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Molecular motor proteins are an extremely important component of the cellular
transport system that harness chemical energy derived from ATP hydrolysis to carry
out directed mechanical motion inside the cells. Transport properties of these motors
such as processivity, velocity, and their load dependence have been well established
through single-molecule experiments. Temperature dependent biophysical properties
of molecular motors are now being probed using single-molecule experiments.
Additionally, the temperature dependent biochemical properties of motors (ATPase
activity) are probed to understand the underlying mechanisms and their possible
implications on the enzymatic activity of motor proteins. These experiments in turn
have revealed their activation energies and how they compare with the thermal energy
available from the surrounding medium. In this review, we summarize such temperature
dependent biophysical and biochemical properties of linear and rotary motor proteins
and their implications for collective function during intracellular transport and cellular
movement, respectively.
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INTRODUCTION

Intracellular transportation system utilizes molecular motor proteins along with their cofactors to
haul cargos along cytoskeletal filaments from one location to another. Intra-cellular transport by
molecular motor proteins is essential for cell growth, cell division, and cell survival. Most living
organisms on earth reside in varying environmental conditions, and some even survive under
extreme weather conditions, from boiling water swamps to polar ice desert. Every place on earth is
home to different life forms starting from unicellular bacteria and fungi to multicellular vertebrates.
Hence, intracellular transport in these organisms is tuned to cater to their survival in adverse and
extreme weather conditions. Many biophysical properties of motor proteins are now known to be
temperature dependent. Investigations to understand these temperature-dependent properties of
motor proteins were initiated from different studies such as understanding of hibernation from the
molecular to organism levels under unfavorable environmental conditions (Carey et al., 2003) and
temperature-dependent changes in axonal transport (Ochs and Smith, 1971; Grafstein et al., 1972;
Heslop and Howes, 1972; Edström and Hanson, 1973; Gross, 1973; Brimijoin, 1974, 1975; Brimijoin
and Helland, 1976; Cosens et al., 1976). These studies are the foundational mark to imply that motor
properties change due to variation in temperature leading to observed changes in cellular transport,
direction, velocity, and other parameters.
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The study of thermal properties of a molecular motor initiated
from different studies of the cellular phenomenon, for example,
a study was conducted on the maintenance of intracellular
transport due to unfavorable temperature conditions. They
report the attribute of hibernation in mammals follows extended
bouts of torpor, during which minimal body temperature (Tb)
can fall as low as −2.9◦C and metabolism can be reduced to 1%
of euthermic rates. It lists down the repetition of survival cycles
of torpor and arousal during hibernation period (Truhlar and
Kohen, 2001; Carey et al., 2003).

Similarly, studies involving axonal transport inside different
animal cells have been done to understand their temperature
dependent behavior. Such studies involving rabbits and bullfrogs’
sciatic nerves reported an exponential increase in transport
velocity of Dopamine-beta-hydroxylase (DBH) with temperature
(Figure 1A; Brimijoin, 1974, 1975; Brimijoin and Helland, 1976;
Cosens et al., 1976). DBH is a neuronal protein involved in the
production of dopamine. Cosens also reported that microtubule
density remained mostly stable and decreased only at lower
temperatures (∼30%), i.e., below 13◦C in rabbit nerves and
10◦C in frog nerves (Edström and Hanson, 1973; Cosens et al.,
1976). This implies that increase in microtubule density does not
significantly affect the transport of DBH along with temperature
change. This further implies that exponential increase in velocity
is due to changes in inherent properties of molecular motors,
which thereafter reflects toward the major conformational change
as an underlying mechanism. A separate study involving frog
sciatic nerves defines the average transport rate in axonal
transport. They report that the transport rate in these cells
varies from 32 to 290 mm/day in the temperature range of
5.5–28◦C. The temperature coefficient was observed to decrease
in this temperature range (3.4–2.3) (Edström and Hanson,
1973). A common finding of these studies reports Arrhenius
dependence of transport rates of cellular entities (tagged proteins,
macromolecules, etc.) with respect to the temperature inside
cells. Arrhenius equation links rates of temperature dependent
chemical or physical reactions with respect to Arrhenius constant
and Activation energy. Arrhenius constant is the frequency of
collisions and depends on the types of molecules involved in the
reaction, whereas Activation energy is the energy barrier required
by substrates to undergo the reaction. This Arrhenius relation is
expressed as-

kT = ko ∗ exp(−Ea/RT)

where kT is kinetic reaction rate, ko is Arrhenius constant, Ea
is the activation energy, R is the universal gas constant and T
is the absolute temperature (Ashter, 2013). Additionally, some
motors exhibit piecewise Arrhenius trend which points toward
change in the enzymatic cycle (preferably rate-limiting step) of
the motor and are popularly referred to as “Arrhenius Breaks.”
Arrhenius Breaks have been observed in various studies on
temperature dependent biochemical and biophysical properties
of molecular motors. In this review, we first briefly discuss earlier
works on temperature dependent transport properties of a tagged
protein or cellular entity that were done prior to the classification
of motor proteins. These studies used sciatic nerves, olfactory
nerve, muscular cells, etc., to study transport rates with different

temperature ranges (Yeatman et al., 1969; Gross, 1973; Cosens
et al., 1976). The temperature dependence of these rates was
evaluated using temperature coefficient (Q10) of rates at different
temperatures. Q10 is a measure of rate of a biological process with
temperature difference of 10◦. Thereafter, we discuss studies on
biochemical properties such as ATPase activity and biophysical
properties such as velocity, processivity, and stall force due to
variation in temperature for linear motors, respectively. These
sections contain studies of Arrhenius dependence and breaks
in Arrhenius relationship for Kinesin, Dynein, Myosin, and
F1-ATPase motor proteins (Figure 2). Additionally, we discuss
studies that hint at the universality of Arrhenius breaks as
they have been reported for all kinds of molecular motors
(Doval et al., 2020).

