noise) of the applied force. At each average load, the
motor velocity gradually increased with the magnitude of
the noise. The larger the load, the larger the increase in
relative velocity due to the noise, but a smaller change was
observed at low loads.
To examine the observed accelerating behavior of

kinesin, we performed numerical simulations with our
previously reported mathematical model [21]. The kinesin
movement was modeled by the simplified kinetic model

with two internal states that are connected by force-
independent (kc) and -dependent (kf and kb) transitions
[37] [Fig. 1(b)]. kf and kb have an Arrhenius-type force
dependency [23]:
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FIG. 2. (a) Distribution of semitruncated Lévy noise. Circles
indicate the distribution of the trap distance used in the experiments
and simulations (scale parameter γ ¼ 20 nm; see Eq. (S3) in the
Supplemental Material [27]), where trap distances over �100 nm
are truncated to �100 nm. Line indicates the corresponding un-
truncatedLévydistribution calculated bynumerical integrationwith
Eq. (S2) inRef. [27]. (b)A typical trajectoryofaprobeparticlepulled
by a single kinesin molecule under semitruncated Lévy noise. The
external force is applied as F0 ¼ −4 pN constant force (load) by
keeping the trap distance 100 nm at a trap stiffness of 0.04 pN=nm
along with a mean-zero fluctuating force (noise) Fn, with scale
parameter γ ¼ 20 nm, which truncated the trap distance to
�100 nm.Dotted line indicates linear fitting of the probe trajectory
to obtain the average velocity. (c) The velocity of the probe
particles under semitruncated Lévy noise of various magnitudes
[mean� standarderror (s.e.);n ¼ 44 to134].Eachmarker indicates
different average loads (F0 ¼ −1 to−5 pN). The horizontal axis is
normalized to the standard deviation (s.d.) of the noise, hF2

ni1=2.
(d) Relative velocities of the probe using the same conditions as (c).
The relative velocities were calculated as the velocity divided by the
velocity without noise at the same load. (e) Numerical simulations
for the velocity of the probe under semitruncated Lévy noise of
various magnitudes (marker, mean� s:d:; n ¼ 10). (f) Relative
velocitiesof thedata in (e).Solid lines indicate theoreticalpredictions
from Eqs. (S5) and (S8) in Ref. [27]; see also Appendix B.

(a) (b)

(c)

FIG. 1. (a) Schematic of the measurement system (not to scale).
A single kinesin molecule is attached to an ∼500 nm diameter
probe particle via anti-His-tag antibody. The probe is trapped with
a focused infrared laser (optical tweezers) and directed to the
microtubule rail to detect kinesin movement. The probe position is
obtained by projecting the image to the quadrant photodiode
detector (QPD) using bright field illumination. The output voltage
signal is acquired by the field programmable gate array (FPGA)
board to calculate the trap position. The trap position is controlled
by the output signal from the FPGA board via acousto-optic
deflectors (AOD). By changing the distance between the trap and
probe position (Δx: trap distance) through programming of the
FPGA, an arbitrary external force,Fp ¼ ktrapΔx, where ktrap is trap
stiffness, can be applied to the probe particle at an update rate of
20 kHz, which is the same as the sampling rate. Here, we applied
external forces to the probe as Fp ¼ F0 þ Fn, where F0 is a
constant force (load) and Fn is a zero-mean fluctuating force
(noise). (b) The two-state mathematical model for kinesin.
Transitions between two internal states contain load-independent
(kc) and load-dependent (kf and kb) transitions. kf and kb have an
Arrhenius-type force dependency [Eq. (1)] that are coupled to
forward and backward steps, respectively. (c) The Langevinmodel
of the probe movement that is pulled by the kinesin molecule. The
kinesin molecule is modeled as a jumping point with 8-nm back
and forth steps (xm), while the probe (xp) is connected to the
kinesin via a linear spring. The external force Fp, including an
average load F0, and a zero-mean fluctuating force Fn, is applied
to the probe, which is exposed to a thermal fluctuating force ξ.

