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ABSTRACT Cytoplasmic dynein and kinesin are both microtubule-based molecular motors but are structurally and evolution-
arily unrelated. Under standard conditions, both move with comparable unloaded velocities toward either the microtubule minus
(dynein) or plus (most kinesins) end. This similarity is important because it is often implicitly incorporated into models that
examine the balance of cargo fluxes in cells and into models of the bidirectional motility of individual cargos. We examined
whether this similarity is a robust feature, and specifically whether it persists across the biologically relevant temperature range.
The velocity of mammalian cytoplasmic dynein, but not of mammalian kinesin-1, exhibited a break from simple Arrhenius
behavior below 15�C—just above the restrictive temperature of mammalian fast axonal transport. In contrast, the velocity of
yeast cytoplasmic dynein showed a break from Arrhenius behavior at a lower temperature (~8�C). Our studies implicate cyto-
plasmic dynein as a more thermally tunable motor and therefore a potential thermal regulator of microtubule-based transport.
Our theoretical analysis further suggests that motor velocity changes can lead to qualitative changes in individual cargo motion
and hence net intracellular cargo fluxes. We propose that temperature can potentially be used as a noninvasive probe of intra-
cellular transport.
INTRODUCTION
Intracellular transport along microtubules (MTs) facilitates
and maintains cellular order, and makes possible the exis-
tence of spatially extended cells such as neurons. In most
cells, cargo transport operates in a variety of environmental
conditions, including a wide range of temperatures. Even for
mammals, this range can be as wide as 5–45�C for hibernat-
ing species (1). The temperature dependence of in vivo
transport velocities has often been reported to be Arrhe-
nius-like (2), but non-Arrhenius deviations, including cold
block of transport below ~12�C, are also well established
(2). The origin of this rich set of in vivo phenotypes is
unclear.

Intracellular transport is often driven by small ensembles
(n¼ ~2–6) of molecular motors (3,4). When opposite polar-
ity motors are present in the same ensemble, the sign and
magnitude of net cargo velocity reflect the balance of
competitive or alternating mechanochemical activity of
various motors (5–7). Thus, it is impossible to gain a quan-
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titative understanding of temperature-dependent in vivo
phenotypes without knowing the temperature dependence
of the enzymatic activity of individual kinesin and dynein
motors that drive transport. However, this aspect of motor
function is poorly understood. Previous variable-tempera-
ture in vitro motility assays with kinesins (8–10) have
been limited to a relatively narrow temperature window
that roughly covers the survival range of most mammals.
Broader ranges have been explored via biochemical
methods (11,12), but not biophysical ones. Although pub-
lished data on kinesin is somewhat limited, scant variable
temperature data are available for cytoplasmic dynein. In
this work, we aimed to address this gap in understanding
by examining kinesin and cytoplasmic dynein motilities un-
der controlled in vitro conditions, with identical environ-
mental factors affecting motor activity.

We first used bead assays to examine how the velocities
and force-production abilities of kinesin-1 and mammalian
cytoplasmic dynein motors change with temperature. Mea-
surements of velocity were prioritized over measurements
of the motor enzymatic rate because mechanochemical
coupling efficiency remains controversial for many motors
(especially cytoplasmic dynein) even at the single-molecule
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level. We were surprised to find significant differences
between kinesin and dynein motilities as a function of tem-
perature. We use theoretical modeling to examine how our
findings relate to motor ensemble performance, and further
discuss the implications of our data for biological pheno-
types and cell biology experiments.
MATERIALS AND METHODS

Motor purification

Mammalian cytoplasmic dynein was purified from rat brain as previously

described (13). Full-length KIF5A heavy-chain dimers were expressed

and purified as previously described (14). The minimal, GST-dimerized

Saccharomyces cerevisiae dynein construct (15) (purified protein) was a

generous gift from the lab of Dr. Ronald Vale.
In vitro motility assay

In vitro motility assays involving attachment of motor proteins to 1-mm-

diameter polystyrene beads were performed as previously described (14).