EARLIER STUDIES ON TEMPERATURE
DEPENDENCE OF CELLULAR
TRANSPORT

Cellular transport system of different cell types has roughly
the same components, i.e., cargo, motors, and their regulators.
Before the discovery of different types of molecular motors,
numerous studies on thermal and biochemical properties of
cellular environment and transport have been done, which
include rates of aggregation, rates of chemical catalysis, average
velocity, processivity, etc. These studies date back to the time
when cellular motors and their types were unknown; however,
they report Arrhenius dependence on temperature indicating
toward the role of motors underlying in these observations
(Truhlar and Kohen, 2001).

Studies of thermal properties of cellular transport were
initially done using sciatic nerves of rabbits, bullfrogs, rats,
garfish, etc., and their axonal transport was studied in vitro using
temperature coefficient Q10 (Kawai et al., 2000; Humphries et al.,
2003; Grove et al., 2005). Guenter W. Gross in 1973 estimated
the temperature dependence of axoplasmic transport rates in the
olfactory nerve of garfish through simple distance-time graphs
for 10–28◦C. His results showed linear dependence of transport
rate on temperature with values 53 ± 3.8, 249 ± 5.2, and
410± 30 mm/day at 10, 25, and 37◦C, respectively (Gross, 1973).
In a separate study, rabbit sciatic nerves were observed in vitro
for axonal transport of dopamine-β-hydroxylase (DBH) activity.
DBH was accumulated due to cooling of nerves to 2◦C and when
this accumulated DBH was subjected to different temperature
ranges between 13 and 42◦C, the velocity increased exponentially
given by relation V = 0.546 (1.09)TV = 0.546(1.09)T, where
V is velocity of transport in mm/h and T is temperature in
degree Celsius. The velocity showed Arrhenius dependence on
temperature and varies from 0.4 ± 0.1 at 10◦C to 12.8 ± 0.6
at 37◦C, which again dropped to 1.5 ± 0.9 mm/h at 47◦C
due to degradation of proteins at such higher temperatures.
The temperature coefficient Q10 was observed to be 2.33 and
activation energy to be 14.8 kcal (Cosens et al., 1976). A study of
in vitro axonal transport of tagged leucine molecule was observed
in frog sciatic nerves from 5.5 to 28◦C. The rate of biophysical
transport, namely velocity was calculated based on the distance
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FIGURE 1 | (A) Intracellular transport velocity increases with increase in temperature. The length of blue arrows is proportional to magnitude of transport velocities.
(B) Decrease in helicity of stalk domain of motor proteins with increase in temperature (C) Modified biochemical properties of motor proteins (Adenosine triphosphate
(ATP) binding, Hydrolysis, and ADP + Pi release rates) due to change in temperature. The size of dashed arrows is proportional to time required for reactions.
(D) Reversal of direction of bidirectional transport due to change in temperature dependent biophysical properties of a set of antagonistic motors (Kinesin-1 and
Dynein).

traveled by tagged leucine during the incubation time. They
found the rate to increase non-linearly from 32 mm/day at 5.5◦C
to 290 mm/day at 28◦C. Experimentally random values of rates
were observed due to instability of protein and its surrounding.
However, curve extrapolation yielded a rate to be 400 mm/day
approximately. It was suggested that increased electrical activity
in the nervous system caused enzymatic changes which alters the
metabolic rates in cells (Edström and Hanson, 1973). Mammalian
muscle contraction and ATPase cycle rate were studied in rat
and mouse muscles’ myofibrils from 8 to 38◦C. ATPase rates,
rate of increase in tension and maximum velocity had similar
Arrhenius temperature dependence with energy of ∼66 kJ/mol.
The temperature coefficient (Q10) of tension relaxation had a
value of 2.5, which means that its rate constant increased 2.5
times with 1T of 10◦C (Stein et al., 1982; Rall and Woledge,
1990). Another study on rat skeletal muscle between 20 and
35◦C showed Arrhenius dependence with activation energies to
be 40–45 and 60–80 kJ for shortening and relaxation, respectively
(Ranatunga, 1982; Roots and Ranatunga, 2008). A study that
dates back to 1984 examined force-velocity relationship of fast
and slow-twitch muscles in rats in the range of 10–35◦C. The
curve of force-velocity increased with cooling for both muscles
with Q10 decreasing by factors of 1.8 from 35 to 25◦C and
2.4 below 20◦C (Elmubarak and Ranatunga, 1984). Later, the
emergence of fluorescence microscopy to study temperature

dependent properties of Myosin proteins helped in in vitro
temperature dependent properties of velocity and processivity of
a single motor protein (Anson, 1991; Pierce and Vale, 1998).

Earlier reports on temperature dependent cellular transport
were mostly done in terms of transport rate, temperature
coefficient Q10 and velocity of tagged protein or vesicles
transported inside cells. These studies show Arrhenius or
exponential dependence of the above listed parameters with
temperature. Additionally, temperature coefficient is indicative
of underlying transition in their behavior and may be structural
or conformational properties too. These properties have been
explored in the later studies which we will be discussing in the
sections to follow.