PHYSICAL REVIEW LETTERS 127, 178101 (2021)

178101-2



kff;bgðFmÞ ¼ k0ff;bg exp
�
dff;bgFm

kBT

�
; ð1Þ

where k0ff;bg is the rate constant at zero force, dff;bg is the
characteristic distance, kB is the Boltzmann constant, T is
the absolute temperature, and Fm is the force applied to the
motor. The subscripts f and b indicate forward and back-
ward 8-nm steps, respectively. The simulations were
conducted with Langevin dynamics of the probe, which
is connected to the kinetic kinesin model via an elastic
linker [Fig. 1(c)], using

Γ
d
dt

xp ¼ Kðxm − xpÞ þ Fp þ ξ; ð2Þ

where Γ is the viscous drag, K is the spring constant of
the stalk, and xp and xm are the position of the probe and
motor, respectively. The external force to the probe,
Fp ¼ Fn þ F0, contains a constant force (load) F0, and
a fluctuating force (noise) Fn, with zero mean, and ξ is
white Gaussian thermal fluctuations that satisfy hξi ¼ 0
and hξðtÞξðt0Þi ¼ 2kBTΓδðt − t0Þ, where δðtÞ is the delta
function. Note that although kinesin has a nonlinear spring
and we have confirmed that the spring constant depends on
the external force (Fig. S2b in Ref. [27]), the numerical
simulations were performed with a constant K for each
average load F0, with K measured at each constant load
(F0). Remarkably, despite all parameters being experimen-
tally determined without noise (See Figs. S1, S2 and
Appendix A in the Supplemental Material [27]), the
simulations under semitruncated Lévy noise [Figs. 2(e)
and 2(f), markers] show fairly similar output to the
experimental conditions with noise [Fig. 2(c) and 2(d)].
Although the noise amplitudes in the above measure-

ments are experimentally limited, simulations can be con-
ducted at conditions exceeding the constraints. In realistic
intracellular conditions, the metabolic activity of actomyo-
sins is expected to generate much larger noise [11], where
themaximum force derived from themyosinminifilament is
estimated to be over 30 pN [38]. Therefore, we conducted
simulations in which the noise distribution was truncated
at a physiologically plausible value of 30 pN [Fig. 3(a)],
indicating that the velocity at the unloaded, noiseless
condition could be achieved regardless of the average load.
Since the average load can be regarded as the resistance to
high viscosity in cells [39], kinesin is thought to optimally
utilize active fluctuations to achieve the same velocity as
unloaded conditions in low viscous solutions.
The noise-induced acceleration observed here can be

qualitatively explained by Jensen’s inequality:

hkðFÞi ≥ kðhFiÞ; ð3Þ

where < > indicates average, and k is a convex function of
F. Here, we regard k as the kinetic rate and F as the applied

external force that contains both constant and fluctuating
forces. As presented in Eq. (1), kðFÞ is expressed by the
Arrhenius equation, i.e., an exponential function [23]. In this
case, Jensen’s inequality tells us that the average of the rate
constants generally increases when F fluctuates. The uni-
versality of Jensen’s inequality and the Arrhenius equation
implies that any enzyme obeying the same Arrhenius
equation can experience noise-induced acceleration.
The results so far show the effect of white noise applied

to the probe. It is known, however, that actual intracellular
fluctuations have a large frequency dependency [11,12]. To
investigate the frequency dependency of the kinesin accel-
eration, we applied sinusoidal noise oscillating at different
frequencies with a larger amplitude than the linear response
range [21] and measured the average velocity. The accel-
eration showed a characteristic dependency on the fre-
quency that peaked at ∼200 Hz [Fig. 4(a)]. This tendency
was also reproduced by numerical simulations [Fig. 4(b)].
These results indicate that the noise-induced acceleration
strongly depends on its frequency characteristics.
Kinesin transports sub-μm sized vesicles or larger organ-