Motility and force production were determined using a 980 nm laser trap

in accordance with previously described protocols (16) except that bead po-

sitions were recorded using a high-speed video camera (MQ003MG-CM;

Ximea, Golden, CO) at 4000 fps and subsequently tracked using custom

software (MATLAB, The MathWorks, Natick, MA). This approach was

used to avoid condenser contact with the sample and thereby ensure better

temperature uniformity and control. Note that the pKa shift of our PIPES-

based buffers was negligible over the relevant temperature range.

For motility measurements, the optical trap was shut off as soon as bead

binding to MTs was observed. Processivity was measured for bead binding

fractions of 0.3 or below.
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Temperature control

The full details of our setup differ from existing variable-temperature

optical trapping setups (10,17–19) and will be described in detail else-

where. Briefly, a customized Peltier thermoelectric stage (PE120; Linkam,

Tadworth, UK) was used to control the slide temperature. A sapphire cover

glass was used to maximize heat conductivity between the temperature con-

trol plate and the assay. We ensured good temperature contact by using a

thin layer of water between the sapphire cover glass and the thermal stage.

We also minimized heat sinking by eliminating condenser contact with the

sapphire cover glass. To do so, we avoided using back focal plane interfer-

ometry to record and track bead positions, and instead used a high-speed

camera (recording rate: 4000 fps) and custom video tracking software for

this purpose. We calibrated the assay sample temperature with50.5�C pre-

cision using several independent noncontact methods, including measuring

bead diffusion (20–22), performing fixed-point calibration, and measuring

the thermal shift of the peak of emission spectra for Cd-Se and Cd-Te quan-

tum dot fluorescence (23). Further details of the temperature control and

calibration will be published elsewhere.
Simulations

We used the stochastic model developed by Kunwar et al. (24,25) to simu-

late the temperature dependence of bidirectional cargo transport by multi-

ple molecular motors of opposite types. The details of our model are further

described in Supporting Materials and Methods in the Supporting Material.
RESULTS

We first examined the temperature dependence of the
velocity of mammalian cytoplasmic dynein and mammalian
kinesin-1 (Fig. 1). The velocities of beads driven by the ki-
nesin-1 family member KIF5A and mammalian cytoplasmic
FIGURE 1 Temperature impacts the velocities

of kinesin and mammalian cytoplasmic dynein

differently. (A) Kinesin velocity and Arrhenius fit

(solid line) down to 8�C. (B) Dynein velocity and

fit to a piecewise Arrhenius trend (solid line)

with a crossover at ~15�C. (C) Direct comparison

of the trends in (A) (dashed gray line) and (B)

(solid black line) on the logarithmic Arrhenius

plot. Inset: ratio of the fit curves obtained in (A)

and (B) plotted on a linear scale. (D) Yeast cyto-

plasmic dynein velocity and fit to a piecewise

Arrhenius trend (solid line) with a crossover at

~8�C (activation energy 50.5 kJ/mol and

151.5 kJ/mol above and below 8�C, respectively).
(E) Arrhenius plot of (D). Error bars, mean 5 SE.



FIGURE 2 Temperature dependence of kinesin and mammalian cyto-

plasmic dynein processivity and stall force. (A and B) Kinesin processivity

at 5�C (A) is 497.7 5 0.09 mm/s, which is significantly lower than the

841.5 5 0.2 mm/s obtained at room temperature (B). (C) Dynein proces-

sivity is 0.695 0.09 mm/s at 10�C. Error bars, mean5 SE. (D and E) Force

production by single kinesin (D) and mammalian cytoplasmic dynein (E)

motors (kinesin: 5.3 5 0.2 pN at 295 K vs. 5.2 5 0.2 pN at 280.5 K;

dynein: 1.2 5 0.1 pN at 286.5 K vs. 1.2 5 0.1 pN at 302.5 K; error

bars: mean 5 SE).

Effect of Temperature on Motor Transport
dynein (in the absence of any regulatory cofactors; Fig. S1)
were similar between ~15�C and ~27�C (Fig. 1 A) and fol-
lowed a simple Arrhenius temperature dependence in this
range. The activation energy extracted from the Arrhenius
fit to the velocity data was ~65 kJ/mol, which is slightly
higher than that previously reported for another kinesin-1
isoform, KIF5B (9). This trend persisted above 27�C
when velocity was measured within ~10 min of temperature
change. However, beads were increasingly immotile on
MTs afterward, consistent with previous reports of kinesin
denaturation at elevated temperatures (8,10). The activation
energy for mammalian cytoplasmic dynein above ~15�C
was just slightly below that of KIF5A: ~59 kJ/mol and
dynein showed no signs of motor degradation up to 37�C.