TEMPERATURE-DEPENDENT MOTOR
PROPERTIES: ARRHENIUS
RELATIONSHIP AND ARRHENIUS
BREAKS

Temperature-Dependent Biochemical
Properties of Molecular Motors
ATPase activity is the ability of motor proteins to catalyze the
decomposition of ATP. This process is known as ATP hydrolysis
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FIGURE 2 | Qualitative graphical representation of reported temperature dependence of biophysical and biochemical properties of molecular motors with
temperature for (A) A simple Arrhenius enzyme, (B) corresponding Arrhenius plot of a simple Arrhenius enzyme, (C) A complex Arrhenius enzyme, and (D)
corresponding Arrhenius plot of a complex Arrhenius enzyme.

and releases the energy which is used for mechanical motion
by molecular motors. Temperature dependence of their ATPase
activity determines the catalytic efficiency of motor proteins
and points towards their confirmational modification as an
underlying molecular mechanism as observed in various studies;
we will be discussing for both Linear as well as Rotary in
subsequent sections.

Temperature Dependent ATPase Activity of Linear
Motors
Molecular motors derive their energy by catalyzing the
decomposition of Adenosine triphosphate (ATP), known as the
energy molecule of a living cell. Roughly, a kinesin’s energy
efficiency based on the maximum load it can bear (6 pN) is
around∼60%, which is quite higher than any conventional man-
made motor. It has been a subject of researchers’ curiosity as
to how these motors function in different temperature ranges
of cold-blooded or hot-blooded animals and their catalytic
efficiency. Temperature dependence of their ATPase activity
indicates conformational modification in their head domains or
stalk fragment. Hence, these studies focus on either structural
modification or rates of catalysis. Temperature dependent
in vitro studies of different motors reveal Arrhenius-like

catalytic behavior of these motors (de Cuevas et al., 1992;
Böhm et al., 2000).

Circular Dichroism (CD) based structural analysis of Kinesin
from Drosophila melanogaster reveals that its stalk fragment
is ∼55–60% α-helical at 25◦C and 85–90% α-helical at 4◦C
and 0% β-sheets at either temperature ranges, hence suggesting
that stalk fragments of these proteins melt in solution while
approaching physiological temperature ranges (de Cuevas et al.,
1992). Further, they report that coil 1 of Kinesin stalk is
thermally more stable as compared to coil 2 (Figure 1B). This
might regulate the binding properties of kinesin. However, based
on their observation, they conclude that stalk may regulate
force production in vivo, but it does not affect the in vitro
motility of Kinesin and Myosin motor (Toyoshima et al., 1987;
Lovell et al., 1988; de Cuevas et al., 1992). Additionally, they
report that Kinesin motor protein undergoes conformational
modification which breaks its Arrhenius dependence into two
major temperature ranges, i.e., 25–30 and 45–50◦C. Hence,
it indirectly reflects that conformational change might be
the underlying molecular mechanism for piecewise Arrhenius
trend for molecular motors. It can be inferred from these
observations that conformational changes lead to a change
in enzymatic reaction times (rate-limiting step) and rates
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(Figure 1C), hence the trend (de Cuevas et al., 1992). However,
this study did not evaluate temperature dependent transport
properties of Kinesin motor protein (no subtypes of Kinesin
were discovered back them). A study involving gliding motility
assay of kinesin for temperatures between 5 and 37◦C explored
the effect of conformational changes on kinesin gliding velocity
and ATPase activity. Both, the gliding velocity and ATPase
activity showed Arrhenius dependence on temperature with
a break at 27◦C recorded for both and activation energies
to be 79 and 5 kJ/mol for temperature range above and
below 27◦C. Gliding velocity and ATPase activity have a
similar profile and are linearly correlated and increased up
to 37◦C. However, beyond this range, MTs detach from the
surface rigorously, which leads to decrease in gliding velocity
and ATPase activity. A linear correlation between gliding
velocity and ATPase activity in this study suggests an efficient
motor system utilizing chemical energy for mechanical force
generation. Through this study, the authors studied correlation
between ATPase activity and motor processivity to know if
a step in ATPase cycle is rate-limiting and responsible for
similar thermal dependence of velocity. The correlation plot
revealed linear curve between velocity and ATPase activity. This
curve can be used to qualitatively estimate the efficiency of
conversion of chemical energy to mechanical energy by Kinesin
(Böhm et al., 2000).

Another study on kinesin-3 motor protein derived from
T. lanuginosis estimates its ATP hydrolysis rate with respect to
temperature and ATP concentration and was reported to follow
Michaelis-Menten kinetics with change in ATP concentration,
while it was found to be constant, i.e., ∼1 s−1 (non-coupling
between ATPase rate and gliding velocity) with temperature.
Authors claim that this is due to turnover rate of the reaction
to be below signal-to-noise threshold of the assay since gliding
motility assay show Arrhenius behavior in this temperature
range. Hydrolysis rate displayed a sharp increase from 45 to
65◦C with maximum values in the range of 60–65◦C (∼6 s−1)
(Rivera et al., 2007).