elles within cells. In this study, instead of cargoes, force
fluctuations were applied to the probe particle and indirectly
transmitted to kinesin via the elastic linker. Thus, rapid
fluctuations were attenuated due to the slow response of the
probe. This attenuation can be explained by the Langevin
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FIG. 3. (a) Numerical simulations for the velocities of the probe
under semitruncated Lévy noise limited to �30 pN (i.e., physio-
logical forces that exist in living cells [38]; mean� s:d:; n ¼ 10).
(b) Schematic drawing of the physiological implications of the
noise-induced acceleration of kinesin. Kinesin utilizes thermal
fluctuations to walk smoothly in vitro (left). When kinesin carries
a vesicle within a living cell, it is expected that the kinesin utilizes
the non-thermal fluctuations actively produced by the cell to
achieve the same velocity as at no load even when intracellular
crowders generate high viscosity (right).
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model of the probe [Fig. 1(c) and Appendix B in the
Supplemental Material [27]]. Simulations of the accelera-
tion applying a simple Gaussian noise did not fit well with
the theoretical prediction from the kinetic kinesin model but
did agreewith the prediction considering the response of the
probe (Fig. S3 in Ref. [27]). Surprisingly, the theoretical
prediction with simple Gaussian noise can quantitatively
explain the simulations that applied semitruncated Lévy
noise [Fig. 2, solid lines, Eqs. (S5) and (S8) in the
Supplemental Material [27] ] without parameter modifica-
tions. In addition, we performed the velocity measurements
by applying semitruncated Gaussian noise, which was also
quantitatively explained by the same prediction (Fig. S4 in
Ref. [27]). These results suggest that the acceleration of
kinesin is mainly determined by the magnitude (s.d.) of the
applied noise, but it is insensitive to the shape of the noise
distribution, at least under our experimental conditions.
The acceleration under sinusoidal noise tended to

decrease even at lower frequencies (Fig. 4), where the
probe fluctuation is sufficiently transmitted to kinesin. The
attenuation at low frequencies can be explained based on
the kinetic model of kinesin [Fig. 1(b), Appendix C in
Ref. [27]]. The perturbation expansion of the theory
predicts that the acceleration has a similar characteristic
frequency to the linear response as kinesin movements to
the applied external force [21]. By estimating the high- and
low-frequency limits of kinesin velocity, we quantitatively
explained the frequency dependency of the kinetic kinesin
model (Fig. S5 in the Supplemental Material [27]). Taken
together, the ∼200 Hz peak of the observed acceleration
was quantitatively explained [Fig. 4(b), lines].
In our experiments, external forces were applied only to

the direction of pulling backward; no force was applied in
the forward direction due to the experimental limitations
(Methods in Ref. [27]). The simulations applying noises
without the limitations revealed that no remarkable

acceleration was observed under the condition at which
the average load is zero [Fig. 3(a) and Fig. S6 in the
Supplemental Material [27], open circles]. In contrast, it
was observed that another microtubule-based motor,
dynein, moves faster when experiencing an external force
shaking back and forth [18]. However, simulations with the
same situation indicated that kinesin slows down in
response to low-frequency rectangular pulse oscillations
(Fig. S7 in Ref. [27]). The contrasting behaviors of the two
motor proteins can be explained by the same mechanism,
i.e., averaging the force-velocity relationship at forward
and backward constant loads [18,27], indicating that the
acceleration due to the slow back-and-forth oscillation is
not a universal property but only occurs with a concave
shape force-velocity relationship. On the other hand, in this
Letter, the acceleration of kinesin was observed under
physiologically plausible fluctuations, where the total force
was always applied backward and never directly forward.
The different behaviors suggest that the noise-induced
acceleration found in kinesin has a distinct mechanism
from that previously found in dynein [18]. Because intra-
cellular kinesins transporting cargoes are always enduring
viscous drag, our application of noise in addition to the
hindering load could better represent kinesins in the
working environment.
Although its acceleration response due to the low-

