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Processivity of kinesin motility is enhanced
on increasing temperature
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Kinesin is a motor protein that processively moves step
by step along a microtubule. To investigate the effects of
temperature on run length, i.e., processivity of kinesin
motility, we performed a single-molecular bead assay at
temperature range of 20–40°C. An increase in the walk-
ing velocity of kinesin corresponded to the Arrhenius
activation enthalpy of 48 kJ/mol, being consistent with
the previous reports. Here, we found that the run length
increased, that is, the kinesin processivity enhanced with
increasing temperature. Then, we estimated the prob-
ability of detachment of kinesin from a microtubule per
one 8-nm stepping event, and found that it diminishes
from 0.014 to 0.006/step with increasing temperature
from 20 to 40°C. And we noticed that prolonged incuba-
tion at 30, 35 and 40°C significantly slowed down the
walking velocity, but further increased the run length
and duration. Those results are interpreted according to
the effect of temperature on the rate constants of some
key kinetic steps in the ATPase cycle.

Key words: TIRF, molecular motors, microtubule,
hand-over-hand mechanism, run length

Conventional kinesin is a microtubule-based motor pro-

tein that transports vesicles and organelles within nerve

cells. An important property of kinesin is processivity, that

is, individual motor molecules can move continuously along

a microtubule with hundreds of 8-nm steps1,2 for about 1 µm

without dissociating3–5. Processivity is attributable to the

synchronization of attachment to and detachment from a

microtubule of two heads of kinesin coupled with ATPase

cycle6. Recent studies have focused on examining the

coupling between each step of movement and the ATPase

cycle6–11. Despite motility has been extensively studied from

various aspects by single-molecule methods11–13, the molec-

ular mechanism of processivity has not yet been fully ex-

plored, although a consensus on the hand-over-hand model

has been reached2.

The interaction between kinesin and microtubule is regu-

lated not only by the nucleotide state of kinesin, but also

by solvent conditions and environment. For example, an

increase in salt concentration (ionic strength) lowers the

processivity14,15. An increase in temperature increases the

walking velocity16,18, although the maximum tension (stall

force) is independent of temperature16. Here, to investigate

the effect of temperature on the processivity, we performed

a single-molecular bead assay at temperature range of 20–

40°C. In the previous report16, we briefly described qualita-

tive results obtained at 15–35°C showing the enhancement

of processivity at higher temperature.

Here, a single native kinesin molecule purified from

bovine brain was attached to a polystyrene bead, and the

bead movement on microtubules was examined with total

internal reflection fluorescence microscope. We measured

the distance over which kinesin molecules continue to move

along a microtubule without detachment (run length), the

period of time for each run (duration) and the average

velocity obtained from the slope of the time course of bead

displacement (walking velocity). The quantitative analysis

of the results showed that the probability of detachment

of kinesin from a microtubule decreases, implying the en-
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hancement of processivity, with increasing temperature. We

also noticed that the processivity of kinesin is enhanced as

the incubation time becomes longer, especially at higher

temperatures.

Materials and methods

Proteins

Conventional kinesin was prepared from bovine brain

according to the method of Kojima et al19. Tubulin was

purified from porcine brain and labeled with tetramethyl-

rhodamine succinimidyl ester (C-1171, Molecular Probes,

USA) according to Hyman20. Fresh bovine and porcine

brains were purchased from a local slaughterhouse. Micro-

tubules were stabilized with 20 µM taxol.

Preparation of kinesin-bound beads

Kinesin-bound beads were prepared according to Kojima

et al.19 with slight modifications. We used fluorescent poly-

styrene beads (0.2 µm in diameter, carboxylate-modified,

orange, F-8809; Molecular Probes). For the preparation of

kinesin-bound beads, kinesin was mixed with beads at a 1:1

molar ratio, assuming the molecular weight of kinesin is

380 kDa. By using optical tweezers, we confirmed that even

when mixed at a 1:5 (beads:kinesin) ratio, more than 90%

of the beads that interact with a microtubule have single

kinesin molecules bound7,8,21–23.