Temperature-Dependent ATPase Activity of Rotary
Motors
F1-ATPase is a rotary motor protein which couples ATP
hydrolysis to mechanical rotations. They are membrane bound
motors which either use NADH coupled energy to make ATP
energy molecules (mitochondria) or use ATP hydrolysis for
rotational motion and act as channels of uptake or release (cell
membrane). They make rotations in steps of 120◦. Temperature
dependence of their ATPase activity and torque generation has
been speculated upon with different approaches. An experimental
study of mitochondrial membrane composition on ATPase
activity was done in Saccharomyces cerevisiae containing different
concentrations of ergosterol (7.3 mg/g protein) showed not
only Arrhenius dependence on temperature but breaks in this
behavior too with transition temperature decreasing from 34
to 18◦C as the sterol content increased from 7.3 to 105 mg of
ergosterol/g protein. This early study reflects that it can be used
to tune the ATPase activity of mitochondrial F1-ATPase motor
protein (Cobon and Haslam, 1973). Another study involving F1

rotary motor shows Arrhenius Break at 17◦C with the increase in
Activation Energy and points toward its conformational change
with temperature (Baracca et al., 1986). Analysis of Bovine-heart
F1-ATPase using circular dichroism showed conformational
changes in the protein which resulted in a break in the Arrhenius
plot with 2.7-fold increase in ATP hydrolysis activation energy.
Earlier studies along with the present study show temperature
dependence of ATP hydrolysis activity and the same also being
the rate determining step for ATPase activity of F1 rotary motor.
Although, transition temperature may vary for motors derived
from different sources, the conformational change was observed
in all of them nevertheless (Baracca et al., 1989). However, these
studies do not report reaction intermediate and rate-limiting step
in the ATPase activity of F1-ATPase. In the subsequent work, the
analyses of F1-ATPase rotation at different temperature values (2,
4, 9, and 23◦C) showed ADP release to be an intermediate step
and also temperature dependent. Hence, it would competitively
suppress the rate of ADP release through negative feedback
by regulating the concentration of free ADP in the solution.
Additionally, they reported an unusually high Q10 factor of 19.
This could be due to high conformational change in the protein
with an increase in temperature (Watanabe et al., 2008). Another
study on beef mitochondrial F1 (thermophilic F1) shows that it
remains active in the range of 0–90◦C with ADP release as the
intermediate temperature dependent step.

F1-ATPase is a mixture of an active and an inhibited domain.
After the addition of nucleotide-free F1, most of the F1 molecules
are active. However, at higher temperatures, comparatively fewer
F1 molecules are active with 35◦C becoming an equilibrium
mixture of active and inhibited populations. This is self-
explanatory as its physiological role is ATP synthesis and not
ATP hydrolysis or its consumption and thermophilic F1 is stable
with its ATPase activity peak at 70◦C. The rates of F1 rotation
increase with temperature which is expected for any protein until
it denatures (Furuike et al., 2008).

All the linear or rotary motors follow Arrhenius dependence
on temperature of their catalytic behavior and have been
speculatively suggested to undergo structural modifications or
conformational changes. This modification is more evident
around the transition temperature which results in the change in
activation energy causing Arrhenius Breaks. Some in vitro studies
focus on attaining thermal stability of motors and study different
domains to understand which of them plays a crucial role in their
function and processivity. Studies done so far reveal that the stalk
fragments or the coils of motors are temperature sensitive and
undergo major modifications. It might be due to their maximum
exposure to the surface in 3D conformation of the motor.

Temperature-Dependent Biophysical
Properties of Motors
Molecular motors harness chemical energy from ATP energy
packets to perform mechanical motion such as translation,
rotation, or sliding. Motors entail certain characteristic properties
that govern the mechanical behavior of motors. These are
categorized as biophysical properties of motors. Processive or
linear motors carry cellular bodies from one place to another
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in a directed manner by trailing on cytoskeletal filaments (actin
and microtubules). Their biophysical properties include rates
of attachment, stepping, and detachment on and from their
tracks, processivity, and velocity. Processivity is the total distance
traveled by a motor before detaching from its track. On the other
hand, rotary motors’ rates of rotation are defined in terms of the
rotation steps of 120◦. Rotary motors are embedded in the bi-
layer membranes of cells and membranous organelles of the cells.
F1-ATPase is a rotary motor that drives the electron pump to
generate ATP energy molecules.

Temperature-Dependent Biophysical Properties of
Linear Motors
Motor proteins are involved in specific transport mechanism
inside cells, for example, cytoplasmic Dynein and Kinesin motors
working in groups inside cells, Myosin II involved in muscle
contraction and relaxation (Howard, 1996; Hirokawa, 1998; Kato
et al., 1999). Hence, all the motors have unique biophysical
properties according to their function. Additionally, Kinesin and
Dynein being antagonistic pair of motors constantly undergo
tug-of-war to haul cargo (bodies that are transported by motors
inside cells such as mitochondria) to their desired locations.
Some studies have also reported sliding mechanism as a means
of cargo transport. This majorly happens for non-processive
motors which are tethered and the cargo body slides over them
(Stepp et al., 2017).

Force-velocity relationship defines the load-bearing capacity
of a motor (Svoboda and Block, 1994). Kinesin motors have
been most extensively studied motors due to their stability
in different in vitro experimental conditions. Kawaguchi in
2000 used gliding assay to estimate velocity and run-length,
and bead assay to estimate the velocity of a single kinesin
(Sakowicz et al., 1999). Gliding assay and bead assay are two
in vitro assays to study different properties of a single motor
under a microscope (Howard et al., 1989; Block et al., 1990).
In bead assay, stabilized microtubules are tethered to glass
surfaces and motors are in the solution, where as in gliding
assay, motors are tethered to the glass while microtubules
slide over them (Yamashita et al., 1994). Kinesin motor’s
velocity was reported to increase with Arrhenius activation
energy of 50 kJ/mol and average run-length of the motor
increased qualitatively from ∼0.7 to ∼1.5 µm between 15 and
35◦C. Increased processivity implies decreased possibility of
detachment of kinesin with increasing temperature. However, to
author’s surprise, generated force remained unchanged thermally
with an average value of ∼7 pN. Based on the findings,
force generation was coupled with nucleotide-binding state or
conformational change in kinesin, whereas velocity was coupled
with temperature-sensitive ATPase activity. Hence, both the
properties are coupled with different steps of mechanochemical
cycle of kinesin motor. They also studied the force-velocity
relation at different temperatures and the curve was linear
for all temperature ranges. Thermal tuning of velocity without
change in its force generation capacity determines the efficiency
of motors to utilize the chemical energy derived from ATP
molecules in their mechanical motion (Svoboda and Block, 1994;
Kawaguchi and Ishiwata, 2000). However, Shin’ichi Ishiwata

