The mitotic kinesin CENP-E is a processive
transport motor
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In vivo studies suggest that centromeric protein E (CENP-E), a
kinesin-7 family member, plays a key role in the movement of
chromosomes toward the metaphase plate during mitosis. How
CENP-E accomplishes this crucial task, however, is not clear. Here
we present single-molecule measurements of CENP-E that demonstrate that this motor moves processively toward the plus end of
microtubules, with an average run length of 2.6 ⴞ 0.2 m, in a
hand-over-hand fashion, taking 8-nm steps with a stall force of 6 ⴞ
0.1 pN. The ATP dependence of motor velocity obeys Michaelis–
Menten kinetics with KM,ATP ⴝ 35 ⴞ 5 M. All of these features are
remarkably similar to those for kinesin-1—a highly processive
transport motor. We, therefore, propose that CENP-E transports
chromosomes in a manner analogous to how kinesin-1 transports
cytoplasmic vesicles.
mitotic motor 兩 single molecule

C

ell division requires proper attachment of chromosomes to
spindle microtubules, which occurs by means of a multiprotein
complex called the kinetochore. Centromeric protein E (CENP-E),
a kinetochore-associated member of the kinesin superfamily, plays
an essential role in capturing and positioning chromosomes to the
mitotic spindle during metaphase (1). CENP-E localizes to kinetochores throughout chromosome congression and remains there
until anaphase, at which point it relocates to the spindle midzone
and is subsequently degraded (2).
Interfering with CENP-E function significantly affects chromosome movement. Injection of an anti-CENP-E antibody leads
to mitotic arrest, with either mono-oriented chromosomes positioned close to spindle poles or bi-oriented chromosomes that
cannot align on the metaphase plate (1). Depletion of CENP-E
from Xenopus egg extracts disturbs metaphase chromosome
alignment (3), and gene silencing of CENP-E by RNA interference in HeLa cells produces unaligned chromosomes (4). A
recent study by Kapoor et al. (5) suggests that CENP-E can
transport mono-oriented chromosomes to the metaphase plate
along the spindle fibers that are attached to already bi-oriented
chromosomes. It has further been proposed (6) that CENP-E is
responsible for silencing the mitotic checkpoint signaling,
through its capture of spindle microtubules at the kinetochore.
These roles for CENP-E represent a diverse set of functions
and thus do not provide us with a unifying mechanism to explain
how this kinetochore protein functions in mitosis. One approach
to addressing this question is to compare the structure of
CENP-E with that of other kinesins of known function. However, the crystallographic model of CENP-E resembles that of
kinesin-1 (a transport motor) in some respects, and Eg5 (a
mitotic motor designed to generate sustained force) in others (7).
Previous in vitro functional studies of the CENP-E motor also
have not been helpful in defining how this kinesin functions
physiologically. A study of CENP-E purified from HeLa cells (8)
demonstrated that it can bind to microtubules but does not
generate microtubule-gliding activity. Another study (9) suggested that CENP-E couples chromosome position to microtubule depolymerizing activity. On the other hand, Wood et al. (3)
studied microtubule gliding with polarity-marked microtubules
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and demonstrated that a recombinant construct containing the
motor domain of CENP-E can function as a plus-end-directed
motor. Further support for plus-end-directed movement came
from studies suggesting that transport of chromosomes toward
microtubule plus ends requires CENP-E (5, 10). There thus
remains a need to characterize how the CENP-E motor functions
because such information may provide insight into how this
motor functions physiologically.
Single-molecule techniques have shown that kinesin-1 can
transport vesicles and organelles long distances along microtubules and that this motor takes 8-nm steps in an asymmetric,
hand-over-hand fashion (11–14). Other studies using singlemolecule optical trapping (15) have shown that individual
kinesin-1 can produce forces up to 5–7 pN. By contrast, a number
of mitotic kinesins, including Eg5, are minimally processive or
not processive at all (16–19). Therefore, the approach we have
used in this study is to determine whether CENP-E functions like
a kinesin-1 transport motor, an Eg5 mitotic motor, or something
else altogether.
Results and Discussion
For single-molecule measurements, we used a leucine-zippered
Xenopus CENP-E construct consisting of amino acid residues
1–392 fused at the carboxyl terminus to a leucine zipper,
followed by a hexahistidine tag for affinity purification. Equilibrium and velocity sedimentation studies revealed that the
leucine zipper was required in order to maintain the motor in a
dimeric state (M.v.D., J. J. Correia, and S.S.R., unpublished
work). The microtubule-activated ATPase activity was characterized by values of 13.5 ⫾ 0.8 s⫺1 and 0.35 ⫾ 0.08 M for kcat
and K0.5,MT, respectively.
We labeled our dimeric CENP-E construct with quantum dots
(20, 21) to visualize individual motor molecules through their
movement on microtubules. Streptavidin-conjugated quantum
dots were initially functionalized with biotinylated anti-histidine
antibody and were then coupled to CENP-E dimers through the
hexahistidine tag on their tail region. The position of the
quantum dots was monitored by total internal reflection fluorescence (TIRF) microscopy while CENP-E was observed to
move on axonemes that were immobilized on a coverslip.
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Observation of single-molecule characteristics requires ensuring that multiple motors do not attach to the same cargo.
For this purpose, we used a CENP-E dimer-to-quantum-dot
ratio of 1:4 in our assays (21, 22). At this ratio, we observed that
quantum dots traveled long distances [supporting information
(SI) Movie S1], implying that individual CENP-E dimers can
move processively along microtubules. To quantify this processivity, we measured the run length of our CENP-E dimers
at saturating ATP concentrations. The length of individual
runs was determined, and a histogram of all runs is plotted in
Fig. 1. A single exponential fit with zero offset to the histogram
yielded an average run length of 2.6 ⫾ 0.2 m. The average run
length is comparable to the length of axonemes in our assays.
This finding is consistent with our observation that a significant number of motors reached the end of axonemes before
detaching. In case the run length was underestimated because
of motors that reached the end of axonemes, we measured the
run length by using a bead assay in an optical trap. This
approach allowed us to adjust the bead position before initiating each run, to ensure that the starting position of the bead
was far from the end of axoneme. The mean run length