Flow cell for beads assay

The fluorescent microtubules were introduced into a flow

cell and incubated for 2 min to allow binding of the micro-

tubule to glass surface. The cell was washed with a solution

containing 0.8 mM MgCl2, 64 mM PIPES (piperazine-1,4-

bis(2-ethanesulfonic acid), pH 6.8), 0.8 mM EGTA, 1 mg/ml

filtered casein and 20 µM taxol to remove unattached

microtubules and left for 2 min to coat the glass surface

with casein. The cell was then filled with an assay solution

containing the kinesin-bound beads and an oxygen scaveng-

ing enzyme system [approximately 0.1 nM kinesin-bound

beads, 1.4 mM MgCl
2
, 56 mM PIPES (pH 6.8), 0.7 mM

EGTA, 1.0 mg/ml filtered casein, 1 mM ATP, 40 µM taxol,

10 mM dithiothreitol (DTT), 4.5 mg/ml glucose, 50 units/ml

glucose oxidase, 50 units/ml catalase] and sealed with

enamel. The above procedure was performed at room tem-

perature regardless of the temperature examined. All the

chemicals were of reagent grade.

Microscope

Tetramethylrhodamine-labeled microtubules and kinesin-

bound fluorescent beads were visualized by total internal

reflection fluorescence microscopy (IX70, Olympus, Japan)

with a green laser (µGreen #4301-050, Uniphase, USA),

which illuminates only ~150 nm in depth above the cover-

slip24. Fluorescence images were collected using an SIT

camera (C2400, Hamamatsu Photonics, Japan) equipped

with an image intensifier (VS4-1815, Video Scope, USA)

and recorded on a Digital Videocassette Recorder (DSR-20,

Sony, Japan).

Temperature control

For experiments at 20 and 25°C, the room temperature

was adjusted by an air conditioner. For experiments at 30,

35, and 40°C, the stage of the inverted microscope with a

flow cell mounted on it was covered by a thermal insulation

chamber (Olympus), and the temperature inside it was ad-

justed. The temperature was measured by a thermometer

mounted on the microscope stage near the flow cell and

kept within ±1°C of the required temperature.

Analysis of the processive movement of a kinesin-bound 

bead

The method of movement analysis employed in this arti-

cle was different from the previous one16, where a kinesin-

bound bead had been manipulated and placed in contact

with a microtubule by optical tweezers, which allowed to

determining exactly the share of beads with bound kinesin

molecules. Here we examined the kinesin-bound beads that

spontaneously attached to and moved along a microtubule

and then dissociated after a while (Supplementary Movies).

As evident from the movies, the proportion of beads that

interacted with a microtubule was small. It is still possible

the beads with several kinesin molecules bound might have

been included in our analysis. However, considering the

bead-kinesin geometry, the probability of multiple kinesin

molecules simultaneously interacting with a microtubule is

sufficiently low under our experimental conditions.

Fluorescence images of moving beads were digitally

recorded at a video rate (30 frames/s), and the center of

the fluorescence intensity distribution of the bead image was

determined using a custom-written software program sup-

plied with the Halcon image processor (MVTec Software

GmbH, Germany). From the analysis of a bead movement

along a microtubule we obtained the three parameters

characterizing kinesin motility at each temperature: the run

length (distance travelled by a bead after attaching to and

before detaching from a microtubule; in µm), the duration

(time interval of the continuous movement of the bead

along a microtubule; in seconds), and the velocity (the aver-

age slope of the time course of bead movement, which was

determined by the least squares method; in µm/s). The

recording of video started after incubating the flow cell at

each temperature for 1 min, and continued for 10 min. Note

that the flow cell was prepared at room temperature just

before each experiment.