in his repeated studies for different temperature ranges did
not report any breaks in the temperature dependent Arrhenius
relation of Kinesin motor protein. They estimated temperature
dependent biophysical properties between 15 and 35◦C for
kinesin in 2000. Later in 2001, they used temperature pulse
microscopy (TPM) which helps to elevate temperatures till
the boiling temperatures to analyze the same properties at
higher temperatures, as the proteins used to degrade at higher
temperatures earlier. It uses illuminating thin metal layer,
evaporating it on the glass surface with infrared laser beam.
The illumination is shut off and on periodically and heat
dissipates into the surrounding medium in 10 ms. It allows
to record motor activity at elevated temperature by activating
it thermally. TPM was used by Kawaguchi to estimate the
gliding velocities of MTs at temperatures higher than 35◦C up
to 53◦C. The average velocities were obtained from 3.65 µm/s
at 50◦C to 0.48 µm/s at 20◦C. However, repeated thermal
activation damaged kinesin molecules and acted as an internal
load for their movement. They obtained the velocity values
within the temperature range of 15 and 35◦C and the curve
fitting was done with no Arrhenius breaks, activation energy
being 50 kJ/mol (Kawaguchi and Ishiwata, 2001). They did
not record any Arrhenius breaks in this study too (Kawaguchi
and Ishiwata, 2000, 2001). However, in 2006, a quantitative
estimation of run-length, duration, and velocity was done
using single kinesin isolated from bovine brain between 20
and 40◦C. This group recorded deviation of linear Arrhenius
velocity curve above 30◦C with activation energy to be 48
kJ/mol, which is quite close to the earlier recorded values,
i.e., transition temperature to be 27◦C and activation energy
50◦C. However, they base these findings on the deterioration
of proteins at elevated temperatures, and hence, the less steep
slopes with slower rates of ATP hydrolysis and decreased velocity.
Additionally, detachment probability was calculated indirectly
from one cycle of kinesin stepping (8 nm). Average run-length
was reported to increase from 0.6 to 1.3 µm and average duration
decreased from 1.5 to 0.7 s at 20 and 40◦C, respectively. On
the other hand, velocity followed a Gaussian distribution at
each temperature, increasing exponentially following Arrhenius
relation with temperature. The activation energy was found to be
48 kJ/mol (in accordance with the previous value, i.e., 50 kJ/mol).
Detachment probability decreased with temperature from 0.0143
at 20◦C to 0.0062 at 40◦C. Here, temperature dependence of
run-length is weaker than velocity as duration is inversely
proportional to temperature and run-length is the dependent
parameter among all three of them (Nara and Ishiwata, 2006).
However, all of these studies have been done for dimeric kinesin.
Thermal biochemical and biophysical properties of monomeric
protein, i.e., Kinesin-3 were studied by the research group
of George D. Bachand. They studied temperature dependent
gliding motility rates and ATP hydrolysis rate for kinesin-3
(TKIN) isolated from Thermomyces lanuginosus (fungus). Apart
from temperature dependence, gliding velocity was observed
with ATP concentration and followed Michaelis-Menten kinetics
with the change in ATP concentration. The gliding velocity
displayed Arrhenius dependence on temperature with maximum
velocity of 5.5 µm/s at 45◦C. MTs depolymerized beyond
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this temperature range and failed to bind to tethered kinesin
molecules. The Arrhenius energy (∼103 kJ mol−1) is quite
high and almost twice than those reported for Eg5 or ncd-like
kinesin (Crevel et al., 1997). Hence, authors conclusively state
that TKIN belongs to thermostable enzymes as they display
increased Arrhenius energies. Additionally, they reported the
break both for ATP hydrolysis as well as gliding velocity for
Kinesin-3 in vitro at 27◦C. Their recorded range is as high as 65◦C
for ATP hydrolysis, whereas 45◦C for velocity (Rivera et al., 2007).
Beyond this range, microtubules become highly unstable and
do not bind to kinesin-coated surfaces which results in a sharp
decrease in velocity. Interestingly, in this study both the activities
follow similar Arrhenius behavior above 20◦C (Aquilanti et al.,
2010). Below this range, ATP hydrolysis curve goes flat. This
might be due to turnover rate being in the range of noise
as stated earlier. Surprisingly, the Kinesin-3 seems to be the
fastest motor at physiological temperature range (Rivera et al.,
2007; Hong et al., 2016) with the velocity of 5.5 µm/s. Despite
this, its turnover rate is low. This discrepancy may be due to
motors being less processive and non-cooperative to haul cargo
(Rivera et al., 2007).