Fig. 2. CENP-E-driven gliding of microtubules. Shown are three images from
a video sequence (Movie S2) with 12-s intervals between each frame, showing
plus-end-directed motility by CENP-E. Rhodamine-labeled microtubule seeds
were prepared with a 1:1 ratio of rhodamine tubulin to nonlabeled tubulin.
A dilute solution of 1:10 labeled-to-nonlabeled tubulin was added into highly
labeled seeds to create microtubules with brighter minus ends. Marks in the
images are reference points indicating the initial positions of microtubule
minus ends. (Scale bar, 5 m.)
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Fig. 3. Average velocity of CENP-E as a function of ATP concentration. The
solid line is a fit to a Michaelis–Menten equation with KM ⫽ 35 ⫾ 5 M and
Vmax ⫽ 342 ⫾ 10 nm s⫺1.

measured for CENP-E in this bead assay was 2.4 ⫾ 0.2 m.
This result confirms the run length measured by using quantum dot-labeled motors. For comparison, we characterized the
average distance traveled by a truncated dimeric kinesin-1
construct (K560) with a hexahistidine tag at the carboxyl
terminus, using the same bead assay, and measured a run
length of 2.7 ⫾ 0.2 m. This distance is in agreement with
previous studies of kinesin-1 performed under similar conditions (22, 23). In addition, similar to kinesin-1 (24), beads
traveled longer distances when a high concentration of
CENP-E motors was used. This indicates that multiple motors
enhance cargo transport.
To assess the directionality of CENP-E, we performed
microtubule gliding assays with polarity-marked microtubules
in which the minus ends were heavily f luorescently labeled.
This method has previously been used to study the directionality of other members of the kinesin superfamily (25, 26). In
this assay, microtubules moved with their minus ends leading,
as illustrated in Fig. 2 and Movie S2, indicating that CENP-E