Results and Discussion

Effect of temperature on the time course of movement of 

a kinesin-bound bead along a microtubule

Figure 1 shows typical traces of movement of a kinesin-
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bound bead at various temperatures we examined, i.e., 20,

25, 30, 35 and 40°C. We collected the data between 1 and

11 min after the beginning of incubation at each tempera-

ture. From these data, we obtained the values of run length,

duration and velocity (parameters characterizing the proc-

essivity of molecular motors) of single kinesin molecules

moving along a microtubule. Here, the run length is defined

as the distance, which a bead travelled continuously before

detachment. The duration is the period of time during which

the bead continuously moved (the abscissa of the final posi-

tion of raw data as shown in Fig. 1). The velocity was

obtained from the average slope of the time course of bead

displacement. As these data show, with increasing tempera-

ture both run length and velocity increased, whereas dura-

tion decreased. Note that only two parameters of these three

are theoretically independent : the value of one parameter

can be calculated from the others according to the relation-

ship (run length) = (velocity) × (duration). However, this

relationship is not exactly kept in practice, because the

velocity is obtained as the average slope of the time course

of bead movement, whereas both run length and duration

are determined from the coordinates of the end point of the

time course of the bead movement (see Fig. 1). In spite of

the difference between the values obtained theoretically and

experimentally, all the experimental data exhibit good

agreement with the above relationship throughout the

analysis. These results show therefore that the temperature

dependence of the run length is weaker than that of the

velocity, because the temperature dependence of duration

is opposite.

Effect of temperature on run length

Figure 2 shows the distribution of run length at each

temperature, which could be fitted by a single-exponential

function, being consistent with the previous results15,25. As

the temperature increased, the average run length became

longer, and eventually increased more than twice from

0.6 µm to 1.3 µm with increasing temperature from 20 to

40°C. The results are summarized in Fig. 2F (points con-

nected by a solid line). The fact that the run length increases

at higher temperature was briefly mentioned in our previous

paper16. Similar results were also reported for ncd and Eg5

molecular motors4.

As we reported previously8,16, the activity of kinesin mo-

tility appeared to change on lengthening the incubation time

at higher temperatures. To quantitatively examine this for

the data obtained at 30, 35 and 40°C, the data were divided

into two groups, corresponding to the two periods, i.e., the

one between 1 and 6 min and the other between 6 and

11 min after the beginning of incubation, because the two

sets of data significantly differed at these temperatures; the

average run length increased on lengthening the incubation

time, although the shape of distribution remained the same.

The results are shown by gray bars in Figs. 2C–E and right-

half filled circles in Fig. 2F (points connected by a dashed

line). For the data obtained at 20 and 25°C, the data is pre-

sented for both groups combined, because no difference was

observed between them. This result suggests that the alter-

ation of the motility of kinesin occurs during long incuba-

tion at the elevated temperature. We will discuss it in more

detail below.

Effect of temperature on duration

The distribution of duration at each temperature was also

fitted by a single exponential function (Fig. 3), implying

that both the run length and duration vary stochastically, and

the detachment of kinesin from a microtubule occurs at one

kinetic step. As the temperature increased, the average

value of duration decreased, by about a half, from 1.5 s at

20°C to 0.7 s at 40°C. Thus, the temperature dependence of

duration is opposite to that of the run length.

Similarly, we analyzed the data for two different incu-

bation periods. The results are summarized in Fig. 3F,

showing that the elongation of the incubation time at higher

temperatures prolonged the average duration. This tendency

was similar to that of the run length. But note that with

lengthening the incubation time, the temperature dependence

of duration became weaker (Fig. 3), whereas it became

stronger in case of the run length (Fig. 2F).

Effect of temperature on walking velocity

Next, we examined the effect of temperature on the

Figure 1 Typical traces showing the time course of bead move-
ment along a microtubule at various temperatures (Supplementary
Movies 1–5. Note that those movies do not necessarily correspond to
the data shown here). These traces were taken between 1 and 6 min of
the incubation at each temperature. Attachment of the bead to a micro-
tubule occurred at the zero point. Arrows indicate the time at which the
kinesin-bound bead detached from the microtubule, detected by the
disappearance of the fluorescent image of the bead. Run length was
defined as the ordinate of the detachment point. Duration is the period
of time between attachment and detachment of the bead. Walking
velocity was estimated from the average slope of the time course of the
bead movement obtained by the least squares method.
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Figure 2 Temperature dependence of run length. The data at 20°C (A) and 25°C (B) were obtained between 1 and 11 min after the incubation
at each temperature. On the other hand, for 30°C (C), 35°C (D) and 40°C (E), the data obtained between 1 and 6 min of incubation are shown by
open bars, whereas those obtained between 6 and 11 min of incubation are shown by gray bars, because they showed a different set of values
although the shape of the distribution was the same, i.e., approximated by a single exponential. Distribution of run lengths was fitted by an expo-
nential function (a solid or a dashed curve). Here, the run lengths shorter than 0.5 µm were excluded from the analysis. The average run length,
which was defined as the characteristic run length of the exponential function, obtained from each distribution shown here, was 0.56, 0.66, 0.93
(0.94), 1.07 (1.51) and 1.28 (1.65) µm at 20, 25, 30, 35 and 40°C, respectively (the values in the parentheses, the data for 6–11 min). In Fig. 2F,
these values are shown by closed circles for 20 and 25°C and left-half filled circles for 30, 35 and 40°C connected by a solid line. Right-half filled
circles (connected by a dashed line) show the average run length obtained from the data taken between 6 and 11 min of incubation at 30, 35 and
40°C.
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velocity of a kinesin molecule moving along a microtubule.