Apart from the Kinesin superfamily, cytoplasmic Dynein is
also a processive motor that transports cellular entities from
cell periphery to the nucleus. Additionally, these motors are
also a part of the flagellum in cells and enable their beating to
help the cells move in a defined gradient of a micronutrient.
An in vitro single molecule-based study was conducted on
the velocity of mammalian Kinesin-1, mammalian cytoplasmic
Dynein and yeast cytoplasmic Dynein. Mammalian cytoplasmic
Dynein showed the break at 15◦C, yeast Dynein showed the
break at ∼8◦C, whereas Kinesin-1 showed no breaks. This
implies that Dynein motors are thermally sensitive motors,
hence more tunable. This study emphasized on the tuning of
the net direction of cargo transport by varying number of
Dynein and Kinesin motors, respectively. Since transport inside
cells is carried out by a team of different kinds of similar as
well as antagonistic motors, hence this sheds light at more
realistic picture of intracellular transport. The net transport
direction of a cargo is determined by the biophysical properties
of each type of engaged motors in the team. Additionally,
tuning of these rates can be done by varying the number
or physiological conditions of the surrounding environment.
This can help change the net direction of transport, run-length
as well as velocity of both unidirectional and bidirectional
transport. In the temperature-dependent study of Kinesin-1 and
Dynein, the velocity and detachment rate of Kinesin-1 and
mammalian cytoplasmic Dynein were found to follow Arrhenius
relation with temperature. The velocity of Dynein exhibited
a break from simple Arrhenius relation at 15◦C, whereas
Kinesin-1 showed no such behavior. On the other hand, yeast
cytoplasmic Dynein showed this break at ∼8◦C. Additionally,
they put forth temperature dependent mathematical expression
of detachment rate, velocity, and run length of single Kinesin-
1 and mammalian Dynein motors. Extremely high activation
energy below 15◦C for Dynein means that Dynein is more
sensitive to temperature, shuts down at low temperatures, and
hence it is thermally more tunable, whereas Kinesin-1 is a

relatively thermostable motor. Hence, in bidirectional transport
governed by Dynein and Kinesin-1 motors in the ratio of
4:1, cargo tends to move in the negative direction of MTs at
higher temperatures (>15◦C), whereas at lower temperature
range, it moves in the positive direction (Figure 1D; Hong
et al., 2016). Hence, Kinesin-1 dominates in lower temperature
ranges. Study of temperature dependent biophysical properties
of Kinesin-1 motor protein in vitro has always been limited
below 30◦C due to its degradation. However, such is not the
case inside a cell as it functions well at temperatures close
to 40◦C.

Next, there is a class of axonemal Dynein motors present
in beating flagellum which are responsible for their periodic
beating with microtubules sliding over the tethered motors. This
environment is similar to in vitro gliding assay, i.e., Dynein
motors inside flagellum function in a similar set-up. This explains
the Arrhenius dependence of flagellum’s oscillation frequency in
the observed temperature range of 5–35◦C (Machemer, 1972;
Coakley and Holwill, 1974; Mitchell, 2007; Warren et al., 2010).
Flagellum oscillation frequencies showed breaks at 17◦C. These
locomotive organelles contain tethered Dynein motors which
slide microtubules in a periodic manner and facilitate the
beating of the flagellum. Hence, Dynein motors are responsible
for spontaneous oscillations (SO) and the underlying drivers
for piecewise Arrhenius dependence. Corresponding activation
energies are 30 and 43 kJ mol−1 above and below 17◦C (Warren
et al., 2010). The SO frequency (w(T)) was expressed as a
function of temperature as ln(w(T)) = −E

R T + ln(K), where T
is the temperature, E is activation energy, K is pre-exponential
factor, and R is the gas constant.

On the other hand, the study of F-actin sliding on skeletal
myosin in vitro between 3 and 42◦C shows change in its velocity
from 11 nms−1 at 3◦C to 12 µms−1 at 42◦C. Additionally,
their experiments showed the same curve for both cooling and
heating indicating reversibility of the temperature dependent
rates. However, Arrhenius break at 15.4◦C and activation energies
are reported to be 50 and 289 kJ/mol for temperatures >15and
<15◦C, respectively. The energy for lower temperature range
is abnormally higher. This indicates that Myosin might have a
different rate-limiting step unlike other molecular motors due
to drastic difference in activation energies of both the ranges.
Additionally, the temperature dependence of ATP hydrolysis and
velocity of Myosin motors above 20◦C are similar but different at
lower temperatures (Anson, 1991; Higuchi and Goldman, 1991).
Detection of transport velocity of rhodamine phalloidin-labeled
F-actin moving in vitro on rabbit skeletal myosin revealed a non-
linear Arrhenius plot by M. Anson in 1992 (Anson, 1991). The
curve was fitted to follow a cubic relation with temperature.
Additionally, the author report same profile for both cooling and
heating which indicates reversibility in the rates of enzymatic
behavior of motors. However, the curve was divided in two linear
ranges with activation energies to be 50 kJ/mol above 15◦C and
289 kJ/mol below it with corresponding temperature coefficients
(Q10) to be 1.9 and 76.5. This study reports three orders of
magnitude increase in actin velocity. However, results differ
at lower temperatures, i.e., the curve follows a linear relation
roughly (Anson, 1991). Hence, this study provides evidence
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that temperature dependence of velocity and ATP hydrolysis
might be uncoupled.

