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    Introduction 
 Mitotic chromosome motions are driven by microtubule-based 

motors positioned at kinetochores as well as by the dynamic 

properties of spindle microtubules. Centromere protein E (CENP-E) 

and cytoplasmic dynein are the two microtubule motors in 

metazoans known to localize at kinetochores ( Pfarr et al., 1990 ; 

 Yen et al., 1992 ). Each uses chemical energy released from 

ATP hydrolysis to direct movement toward plus ends or minus 

ends of microtubules, respectively ( Schroer et al., 1989 ;  Wood 

et al., 1997 ). Mitotic centromere-associated kinesin, a non-

motile kinesin, is also found at the inner centromere, and its 

microtubule-depolymerizing activity plays a role in error cor-

rection so as to generate proper kinetochore microtubule at-

tachment ( Desai et al., 1999a ;  Ohi et al., 2003 ). Besides the 

energy-consuming motors, however, energy stored in the micro-

tubule lattice from cleavage of GTP during microtubule assem-

bly can generate suffi cient force to power aspects of chromosome 

movement ( Koshland et al., 1988 ;  Coue et al., 1991 ;  Inoue and 

Salmon, 1995 ;  Grishchuk et al., 2005 ). By simply maintaining 

a linkage with spindle microtubules, kinetochores can exploit 

the energy liberated from the microtubule lattice during dis-

assembly to drive chromosome movement independent of a power 

stroke generated by motors and additional chemical energy 

( Howard and Hyman, 2003 ). 

 An important unsolved question is how the kinetochore 

holds onto both growing and shrinking microtubules. Using pu-

rifi ed chromosomes attached to dynamic microtubules, either 

pan kinesin antibodies or those specifi c for CENP-E were 

shown to inhibit microtubule depolymerization-dependent mo-

tion of chromosomes in vitro ( Lombillo et al., 1995a ). More-

over, beads coated with kinesin were able to follow the end of 

disassembling microtubules ( Lombillo et al., 1995b ), suggest-

ing a role of kinesin family members in coupling kinetochores 

to dynamic microtubules. Discovery of the ring structure of the 

yeast Dam1/DASH complex ( Miranda et al., 2005 ;  Westermann 

et al., 2005 ) has introduced such rings as plausible coupling de-

vices for chromosome attachment and movement. In vitro, the 

ring complex can move processively on depolymerizing micro-

tubule ends ( Westermann et al., 2006 ), and harness microtubule 

dynamics to produce force ( Asbury et al., 2006 ). However, 

the Dam1/DASH complex has not been found outside fungi. 

T
he mitotic kinesin centromere protein E (CENP-E) is 

an essential kinetochore component that directly 

contributes to the capture and stabilization of spin-

dle microtubules by kinetochores. Although reduction in 

CENP-E leads to high rates of whole chromosome mis-

segregation, neither its properties as a microtubule-depen-

dent motor nor how it contributes to the dynamic linkage 

between kinetochores and microtubules is known. Using 

single-molecule assays, we demonstrate that CENP-E is a 

very slow, highly processive motor that maintains micro-

tubule attachment for long periods. Direct visualization of 

full-length  Xenopus laevis  CENP-E reveals a highly fl exible 

230-nm coiled coil separating its kinetochore-binding 

and motor domains. We also show that full-length CENP-E 

is a slow plus end – directed motor whose activity is 

essential for metaphase chromosome alignment. We pro-

pose that the highly processive microtubule-dependent 

motor activity of CENP-E serves to power chromosome 

congression and provides a fl exible, motile tether linking 

kinetochores to dynamic spindle microtubules.

 CENP-E combines a slow, processive motor and a 
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 We also verifi ed CE473-GFP to be dimeric by using total 

internal refl ection fl uorescence (TIRF) microscopy to measure 

the fl uorescence intensity of single molecules immobilized on 

coverslips. Freshly prepared protein was nonspecifi cally ad-

hered on a coverslip surface, and the fl uorescence intensity of 

CE473-GFP spots was measured and compared with that of 

K560-GFP, the well-characterized dimeric motor head of hu-

man kinesin-1 ( Case et al., 1997 ). The fl uorescence intensity 

distributions between CE473-GFP ( n  = 432) and K560-GFP 

( n  = 347) were indistinguishable (Fig. S1 C), confi rming that 

most imaged CENP-E spots were dimers. When the fl uorescent 

CENP-E molecules were followed over time to examine their 

photobleaching behavior, most CE473-GFP and K560-GFP 

spots disappeared in either two steps or a single step (Fig. S1 D), 

as expected if each spot consisted of either two GFPs or a single 

GFP. Furthermore, the initial fl uorescence intensity of moving 

spots was measured to confi rm that the majority of moving 

CENP-E was indeed dimeric (Fig. S1 E). Therefore, both the 

hydrodynamic measurements in solution and the fl uorescence 

analysis of single molecules viewed microscopically demonstrate 

that CE473-GFP is dimeric. 