As Fig. 4 shows, the distribution of velocity exhibited a

sharp peak and could be simulated by a Gaussian because

there is a positive correlation between the run length and

duration. The average value of velocity, i.e., the peak value

of the Gaussian distribution, increased with increasing tem-

perature as previously reported16,18.

The Arrhenius plot of the velocity obtained between 1

and 6 min of incubation was linear within the temperature

range we examined (Fig. 5). The activation enthalpy was

estimated to be 48 kJ/mol from the slope of the Arrhenius

plot, being consistent with the previous data16,17. Here we

Figure 3 Temperature dependence of duration. The data at 20°C (A) and 25°C (B) were obtained between 1 and 11 min of incubation at each
temperature. On the other hand, for 30°C (C), 35°C (D) and 40°C (E), the data obtained between 1 and 6 min of incubation are shown by open bars,
whereas the data obtained between 6 and 11 min of incubation are shown by gray bars, because they showed a different set of values, although the
shape of the distribution was the same, i.e., approximated by a single exponential. Every distribution of duration was fitted by an exponential func-
tion (a solid or a dashed curve). Only runs longer than 0.5 s were included in the analysis. The average duration, which was defined as the char-
acteristic time of the exponential function, was 1.53, 1.11, 0.92 (1.01), 0.80 (1.19) and 0.69 (1.03) s, at 20, 25, 30, 35 and 40°C, respectively (the
values in the parentheses, the data for 6–11 min). In Fig. 3F, these values are shown by closed circles for 20 and 25°C and left-half filled circles for
30, 35 and 40°C connected by a solid line. Right-half filled circles (connected by a dashed line) show the average duration obtained from the data
taken between 6 and 11 min of incubation at 30, 35 and 40°C.
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found that, for the data obtained between 6 and 11 min of

incubation, the linear relationship deviated from the straight

line above around 30°C. These results imply that the protein

functions are generally deteriorated by incubation at the

elevated temperatures. The thermally deteriorated kinesin

molecules may exhibit a slower rate of ATPase hydrolysis,

and the walking velocity is therefore decreased. However,

the detachment rate decreases to a larger extent, so that not

only the duration but the run length as well is prolonged.

Effect of temperature on the probability of detachment 

during one cycle of stepping

Based on the above data, we estimated the probability,

p, of detachment of kinesin from a microtubule during one

Figure 4 Temperature dependence of walking velocity. The data at 20°C (A) and 25°C (B) were obtained between 1 and 11 min of incubation
at each temperature. On the other hand, for 30°C (C), 35°C (D) and 40°C (E), the data obtained between 1 and 6 min of incubation are shown by
open bars, whereas the data obtained between 6 and 11 min after the incubation are shown by gray bars, because they showed a different set of val-
ues although the shape of the distribution was the same, i.e., approximated by a single Gaussian. The average walking velocity, which was defined
as a peak of the Gaussian distribution, was 0.46, 0.66, 0.98 (0.87), 1.27 (1.16) and 1.68 (1.41) µm/s at 20, 25, 30, 35 and 40°C, respectively (the
values in the parentheses, the data for 6–11 min). In Fig. 4F, these values are shown by closed circles for 20 and 25°C and left-half filled circles for
30, 35 and 40°C connected by a solid line. Right-half filled circles (connected by a dashed line) show the average velocity obtained from the data
taken between 6 and 11 min of incubation at 30, 35 and 40°C.
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cycle of stepping. Now, we assume that the number of cy-