Briefly, so far temperature-based studies of motors recorded
breaks from Arrhenius activity for Dynein and Myosin motors
from different sources, namely, Drosophila, mammals, rat brain
sciatic nerves, etc. (Edström and Hanson, 1973; Gross, 1973;
Cosens et al., 1976; Highsmith, 1977; Stein et al., 1982; Rall and
Woledge, 1990). However, for Kinesin motor proteins, studies
contradicted each other in reporting deviations or breaks. It
has been reported that Kinesin motors obtained from different
sources show deviations at different temperatures. Drosophila
Kinesin-1 shows transition at 17◦C, whereas bovine brain
Kinesin-1 reported this transition at 27◦C (Crevel et al., 1997;
Böhm et al., 2000). Research group of M. Vershinin introduced
TMAO as the heat-protecting agent to prevent degradation of
Kinesin-1 in vitro. 200 mM TMAO successfully stabilized the
kinesin till 50◦C (Chase et al., 2017). Although, it has been
long known that velocity follows a Gaussian distribution with
peak at the mean velocity at a fixed temperature, the same
was demonstrated for Kinesin-1 and Kinesin-3 (KIF1A) (Chase
et al., 2017; Doval et al., 2020). Furthermore, single-molecule
in vitro experiments on Kinesin-1 and Kinesin-3 motility reveal
Arrhenius dependence of velocity on temperature both in the
presence of ATP as well as GTP. However, average velocity
decreased with the use of GTP as an energy molecule and
the Activation energy for GTP was higher (Doval et al., 2020).
The main focus of this work was to study Arrhenius breaks
for Kinesin motor proteins. They report break for Kinesin-1 at
4.7◦C and for Kinesin-3 at 10.5◦C. These transition temperature
values clarify the disputed breaks for Kinesin motor proteins,
i.e., they fall outside the physiological range and hence were
uncovered in the temperature regimes taken before. Additionally,
they observed that these transition temperatures can be varied
from 10.5 to 16◦C for Kinesin-3 by using 200 mM TMAO in vitro
(Ma et al., 2014; Doval et al., 2020). A review done in 2003
focused on the maintenance of intracellular transport due to
unfavorable temperature conditions. They report the attribute
of hibernation in mammals follows extended bouts of torpor,
during which minimal body temperature (Tb) can fall as low as
−2.9◦C and metabolism can be reduced to 1% of euthermic rates
(Carey et al., 2003).

Transport and motor properties discussed above often
showed Arrhenius dependence on temperature and sometimes
a piecewise Arrhenius-trend, i.e., the linearity of Arrhenius plot
breaks at a transition temperature which divides the curve in two
range of temperatures with distinct activation energies.

Temperature-Dependent Biophysical Properties of
Rotary Motors
As discussed earlier, rotary motors are known to undergo drastic
conformational modification which alters their ATPase activity.
Additionally, these studies explore their rotational motion as
a function of ATP concentration as well as temperature. The
research group of Hiroyuki Noji in 2008 reported that rotational
rate followed Michaelis–Menten relation with ATP concentration
at 23 and 4◦C. Similarly, the rates increased slightly with
temperature from 4 to 23◦C (Watanabe et al., 2008). In a different

study, rotations of Beef heart F1-ATPase were recorded in the
temperature range of 4–40◦C. The rates were observed in distinct
steps of 120◦ at saturating ATP concentrations (2 mM) and
were observed to increase with temperature with Arrhenius
dependence. Apparently, they did not observe any breaks in this
behavior and ADP release was observed to be rate-limiting step
(Furuike et al., 2008). Another study by Hiroyuki Noji focused
exclusively on biophysical properties of F1 rotary motion and
used magnetic tweezers to understand temperature dependence
of rotational torque by analyzing temperature sensitive (TS)
reaction (intermediate reaction of ADP release) and hydrolysis
dwell times. They studied both kon and koff rates of TS
reaction signifying forward and reverse reaction. Kon increased
exponentially by approximately 6.2-fold per 20◦C, whereas koff

remained constant at 0.3 s−1. This implies strong temperature
sensitivity of rotation at all temperature ranges (Watanabe and
Noji, 2014). Quite recently, the effects of temperature on the
angular velocity profile of the 120◦F1-ATPase power stroke
were resolved at a time resolution of 10 µs (Martin et al.,
2018). The angular velocity of F1-ATPase changed inversely
with temperature during phase 1 (0◦–60◦) with a parabolic
dependence resulting in negative activation energy values. This
directly indicates that it was powered by elastic energy of a
torsional spring consistent with unwinding the γ-subunit coiled-
coil. In contrast, Phase 2 of the power stroke had an enthalpic
component suggesting that additional energy input was required
to enable the γ-subunit to overcome energy stored by the spring
after rotating beyond its equilibrium position. The correlation
between the probability distribution of ATP binding to the empty
catalytic site and the negative activation values of the power
stroke during phase 1 indicates that this additional energy is
derived from the binding of ATP to the empty catalytic site.
Based on these observations, an elastic coupling mechanism was
proposed that uses the coiled-coil domain of the γ-subunit rotor
as a torsion spring during phase 1, and as a crankshaft which
powered by ATP-binding–dependent conformational changes
during phase 2 to drive the power stroke (Martin et al., 2018).

The indirect implication of studies discussed above on linear
and rotary motors is that not only Arrhenius relationship but
also break in this profile is a characteristic behavior of molecular
motors as they undergo conformational change. However, the
scale of this modification can vary over different motor families
or source organisms determining the transition temperature,
thermal stability, or sensitivity of these biomolecules.