frequency oscillation depends on the shape of the F-V
relationship, dynein can also be expected to perform the
same acceleration phenomenon observed in kinesin if
active fluctuations are applied in the same relatively
high-frequency range as used here and in intracellular
conditions. Regardless of the details of the mathematical
model, i.e., the shape of the graph combining each
transition process, which depends on the kinetic scheme
of the motor and generally differs between molecular
motors, the external force dependence of each transition
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A, where the amplitude of the sinusoidal noise is the same as the load (A ¼ F0) at different frequencies, f. Different markers indicate
different average loads (F0 ¼ 0 to −4 pN). (b) Numerical simulations for the relative velocities of the probe particles under sinusoidal
noise of various frequencies (markers, mean� s:d:; n ¼ 10). Solid lines indicate the theoretical predictions from Eq. (S13) in Methods
in the Supplemental Material [27]; see also Appendix C.
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process is predicted to behave with common Arrhenius-
type force dependency [Eq. (1) and as used in Ref. [18]].
Therefore, the acceleration due to Jensen’s inequality can
always be predicted. Moreover, not only these molecular
motors, but general enzymes also act with structural
changes and obey the same Arrhenius equation. Thus,
the noise-induced acceleration found in kinesin can be
extrapolated to any molecular machine working in liv-
ing cells.
So far, we have investigated only the steady-state

properties, where kinesins are always moving along micro-
tubules processively. Actual kinesin, however, stochasti-
cally dissociates from the microtubules after ∼100 steps
[40]. This dissociation becomes significantly faster when
pulled forward than when pulled backward [41]. Thus, the
addition of external forces in the forward direction (assist-
ing force) makes the kinesin-tethered cargo dissociate
rapidly from the microtubules. This property found in
kinesin is completely different from full-length dynein
dimers, which accelerate in response to the assisting force,
but resembles the behavior of monomeric dynein [18].
Unlike Feynman’s ratchet-type dynein, kinesin may save
energy by rapidly dissociating from the microtubule in
response to assisting forces, where the cargo is likely to be
passively carried by the intracellular active fluctuations.
In an actual living cell, the high viscosity is realized by

molecular crowding [42,43]. Thus, the result in Fig. 3(a)
indicates that the unloaded velocity measured at low
viscosity can be achieved by using active fluctuations even
under crowding conditions [Fig. 3(b)]. However, intra-
cellular crowders affect not only the movement of cargo
through the viscosity but also the diffusion of kinesin’s
individual motor domains [44], meaning that the presence
of crowders per se changes the motor’s activity. Moreover,
whereas the crowding state within cells is dense enough to
freeze the dynamics due to a glass transition, a living cell’s
finite viscosity is achieved by fluidizing through active
fluctuations [45]. Therefore, only considering the effect of
high viscosity is insufficient to discuss motor activity
within cells. Thus, the next challenge is to develop in vitro
conditions that mimic the intracellular crowding environ-
ment with abundant crowders that have active fluctuations.
In summary, we show that an active fluctuating force

accelerates the movement of single kinesin molecules,
especially under high loads, suggesting that kinesin can
move fast even under intracellular crowding conditions.
Because the active fluctuations in cells are generated by the
metabolic activity of a large number of motor molecules,
the fluctuations per se consume large energies. Thus, the
efficiency of each accelerated kinesin is apparently very
low. Instead of the efficiency, as mentioned at the beginning
of this Letter, a different quantitative measure of the
optimization, or fitness, for their working environment is
desired. In addition, the acceleration is quantitatively
explained by two universal theories, Jensen’s inequality

and the Arrhenius equation. Because general enzymes obey
the same Arrhenius equation, intracellular active fluctua-
tions should not be thought as just noise but as a sort of
“vitality of life” that improves molecular activities in
general.
One unresolved problem is that the velocities of vesicles

transported by kinesin in cells are much faster than those
observed in vitro [46]. Other factors have been implicated
in vesicle transport within living cells, and some have been
indicated to accelerate kinesin movement [47]. Our bottom-
up approach, which approximates the in vitro assay to the
intracellular active environment and gives an analysis that
utilizes universal theories, sheds light on the physical or
physiological principles underlying the use of active
fluctuations by general biomolecules.
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