cles (steps) in each processive movement, n, is determined

by n = (run length)/(step size). Because the probability that

a kinesin molecule detaches after the n-th step is equal to

(1−p)n–1p, the average number of steps, <n>, is expressed as

<n>=Σ
n=1

∞n(1−p)n–1p=1/p. Thus, the value of p can be

determined from the inverse of <n>, that is, the value of p is

proportional to the inverse of the average run length. The

results of this analysis show that the probability of detach-

ment during one stepping cycle is around 0.01 and de-

creases with an increase in temperature, meaning that the

processivity is enhanced at elevated temperatures (Fig. 6).

What is the cause for the larger processivity at higher

temperature? If the two heads work independently from

each other, a plausible cause would be that the duty ratio

increases as temperature increases. Here, the duty ratio is

defined as the share of strongly bound states during each

cycle of stepping. Note that the strong binding occurs in

the nucleotide-free and AMPPNP (an ATP analogue)-

bound states, as demonstrated by a large unbinding force

as compared to a small unbinding force in the ADP-bound

state7,17,22. The duty ratio is expected to increase if the pro-

portion of the lifetime of such strongly bound states during

one ATPase cycle increases. If the hydrophobic interaction

is involved in the strong binding, it is understandable that

the duty ratio increases with increasing temperature. In

practice, such endothermic properties of protein-protein in-

teraction have been observed for the strong binding (a rigor

bond) formed between actin and myosin II in the absence of

ATP26,27. Whether the hydrophobic interaction is involved in

the strongly bound state of the kinesin-microtubule complex

should be examined in future.

The detachment of kinesin from a microtubule will prob-

ably occur when both heads are in a weakly bound (ADP-

bound) state. So, if the duty ratio increases, the probability

that both heads are in a weakly bound state decreases. This

simple interpretation would be reasonable if the two heads

of kinesin would have worked independently. However, this

is not the case because, in practice, the two heads of kinesin

must work cooperatively to ensure highly-efficient proces-

sive movement.

Thus, another possible and more plausible reason for the

higher processivity at the elevated temperatures will be as

follows. Let us consider the kinetic scheme of kinesin

motility based on a simple hand-over-hand model as sche-

matically shown in Fig. 78,11,23,25,28. During processive run of

8 nm steps, kinesin successively adopts a single-headed

strongly bound <O, D> state (A in Fig. 7), the <T, D> state

at which the trailing head is strongly bound and the leading

head is weakly bound or detached (B in Fig. 7), double-

headed strongly bound <T, O> and <D ⋅Pi, O> states (C and

D in Fig. 7, respectively) and the <D, O> state at which the

leading head is strongly bound and the trailing head is

weakly bound (E in Fig. 7). In this scheme, the spontaneous

detachment of kinesin is assumed to occur in the <D, D>

state (D′ in Fig. 7), which is occasionally formed after pass-

ing through the <D ⋅Pi, D> state (C′ in Fig. 7). It is to be

noted that the D ⋅Pi state may be a weakly bound state as

well11,25,29,30. Because every step occurs stochastically, the

detachment of kinesin is plausible even if the rate constants

of the B→C and C′→D steps are much higher than those of

the B→C′ and C′→D′ steps, respectively.

Now, based on this scheme, the interpretation of an in-

crease in the processivity with increasing temperature is as

follows. First, a kinetic constant at every kinetic step (espe-

cially, a rate-limiting step) becomes larger with increasing

temperature, which results in an increase of the walking

velocity (ATPase activity). However, the temperature de-

pendence of the kinetic constants will be different for every

step. Therefore, the most plausible interpretation is that the

Figure 5 Arrhenius plot of walking velocity (ν) vs. absolute tem-
perature (T). The activation enthalpy was estimated as 48 kJ/mol and
27 kJ/mol from the slope of the solid line and the dashed lines, respec-
tively. Symbols are the same as in Figs. 2–4.