In contrast to kinesin-1, the velocity of mammalian cyto-
plasmic dynein (but not kinesin-1) crossed over to a distinct
Arrhenius trend below 15�C (Fig. 1, B and C) with an effec-
tive activation energy of ~154 kJ/mol. The net effect was
that the dynein velocity declined far more quickly than the
kinesin velocity (Fig. 1 C). To test whether the rapid decline
in velocity at low temperatures is a universal feature of cyto-
plasmic dyneins, we measured the temperature dependence
of velocity for a minimal recombinant S. cerevisiae cyto-
plasmic dynein construct whose movement has biophysical
characteristics similar to those of native yeast dynein (15).
We found that this dynein also showed a break from simple
Arrhenius behavior, but at a much lower temperature: the
Arrhenius trend at high temperatures had an activation en-
ergy of 50.5 kJ/mol above 8�C and 151.5 kJ/mol below
that point (Fig. 1, D and E).

The striking divergence between dynein and kinesin
velocities at low temperatures prompted us to examine
whether other key motility parameters showed a comparable
change at low temperatures (Fig. 2). We found that cyto-
plasmic dynein’s processivity was 0.69 5 0.09 mm/s at
10�C. This value is within error bars of the processivity
measured for identically purified cytoplasmic dynein at
room temperature (0.74 5 0.08 mm/s (13)). We observed
a statistically significant decline in processivity for kine-
sin-1, from 841.5 5 0.2 mm/s at room temperature to
497.75 0.09 mm/s at 5�C, confirming a previous qualitative
observation of a decline in kinesin’s processivity with
temperature (10). We also measured kinesin (Fig. 2 D)
and dynein (Figs. 2 E and S2) force production at the lowest
temperatures where motility was fast enough to allow for
reliable force measurements, and observed no statistically
significant changes relative to room temperature. In the
case of KIF5A kinesin-1, this parallels and slightly extends
a previous report for KIF5B (10).

Among the above results, the divergence of kinesin-1 and
cytoplasmic dynein velocities at low temperatures stands
out as the major qualitative effect because dynein-based
motility essentially shuts down below 15�C. By comparison,
the decline of kinesin’s processivity is significant, but is not
sufficient to effectively abrogate transport. This contrast
Biophysical Journal 111, 1287–1294, September 20, 2016 1289



FIGURE 3 Simulations of cargo transported by a team of one kinesin and

four dyneins (5 pN and 1.25 pN stall force, respectively). Motors were

simulated using the anisotropic force-detachment relationship (Fig. S4

and Supporting Materials and Methods). (A) Independent traces of simu-

lated bead motion at 275 K (black) and 286 K (dark gray) are shown super-

imposed (100 traces for each temperature). (B and C) Probability that a

simulated trace will have a positive final location (i.e., the probability

of kinesin winning) for (B) baseline and (C) 10� higher dynein processivity

values at high, intermediate, and low temperatures (310 K, 286 K, 275 K).

(D) Transport velocity histograms illustrate that the directional preference

reverses sign as a function of temperature. Note that the velocity undergoes

large changes with temperature, necessitating the rescaling of the x axis.
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suggests that the net velocities of cargos driven by het-
erogeneous ensembles of cytoskeletal motors should show
an unusual temperature dependence. Without intracellular
regulation, kinesin (but not dynein) could effectively move
along MTs at low temperatures. Therefore, we expect that
cargos that show net retrograde motion at room temperature
will move in the anterograde direction at low temperatures.
As dynein activity becomes negligible with decreasing
temperature, its main contribution to cargo transport will
increasingly consist of just binding-unbinding dynamics.
In cases where the force production of kinesins and dyneins
on the same cargo is balanced (so that four to six dyneins are
available for transport versus each kinesin (6,7)), we expect
that kinesin activity will almost always be opposed by a
team of bound dynein motors, and therefore its role will
be to bias the cargo position toward the MT plus end so
that rebinding events for dynein motors will be biased in
that direction. As a result, this transport has the essential
character of a Brownian ratchet whereby the random attach-
ment-detachment kinetics is rectified by an enzymatically
active agent.