Fig. 4. Fraction of beads moving vs. CENP-E-to-bead ratio. The beads were
brought into contact with axonemes for ⬎30 s. In most cases, more than two
axonemes were tried if no motility was observed. Measurement at each
concentration includes 20 – 60 beads. The solid line is a fit to single exponential
1 ⫺ exp(⫺c), where c is the CENP-E-to-bead ratio representing beads carried
by one motor. The data cannot be fit well if more than one motor is assumed
to be required for motility, 1 ⫺ exp(⫺c) ⫺ c exp(c) (dashed line).
PNAS 兩 April 22, 2008 兩 vol. 105 兩 no. 16 兩 6017
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Fig. 1. Run length histogram of CENP-E. Run lengths of quantum dotlabeled CENP-E molecules were measured by TIRF microscopy as described in
SI Materials and Methods. The average run length was determined by fitting
a single exponential decay to the histogram. The solid line shows such a fit
yielding an average run length of 2.6 ⫾ 0.2 m.

Fig. 5. Stall force measurements of CENP-E. (a) Sample trace of bead displacement by CENP-E in a static laser trap, displaying seven runs, each followed by a rapid
detachment at high loads. The measurement was done at saturating ATP concentrations. The trap stiffness was 0.086 pN/nm, and the data collection rate was 3 kHz.
(b) Stall force distributions of CENP-E (light gray) and K560 (dark gray). The lines are fits to a Gaussian function. The average stall forces are 5.96 ⫾ 0.08 pN (n ⫽ 375)
for CENP-E and 6.09 ⫾ 0.08 pN (n ⫽ 122) for K560. Stall events that lasted ⬍50 ms at the highest force were not included.

is a plus-end-directed motor. This result is in agreement with
an earlier study (3). In addition, we verified plus-end-directed
movement of quantum dot-labeled CENP-E motors in singlemolecule experiments by comparing the travel direction of
CENP-E with that of K560 in the same assay. This was
achieved by removing quantum dot-labeled CENP-E motors
by washing the sample chamber and introducing K560 mole-

cules without significantly moving the chamber. Indeed, the
K560 molecules moved in the same direction (data not
shown).
To characterize the kinetics of ATP binding and catalysis, the
speed of the motors was studied as a function of ATP concentration. Fig. 3 illustrates the ATP dependence of the speed from an
average of at least 15 individual runs at each ATP concentration.

Fig. 6. Stepping mechanism of CENP-E dimers by FIONA. (a) Sample traces of position vs. time for CENP-E motors labeled with a quantum dot at the tail
displaying the center of mass displacement. Values near traces show individual step sizes in nanometers. Measurements were done at 1 M ATP, and an image
was acquired every 30 ms. (b) Step-size histogram of CENP-E. Gaussian fit (solid line) to the histogram returned an average step size of 8.4 ⫾ 0.7 nm. Large steps
(20 – 40 nm) in the histogram are believed to be due to multiple steps or fast diffusive motion of motors. (c) Bead displacement in a fixed trap while carried by
CENP-E at 10 M ATP and at 0.25 kHz data collection rate. Position of the bead was determined by bright-field imaging with one-nanometer accuracy (bFIONA)
(38) and shows clear step-wise motion. Arrows indicate positions of ⬇8-nm steps.
6018 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0711314105
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The data fit a Michaelis–Menten equation with Michaelis constant
KM,ATP ⫽ 35 ⫾ 5 M, in agreement with steady-state solution
kinetics (KM,ATP ⫽ 42 ⫾ 9 M). Similar values for KM,ATP of
kinesin-1 are reported in both single-molecule (27) and steady-state
ATPase measurements (28).
Yardimci et al.
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Fig. 7. Hand-over-hand movement of CENP-E. (a) Sample traces of position vs.
time for CENP-E motors labeled on motor domain with quantum dot. Values near
traces show individual step sizes in nanometers. Measurements were done at 2
M ATP, and an image was acquired every 30 ms. (b) Step-size histogram of
head-labeled CENP-E. Gaussian fit (solid line) to the histogram returned an
average step size of 16.1 ⫾ 0.2 nm. Average step size in the backward direction
is ⬇15 nm. (c) Dwell-time histogram of steps from head-labeled CENP-E motors.
The solid line is a fit to Atk2 exp(⫺kt), which returned a rate constant k ⫽ 2.68 ⫾
0.1 s⫺1.