DISCUSSION

In this review, we briefly list and discuss the major findings
of temperature dependent kinetics of molecular motors and
the energies involved, the abruptness or the abnormal behavior
observed and the underlying molecular mechanisms. We started
with preliminary studies of pre-motor era when different types
of molecular motor proteins and their possible roles were not
known. These research publications focused straightaway on
successfully varying surrounding temperature of the sample and
studying the transport rates of tagged proteins (DBH, leucine,
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etc.) inside the cells (Gross, 1973; Cosens et al., 1976). Others
focused on understanding the rates of tension (extension and
contraction) in muscle cells in vitro (Stein et al., 1982; Rall and
Woledge, 1990). Additionally, the temperature dependence of
rates was evaluated in terms of temperature coefficient Q10 which
revealed the ratio of rates at the difference of 10◦C.

Temperature change tends to modify conformation of both
linear as well as rotary motor proteins. These modifications have
been presumed to be responsible for change in enzymatic activity
of motors, hence changing their rates of ATPase activity in ATP
hydrolysis. On the other hand, it is perceived that modified
rates of ATP hydrolysis reflect in the duration of each step
in the motor stepping cycle. Hence, influencing the properties
of velocity, runlength, force production, etc. Therefore, both
mechanochemical and biophysical properties of motors have
been studied with variation in temperature. With the study
of structure of kinesin motor protein, it was found that one
of the two domains of its stalk fragment are less stable with
temperature which leads to the change in binding properties of
kinesin with temperature. In the next series of studies, attempts
were being made to unwind any hidden correlation between
Arrhenius relation of ATPase activity and velocity of kinesin.
However, different temperature regimes were followed in these
studies. One of the studies reported linear curve of correlation
between the two phenomena (27–35◦C), whereas the other
study reported deviation of ATP-hydrolysis curve from linear
Arrhenius behavior below 20◦C. This was, however, attributed
to lower turnover rate of the studied kinesin-3 motor protein
and different kinesin proteins used in these studies (Crevel
et al., 1997). Rotary motors on the other hand show temperature
dependence due to ADP release step which is said to be its
temperature-sensitive (TS) reaction. Similar to linear motors,
they also follow Arrhenius relationship with temperature but
their Q10 factor is unusually high (17) due to high conformational
change. However, this is only speculative theory and has not
been subjected to experimental validation or in silico simulation
studies on 3-D protein conformation.

The advancement of single-molecule experiments, optical
trap, temperature pulse microscopy (TPM) and Fluorescence
Total internal reflection microscopy (FTIR) facilitated in vitro
studies of biophysical properties of molecular motors and
their subtypes. Bead assay and gliding assay are two kinds
of in vitro methods to study transport properties of motors
under different physiological conditions. Hence, temperature
dependent biophysical parameters, i.e., Force generation, run-
length, velocity, and rate of detachment are studied using these
assays (Mao et al., 2005). A series of in vitro studies focused on the
behavior of motor velocity, its run-length and force production
capacity with different ranges of temperatures. Interestingly,
velocity and run-length increased exponentially following
Arrhenius relation with temperature, but force generation
capacity of motors remained unchanged (average force∼7 pN for
Kinesin). This discrepancy is attributed to force generation being
dependent on temperature-independent nucleotide-binding step
whereas velocity being dependent on temperature-dependent
ATP hydrolysis cycle. Force-velocity curve followed linear
relation at different temperatures (Kawaguchi and Ishiwata,

2000). The ability of motor to translate the generated force into
its processivity shows its efficiency. Hence, the slope of force-
velocity curve at different temperatures qualitatively reflects the
efficiency of that motor. Studies of kinesin motors revealed
maximum efficiency of 60% for these nanomachines in the
physiological temperature range. Molecular motors are also
present in beating organelle-flagellum of a cell. Spontaneous
oscillation (SO) frequencies of flagellum were reported to show
Arrhenius dependence on temperature. This is reflective of
temperature sensitivity of Dynein motors present in these
organelles (Warren et al., 2010). Furthermore, this study also
explicitly recorded the break in temperature dependent curve
at 17◦C. However, it cannot be conclusively stated that this is
due to property of engaged Dynein motors in flagellum. But
later, in a follow up, in vitro single-molecule experiment of
mammalian and yeast Dynein revealed break at ∼15 and 8◦C
(Hong et al., 2016). Kinesin-1 on the other hand did not show
any breaks in the observed temperature range. However, they not
only studied temperature dependence of biophysical properties
of single motor molecules in vitro. They also put forth theoretical
expressions for temperature dependence of detachment rate,
stepping rate, velocity, and run-length for Dynein and Kinesin-1
motor protein. Furthermore, they also explained physical effects
of these properties on bidirectional transport by the group of
these antagonistic motors. Dynein is thermally more sensitive
whereas Kinesin-1 is the thermally stable motor. Thus, Dynein
motors in the ratio of 4:1 with Kinesin-1 leads the cargo in
negative direction with increase in temperature, whereas Kinesin-
1 motors dominate the transport at lower temperature ranges and
haul the cargo in positive direction of microtubules (Figure 1D).
These observations are reflective of the concentration, roles, and
positioning of these motors in cellular transport of organisms
with different body temperatures and requirements (warm-
blooded mammals, cold-blooded reptiles, ectotherms, etc.). In
another study, gliding of F-actins over Myosin proteins had
shown the break at 5◦C. Hence until recently, it was assumed
that the property of Arrhenius breaks was limited to Dynein
and Myosin motors, but Arrhenius breaks observed for Kinesin-
1 and Kinesin-3 at ∼4 and 10◦C show that motors of Kinesin
superfamily follow piecewise Arrhenius trend too. Thus, it can
be stated that Arrhenius breaks are universal to the behavior
of molecular motors and can be tuned by varying the chemical
concentration of motor proteins and energy molecules (Chase
et al., 2017; Doval et al., 2020).
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