The effect predicted above is essentially qualitative.
Consider motor ensembles in which dynein motors dominate
transport at room temperature. If the dyneins shut down
at low temperature, then, absent additional regulation, the
kinesins would be expected to win by default (using sports
terminology). We therefore expect that the prediction would
be broadly applicable for biological transport, even though,
e.g., dynein’s processivity can be modulated substantially
by its cofactors (26,27). However, it is also clear that the
predicted effect should be amenable to regulation, including
regulation of motor parameters other than velocity. For
example, kinesin-based cargo motility can effectively shut
down at low temperature if, e.g., themotor processivity drops
to near zero. We therefore decided to explore quantitatively
the range of conditions in which our predicted effect could
be observable. To do this, we performed bidirectional trans-
port simulations for a variable number of kinesin and dynein
motors under a variety of realistic motor parameters. In this
report, we focus primarily on the case of one kinesin versus
four dyneins; however, we also considered a case in which
kinesin and dynein forces were balanced, and an example
of such a simulation is shown in Fig. S3.

Our simulations indeed demonstrate the change in trans-
port directionality at low temperatures (Figs. 3 and 4; see
Supporting Materials and Methods for simulation details).
Furthermore, they predict this effect not only for realistic
motor parameters (Figs. S4 and S5) but also for parameter
values that were recently obtained in the presence of dynein
cofactors:

Processivity. Our simulations revealed reversals in trans-
port directionality even when dynein processivity was
changed by as much as 10-fold (Figs. 4 B and S6)
(26,27). In addition, we also expect the effect to be
1290 Biophysical Journal 111, 1287–1294, September 20, 2016
present regardless of whether kinesin’s processivity
is temperature dependent (Fig. S4) or independent
(Fig. S5).

Motor force production. Reversals in transport direction-
ality also occurred in simulations in which dynein and
kinesin motor stall forces were balanced. The stall
force of 2.5 pN was chosen to model the case in
Ref. (28) (Fig. S3); however, a different stall force
choice would not alter the conclusions qualitatively.

Motor persistence. The detachment rate of kinesin and
dynein motors is known to strongly affect the char-
acter of bidirectional transport (24). Therefore, we
simulated ensemble motor motility using detachment
kinetics measured previously by Kunwar et al. (24).
The reversal of directional bias with temperature was
again a prominent feature of the simulated cargo tracks
(Fig. 4,A–C). Simulations in which kinesin and dynein
persistence under superstall load was varied also
showed a directionality reversal with temperature.
DISCUSSION

We have observed that mammalian kinesin-1 and cyto-
plasmic dynein show divergent mechanochemical activity



FIGURE 4 Simulations of cargo transported by a team of one kinesin and four dyneins (5 pN and 1.25 pN stall force, respectively). Motors were simulated

using the isotropic force-detachment relationship (model B, Fig. S5). (A) Independent traces of simulated bead motion at 275 K (dark gray) and 286 K (light

gray) are shown superimposed (100 traces for each temperature). (B) Probability that a simulated trace will have a positive final location (i.e., the probability

of kinesin winning) for baseline (1�: solid line) and 10� (dashed line) higher dynein processivity values. (C) Transport velocity histograms reveal that the

directional preference reverses sign as a function of temperature. Note that the velocity undergoes large changes with temperature, necessitating the rescaling

of the x axis. (D) Model: when all motors are active at high temperatures (top), some ensembles of kinesin and dynein motors will exhibit motility with an

overall bias in the minus-end direction on MTs. However, at low temperatures (bottom), dynein steps dramatically more slowly than kinesin, leading to an