We investigated the amount of force produced by single
CENP-E motors through the use of an optical trap (19, 29, 30).
Motors were coupled to streptavidin-coated polystyrene beads
by using a conjugation method similar to that used for the
quantum dots. Beads were trapped by an infrared laser beam
and held near an axoneme that was immobilized on the surface.
To examine whether one CENP-E dimer is sufficient to
transport a bead on a microtubule, the ratio of beads capable
of moving when brought into contact with an axoneme was
determined as a function of motor concentration, as illustrated
in Fig. 4. The data fit to a single exponential, confirming that
one motor is adequate to move a bead (31).
We next determined the maximum force generated by an individual CENP-E motor by studying the motility of trapped beads. In
a stationary trap, a motor that attaches to an axoneme and moves
processively in one direction feels greater force with displacement
opposite to the direction of movement. After moving a distance, the
motor stalls, detaches from axoneme, and is pulled back to the trap
center, where it can bind and move again (see Movie S3). A sample
trace of a series of such events is displayed in Fig. 5a. To make a
quantitative characterization of the force generated by single motors, we generated a histogram of such stall events and measured an
average stall force of 5.96 ⫾ 0.08 pN (Fig. 5b). For direct comparison, we also made stall force measurements on our dimeric
kinesin-1 construct (K560). Fig. 5b displays this comparison and
shows that the average stall force of CENP-E is essentially the same
as that of K560 (6.09 ⫾ 0.08 pN).
We examined the movement of quantum dot-labeled
CENP-E dimers at a low ATP concentration and higher time
resolution to differentiate individual steps as molecules move
on axonemes. We used f luorescence imaging with onenanometer accuracy (FIONA) (32), which is capable of determining the position of a single f luorescent spot with
nanometer precision. Sample traces of such measurements are
plotted in Fig. 6a and display step-wise motion. Individual
steps were evaluated with a Student t test fitting. The resulting
distribution of all steps, shown in Fig. 6b, gives an average step
size of 8.4 ⫾ 0.7 nm, which is essentially the same as for
kinesin-1 (13) and is consistent with the distance between
tubulin heterodimers along a microtubule protofilament. We
also detected step-wise movement in optical trap measurements at limiting ATP concentrations as the beads were
carried by motors (Fig. 6c). Steps became visible at higher
loads as the motor slowed down and Brownian motion of the
bead was reduced. We observed that at near-stalling loads,
CENP-E occasionally exhibited backward steps, as is seen in
kinesin-1 (data not shown).
Two models have been proposed to explain the stepping mechanism of molecular motors: ‘‘inchworm’’ and ‘‘hand-over-hand’’
(12, 14). Both models predict that two identical head domains are
coordinated in such a way that one head is always attached to the
track. The inchworm model suggests that one of the heads is always
in the leading position. This means that, with each step, the leading
head moves 8 nm, which is the same size as the movement of the
center of mass (12, 14). In contrast, in the hand-over-hand mechanism, the trailing head moves past the leading head with a step size
twice that of the stalk. A number of motor proteins, including
kinesin-1 (14) and myosin V (32), have been shown to move in a
hand-over-hand manner. To test whether CENP-E moves by
a hand-over-hand mechanism, we used an amino-terminal,
hexahistidine-tagged CENP-E dimeric construct. We labeled the
amino termini of this CENP-E construct with quantum dots that
were directly conjugated with anti-hexahistidine antibody. Quantum dots attached to the CENP-E amino-terminal motor domains
were visualized through TIRF microscopy, and their positions were
determined by FIONA. Position traces of the molecules showed
clear step-wise movement, as displayed in Fig. 7a. We scored a total
of 424 steps from 32 molecules. Some traces also showed backward