Figure 6 Temperature dependence of the probability of detach-
ment per each 8 nm step. The probability of detachment was deter-
mined to be 0.0143, 0.0121, 0.0086 (0.0085), 0.0075 (0.0053) and
0.0062 (0.0048) at 20, 25, 30, 35 and 40°C, respectively (the values in
the parentheses, the data for 6–11 min). Symbols are the same as in
Figs. 2–5. For more details, see the text.
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degree of an increase of the kinetic constant at the B→C

step is higher than that of the B→C′ step. Besides, this may

also be the case for the temperature dependence of the

kinetic constants for the C′→D and C′→D′ transitions.

From this consideration, it is interesting to infer that the rate

of detachment of ADP from the bound leading head is

accelerated much higher than the other transitions with in-

creasing temperature (both B→C and C′→D steps).

Deterioration of motility at elevated temperatures

It has been reported that the melting transition of a part of

the α-helix in the stalk region of kinesin occurs in a step-

wise fashion at 25–30°C and 45–50°C31. Thus, there is a

possibility that the deterioration observed here after 6–11

min incubation at 30–40°C may be attributable to a partial

melting of the α-helix observed at 25–30°C. The denatur-

ation of kinesin that forces a detachment from a microtubule

may occur due to the melting transition of the α-helix at

45–50°C.

The interpretation of the effect of thermal deterioration,

i.e., a decrease in the walking velocity and an increase in the

processivity with longer incubation at elevated temperatures

up to 40°C, based on the scheme shown in Fig. 7, is as fol-

lows. Due to the thermal deterioration, the kinetic constants

decrease, resulting in a decrease in the walking velocity

(ATPase activity). However, the rate of ADP release from

the leading head (the B→C and C′→D steps) decreases to a

smaller degree compared to the rates of the competing

events in the trailing head (i.e., the B→C′ and C′→D′ tran-

sitions, respectively). Thus, all effects of temperature on the

processivity and the walking velocity of kinesin observed in

the present study are attributable explicitly to the tempera-

ture dependence of the kinetic constants, especially the rate

of ADP release from the leading head in the hand-over-hand

model shown in Fig. 7.

We previously reported that much longer incubation (20–

30 min) at higher temperature (50°C) denatured kinesin that

tends to detach from a microtubule in the presence of ATP16.

This may be attributable to the melting of the α-helix ob-

served at 45–50°C31. The partly deteriorated kinesin mole-

cules obtained by incubation for 6–11 min at 30–40°C may

be an intermediate between the native and the denatured

ones. One possible intermediate state may be that either one

of two heads of kinesin is thermally deteriorated. If it is the

case, it would be interesting to examine how this thermally

half-deteriorated kinesin walks along a microtubule as com-

pared to the alternate stepwise motion of kinesin with heads

genetically engineered12,13.

We should mention here the possibility that our measure-

ments may have been effected to some extent by the contri-

bution of beads to which more than one kinesin molecules

are bound and are able to interact with a microtubule at the

same time (see Materials and Methods). Therefore, the en-

hancement of the processivity in the partially deteriorated

state may be the property of a heterogeneous ensemble of

more than one kinesin molecules (rather than the hetero-

geneity of the two heads of the same molecule as discussed

above). This situation may be similar to that in the gliding

Figure 7 Simple kinetic pathway of the processive movement of kinesin. Each 8 nm step occurs stochastically and one ATP is hydrolysed in
one cycle. T, D, Pi and O represent ATP, ADP, inorganic phosphate and nucleotide-free state, respectively. Here, we assume that there is a turning
point, the <T, D> state (B), in which the pathway diverges; that is, one pathway proceeds to the next stepping event (from C to D, E, A and B),
whereas the other proceeds to the state of detachment of kinesin from a microtubule (from C′ to D′). Dark- and light-green circles represent β- and
α-subunits of tubulin, respectively. The plus and the minus ends of microtubule are represented by + and −, respectively. Manner of binding of each
kinesin’s head with α- and β-subunits of tubulin is not realistic and is only schematically drawn in all nucleotide states.



Nara and Ishiwata: Processivity of kinesin motility 21

assay in which multiple kinesin molecules interact with a

sliding microtubule.
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