overall transport bias in the plus-end direction, as well as other potentially observable effects (Movies S1, S2, and S3).
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trends. The extremely high activation energy for dynein at
low temperatures means that within just a few degrees
below 15�C, dynein transport essentially shuts down relative
to kinesin motility. This observation naturally lends itself
to understanding the mechanistic origins behind the long-
standing mystery of cold block, a phenomenon in which
fast axonal transport (FAT) in mammals ceases below
~12�C, even in animals capable of hibernating (2,29). It
has long been established that cold block cannot be
explained by MT depolymerization at low temperatures
(29). On the other hand, the strong temperature-dependent
decline of dynein-based motility would likely be sufficient
to cause a shutdown of dynein-based and kinesin-based
FAT at low temperatures in vivo: a halt of dynein motility
by means other than temperature typically results in a
gradual stoppage of kinesin-based transport as well, due to
intracellular motor regulation (30).

If our hypothesis is correct, one may expect the dynein
activation energy to evolve smoothly through 15�C in or-
ganisms that are not prone to cold block. Indeed, although
we observe a similar piecewise Arrhenius trend in yeast
cytoplasmic dynein, the trend break occurs at 8�C. This
trend break likely carries no physiological implications:
cytoplasmic dynein is nonessential in yeast (31), and in
addition, MT stability (and hence MT-associated activity)
is compromised at such low temperatures (32).

Many biological enzymes show a simple Arrhenius trend
for enzymatic activity near room or physiological tempera-
ture but break from this trend at low temperatures, i.e., they
have a limited thermal dynamic range (33). We propose that
the architecture of cytoplasmic dynein allows for tuning of
this dynamic range between species. In principle, the
observed cytoplasmic dynein velocity trend break at low
temperatures could be due to either a change in the enzy-
matic rate of the motor or a change in mechanochemical
coupling between the two motor domains of dynein. In
this context, it is very suggestive that the activation energies
above and below the break temperature are extremely close
for mammalian and yeast dyneins, and in particular are very
high at low temperatures. Thus, we speculate that the ther-
mal dynamic range of cytoplasmic dyneins may be tunable
via the same mechanism. If so, we propose that regulation of
dynein’s thermal dynamic range could occur via its enzy-
matic domain(s). The AAA ring of dynein certainly has
ample complexity (34) to potentially allow for such a mech-
anism. Coordination between dynein heavy chains is less
likely to be the culprit because the velocity of cytoplasmic
dyneins is not strongly dependent on the amount of coordi-
nation between motor domains (35–37). Furthermore, if
such coordination were important under some conditions,
one might naively expect the effect to be different for an
artificial dimer (the yeast construct we examined) versus a
full cytoplasmic dynein complex.

It is also worthwhile to contrast our observations with
recent work (36) that identified the C-terminus domain of
the dynein heavy chain (present in mammalian but not yeast
Biophysical Journal 111, 1287–1294, September 20, 2016 1291
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motors) as a regulator of dynein’s top force production,
which likely accounts for the observed differences between
yeast and mammalian motor stall forces. It is conceivable
that this effect is due to an interaction between the C-ter-
minus domain and the AAA1 domain (36). However, the
unchanged activation energy for motor velocity between
yeast and mammalian dynein hints that perhaps the force
production is not exclusively set within the enzymatically
active part of the motor. For instance, the possibility of
the C-terminus domain interacting with dynein’s linker
domain (directly or indirectly) has been put forth before
(37), and an allosteric effect is structurally feasible (38).
One can therefore envision scenarios in which the C-ter-
minus domain modulates linker docking. This would be
conceptually (though not structurally) similar to what is
seen in kinesin, where the cover-neck bundle affects the
neck-linker affinity for the motor domain during the power-
stroke, thereby directly affecting motor force production
(39,40).