steps, which make up ⬇8% of the total. A histogram of step sizes
yielded an average of 16.1 ⫾ 0.2 nm in the forward direction (Fig.
7b). This value is approximately twice the step size of the stalk, and
thus our results strongly suggest that CENP-E moves in a handover-hand fashion, like kinesin-1. In addition, we performed dwelltime analysis of the steps to show that each 16-nm step alternates
with a hidden 0-nm step. We interpret the latter to be due to a step
by the unlabeled head. If the stepping rates of both heads were the
same, the resulting convolution of two exponential decays would
give a dwell-time probability that would change as P(t) ⫽ tk2
exp(⫺kt) (32), where k is the stepping rate constant. The dwell-time
distribution, plotted in Fig. 7c, is well fit by this convolution function
and not by a single-exponential decay. It yields a rate constant k ⫽
2.68 ⫾ 0.1 steps per second, which is consistent with the average
velocity determined from these measurements (v ⫽ 19.9 ⫾ 1.4 nm
s⫺1). Therefore, the dwell-time measurements also suggest a handover-hand mechanism.
Despite the key roles CENP-E plays in chromosome movement, there has heretofore been no mechanistic information
on how this kinesin actually functions. Likewise, comparisons
of primary, secondary, and tertiary structures between
CENP-E and other kinesin motors—such as kinesin-1 and
Eg5— have not been helpful in providing further mechanistic
insights. CENP-E is 38% identical to kinesin-1 and 36.1%
identical to Eg5 in primary structure. Consequently, there is
very little difference in amino acid sequence between CENP-E
and these other two motors. Furthermore, the root-meansquare deviation of the C␣ atoms of CENP-E and kinesin-1 is
1.1 Å, whereas the corresponding value for CENP-E and Eg5
is 1.5 Å (7). This implies that the peptide backbone has nearly
the same three-dimensional orientation for the three motors.
These results strongly imply that comparison of structures does
not provide insight into function.
As a result, we undertook a detailed mechanistic study of the
CENP-E motor at the single-molecule level to see whether its
behavior could allow us to propose supportable conclusions
about how it functions in the cell as a mitotic motor. Our
results clearly show that, although CENP-E is structurally
similar to other mitotic kinesins such as Eg5, its enzymatic and
mechanical functions more closely resemble those of transport
kinesins such as kinesin-1. Our results are entirely consistent
with the proposal that CENP-E functions in vivo as a motor
that carries chromosomes toward the metaphase plate, in a
manner very similar to how kinesin-1 transports vesicles. This
conclusion is supported by five key findings. First, the average
run length for CENP-E is comparable to the distance that
chromosomes are observed to move toward the midzone
during metaphase oscillation (⬇3– 4 m, ref. 5). Second, the
Michaelis–Menten dependence of CENP-E velocity on ATP
concentration is nearly identical to that for kinesin-1. Third,
the average step size of CENP-E, as measured with FIONA,
is 8.4-nm—nearly identical to that for kinesin-1. Fourth, the
movement of CENP-E, like that for kinesin-1, can be described
by a hand-over-hand stepping mechanism. Finally, the force
dependence of CENP-E through the optical trap is comparable
to that of kinesin-1. Thus, we demonstrate that biophysical
measurements of CENP-E at the single-molecule level provide
key insights into its cellular physiology.
During metaphase, mono-oriented chromosomes oscillate between the pole and the midzone before aligning at the metaphase
plate (5). Forces contributing to poleward-directed motion are
believed to be due to microtubule depolymerization (33) and
cytoplasmic dynein (34), a minus-end-directed microtubule mo1. Schaar BT, Chan GKT, Maddox P, Salmon ED, Yen TJ (1997) CENP-E function at kinetochores
is essential for chromosome alignment. J Cell Biol 139:1373–1382.
2. Yen TJ, Li G, Schaar BT, Szilak I, Cleveland DW (1992) CENP-E is a putative kinetochore