Our simulations suggest that the reversal of the overall
transport direction as a function of temperature is likely to
be a very robust effect. This is because the effect arises
with very few extremely relaxed starting assumptions. First,
bidirectional transport at room temperature needs to be
dominated by dynein—a condition that is known to occur
for many intracellular cargos. The specific properties of in-
dividual dynein motors (processivity, force production,
persistence under load, etc.) are not critically important
here. All that critically matters is that the dynein ensemble
on average wins over the kinesin ensemble at some temper-
ature above the dynein crossover point. The other thing that
is needed for directionality reversal is for dynein to effec-
tively cease motility at low temperatures so that the dy-
namics of the dynein ensemble would be mostly reduced
to simple on/off kinetics. We make explicit assumptions in
our simulations about the temperature dependence of the
on/off rates of dynein as a function of temperature. How-
ever, all we really need is for these rates to not differ by
many orders of magnitude from the rates at high tempera-
tures. This is a reasonable assumption in light of our exper-
imental data, and would be expected a priori from general
biochemistry considerations. Finally, we need the kinesin
ensemble to still be active at low temperatures. With these
conditions in place, the net cargo motility at low tempera-
tures arises from random binding and unbinding of dynein
motors. Indeed, the average number of engaged dyneins
remains nearly identical at low temperatures, but the differ-
ence grows appreciably at high temperatures as dynein’s
processivity increases 10-fold (Fig. S7). This remains true
regardless of the force-dissociation model we use for kine-
sin and dynein motors. The fluctuations are minimally
biased by any remnant dynein motility, but they are appre-
ciably biased by the kinesin activity. Our simulations
show that regardless of the force-dissociation model we
use for kinesin and dynein motors, and for both 1� and
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10� choices of dynein processivity, the fraction of time in
which kinesin is pulling the cargo with a force equal to or
exceeding its stall force grows very gradually as the temper-
ature declines and is above 60% at the lowest temperatures
(Fig. S8). Any unbinding dynein motor will diffuse around
its anchor point on the cargo, which is displaced however
slightly by kinesin motor(s) toward the MT plus end. This
dynein is then likely to rebind with an average displacement
toward the MT plus end (relative to its previous bound
position).

From a biophysics perspective, kinesin activity drives the
system far from equilibrium and rectifies the on/off fluctua-
tions of the dynein ensemble. In other words, the multiple
motor ensemble at low temperatures behaves mostly as a
Brownian ratchet (41), whereas the displacement at high
temperatures has a significant or even dominant contribution
from the powerstroke mechanism. This transition is at the
core of why the effect we propose is robust and likely to
be quite insensitive to individual motor properties. What is
particularly remarkable about this system is that the transi-
tion can happen over a very small temperature window rela-
tive to the absolute temperature scale.

Keeping in mind that the directionality reversal is likely
to be a robust effect, we propose that temperature regulation
may present an opportunity to develop a new approach for
probing intracellular transport. The qualitative directionality
reversal effect should be observable in cell culture or even
in vivo after an acute cold shock to %10�C. The shock
would need to occur much faster than any possible cold-
shock protein expression (42) to provide a temporal window
during which a plus- versus minus-end-directed motility
imbalance would be observable and quantifiable. In addi-
tion, cold shock can induce cell permeabilization with resul-
tant changes in, e.g., metal ion concentrations and cellular
pH (42)—all factors that need to be controlled for. Despite
such immediate experimental challenges, we envision that
the above approach will become increasingly feasible
when the response of cell culture to cold shock is generally
better understood.

Also of note, activation energies are not identical (12)
across the many kinesin families. Therefore, even though
the velocities of cytoplasmic dynein and KIF5A measured
here (Fig. 1) are fairly well matched above 15�C, this situa-
tion cannot hold for all kinesins. We thus speculate that in
other systems (e.g., motor ensembles including kinesin-3),
bidirectional transport likely requires additional regulation
to maintain even qualitative homeostasis across the mamma-
lian survival range. Of course, such temperature-based feed-
back could be used in cells to sense temperature.

The temperature dependence of fast MT-based transport
can be far more complex in lower species than in mammals
(2). This suggests one of two possibilities. First, it is
possible that cytoplasmic dynein, like its axonemal coun-
terpart (43), is thermally adaptable to match the thermal
range of its species. A tantalizing alternative is that an
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as yet unidentified cofactor(s) can regulate the tempera-
ture dependence of dynein motility. This is hinted at by
the observation that cold acclimation in poikilotherms can
lead to increased rates of FAT at low temperatures (44).
Either way, the thermal properties of motor-driven transport
and its regulation clearly warrant further study.
SUPPORTING MATERIAL

SupportingMaterials andMethods, eight figures, and three movies are avail-

able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(16)

30664-6.
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