motor that accumulates just before mitosis. Nature 359:536 –539.
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lecular motor. Our in vitro optical trap measurements demonstrate that CENP-E can produce forces in the opposite direction
to those produced by microtubule depolymerization and dynein,
and they support models that propose that CENP-E pulls
mono-oriented chromosomes toward the midzone and away
from the poles (3, 5, 10).
Materials and Methods
Steady-State ATPase. The ATPase rate was determined with the EnzChek
phosphate assay kit (Molecular Probes), using a Varian Cary 300 Bio UVvisible spectrophotometer and the Cary kinetics software. The reaction
conditions were 100 nM CENP-E monomer, 2 mM ATP, 0.1–12 M tubulin
in ATPase buffer (25 mM Hepes, 100 mM KCl, 2 mM MgCl2, 1 mM EGTA, 1
mM DTT, pH 7.5).
Single-Molecule Motility Assays with Quantum Dot-Labeled CENP-E. Sample
flow chambers were prepared by using plasma-cleaned slides and double
sticky tape (35). Streptavidin-conjugated quantum dots (Qdot 655; Invitrogen) were mixed with biotinylated penta-His antibody (Qiagen) in BRB10
(10 mM Pipes, 5 mM MgCl2, 1 mM EGTA) with 2 mM DTT and incubated for
30 min. His-tagged CENP-E was added into this mix at a concentration of 1
CENP-E dimer to 4 quantum dots, to prevent multiple motor attachment to
quantum dots. After 1-h incubation, quantum dot-labeled motors were
diluted ⫻100 in motility buffer consisting of BRB10 with 2 mM DTT, 0.2
mg/ml casein, 1% 2-mercaptoethanol, and the desired concentration of
MgATP. An ATP regenerating system (1 mM creatine phosphate, 1 unit per
milliliter creatine kinase) was also included in this buffer unless saturating
ATP was present. All incubations were made on ice.
Axonemes extracted from sea urchin sperm flagella (36) were flowed
through the chamber after ⫻10 dilution in BRB10 and were allowed to
attach to the glass surface for 5 min at 4°C. The chamber was washed with
BRB10, followed by 15-min incubation with 4 mg/ml casein solution to
avoid nonspecific attachment of quantum dots to the glass surface. Finally,
the motility buffer with quantum dot-labeled protein was introduced into
the chamber.
For measurements with amino-terminal His-tagged CENP-E, dilute concentrations (0.6 nM) of unlabeled CENP-E dimers were initially introduced into the
sample chamber and were allowed to attach axonemes for 10 min. Excess
protein was washed out, and quantum dots were added at a concentration of
⬇1.6 nM. After 10-min incubation, the chamber was washed with motility
buffer.
Gliding Assays with Polarity-Marked Microtubules. Polarity-marked fluorescent
microtubules were prepared as described by Hyman (37), using rhodaminelabeled and unlabeled bovine brain tubulin (Cytoskeleton). The flow chamber
was first washed with 4 mg/ml casein in BRB10. CENP-E was added, excess
motors were removed, and microtubules were introduced in motility buffer
with 20 M taxol and an oxygen scavenging system containing 4.5 mg/ml
glucose, 200 g/ml glucose oxidase (Sigma–Aldrich), and 35 g/ml catalase
(Roche Diagnostics).
Bead Assays for Optical Trapping. Streptavidin-conjugated 0.44-  mdiameter polystyrene beads (Spherotech) were coated with biotinylated
anti-His antibody (AbD; Serotec) through 30-min incubation on ice. To
remove excess antibody, the bead solution was centrifuged and resuspended twice in BRB10, with 8 mg/ml BSA included as a blocking protein.
CENP-E was diluted and mixed with beads in BRB10 containing 8 mg/ml
BSA, 2 mM DTT, and 10 M ATP and incubated for 3 h on ice. Finally,
CENP-E-coated beads were introduced into the flow chamber in BRB10
including 2 mM DTT, 2 mM MgATP, and an oxygen scavenging system.
Before each incubation step, beads were sonicated for 1–3 min to break
aggregates. To ensure that records were from single CENP-E molecules, the
concentration of motors was chosen such that fewer than half of the beads
moved when brought into contact with an axoneme for at least 30 s.
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