 We then tested the processivity of CENP-E in vitro by 

directly observing single molecules of CE473-GFP moving 

along microtubules using TIRF microscopy. X-rhodamine – 

labeled guanosine-5 ’ -([a,b]-methyleno) triphosphate (GMP-

CPP) microtubules were immobilized on a coverslip surface 

using an antitubulin antibody, and, subsequently, a low con-

centration (0.5 – 1 nM) of CE473-GFP was introduced into the 

fl ow chamber ( Fig. 1 B ). CENP-E single molecules moved 

processively and unidirectionally along microtubules ( Fig. 1 C  

and Videos 1 and 2, available at http://www.jcb.org/cgi/content/

full/jcb.200802189/DC1) with a median velocity of 8 nm/s 

( n  = 320; four independent preparations;  Fig. 1 E ). Substantial 

variation in speed (ranging from 1.7 to 48 nm/s) was observed 

for CENP-E. However, this was not the result of heterogeneity 

in motor activity among different protein preparations, as large 

variation in the velocity was consistently observed in the as-

says performed on the same day. Furthermore, the velocity of 

movement often differed by a factor of two even between the 

molecules running on the same microtubule ( Fig. 1 C,  compare 

particle 1 with particle 2). 

 Processive movement of CENP-E motor single molecules 

was not smooth, and the CENP-E changed instantaneous veloc-

ity with multiple pauses within a single run ( Fig. 1 D ). Frequent 

changes in instantaneous velocity with large variations in the 

speed and even reversals in direction observed when frames 

were taken more rapidly in our single-molecule assays (Fig. S1, 

G and H; and Video 3, available at http://www.jcb.org/cgi/ 

content/full/jcb.200802189/DC1) suggested that CENP-E motility 

has a one-dimensional diffusion component. A mean square 

displacement (MSD) plot of CENP-E was well fi tted with biased 

Brownian movement ( Fig. 1 F ). Polynomial regression to MSD 

( � ) =   �   2  t  2  + 2 Dt  (  �  , mean drift velocity;  D , diffusion co effi cient) 

produced a mean velocity of 9.7  ±  0.6 nm/s ( n  = 90) and a diffu-

sion coeffi cient of 690  ±  94 nm 2 /s ( n  = 90), which was larger 

than expected from the fl uctuation of a kinesin with an 8-nm step 

size and  � 10-nm/s speed (D  ≈  80 nm 2 /s;  Svoboda et al., 1994 ). 

Conversely, motor enzymes such as dynein, CENP-E, and 

mitotic centromere-associated kinesin are missing from yeast 

kinetochores ( McIntosh, 2005 ). 

 Initially found to be a kinesin family member that local-

izes to kinetochores ( Yen et al., 1992 ), CENP-E is a mitosis-

specifi c kinesin with a cyclin-like accumulation and degradation, 

reaching its peak during G2 and early M phase followed by 

rapid degradation during the completion of mitosis ( Brown 

et al., 1994 ). As CENP-E is an essential kinetochore compo-

nent whose loss leads to high rates of whole chromosome 

missegregation ( Weaver et al., 2003 ), CENP-E is one of the 

components directly responsible for the stable capture of spin-

dle microtubules by kinetochores ( Schaar et al., 1997 ;  Wood 

et al., 1997 ;  Yao et al., 2000 ;  Putkey et al., 2002 ). Inhibition or 

removal of CENP-E not only leads to a failure of metaphase 

chromosome alignment, resulting in unattached chromosomes 

that are abnormally close to a spindle pole, but it also reduces 

the number of microtubules bound by kinetochores even on 

chromosomes that are bioriented ( McEwen et al., 2001 ;  Putkey 

et al., 2002 ;  Weaver et al., 2003 ). Most recently, CENP-E has 

been proposed to facilitate chromosome congression by power-

ing movement of a monooriented chromosome pair toward the 

spindle equator by attachment to and translocation along the 

kinetochore fi ber of another chromosome pair that had already 

bioriented ( Kapoor et al., 2006 ). Although simple microtubule 

gliding assays with the CENP-E motor domain have shown it 

to be a plus end – directed motor ( Wood et al., 1997 ), the motor 

properties of CENP-E and the mechanism by which CENP-E 

contributes to kinetochore attachment to spindle microtubules 

are not known. 

 Using purifi ed recombinant CENP-E, we now fi nd that 

CENP-E is a very slow, highly processive motor that maintains 

microtubule attachment for long periods with a highly fl exible 

230-nm-long contour length. These properties combine not only 

to power chromosome congression but also to provide an essen-

tial motile kinetochore tether. 

 Results and discussion 
 CENP-E is a slow, processive motor that 
maintains microtubule attachment for 
long periods 
 To characterize the motor properties of CENP-E, we puri-

fi ed the motor plus neck domain of  Xenopus laevis  CENP-E 

(aa 1 – 473) with GFP and a hexahistidine tag fused at the 

C terminus (CE473-GFP hereafter;  Fig. 1 A ). The presumed 

dimeric state of this CENP-E fragment was tested by measur-

ing hydrodynamic parameters in solution. A sedimentation 

coeffi cient (6 S) and Stokes radius (5.2 nm) were obtained by 

sucrose gradient sedimentation and gel fi ltration chromatog-

raphy, respectively (Fig. S1, A and B; available at http://www

.jcb.org/cgi/content/full/jcb.200802189/DC1). This produced 

a calculated native molecular mass ( Siegel and Monty, 1966 ) 

for CE473-GFP of  � 130 kD, which is close to the predicted 

molecular mass of the dimer (160 kD), demonstrating that the 

preponderance of the CENP-E motor domain exists as a dimer 

in solution. 
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remarkably processive movement despite its slow velocity. 

The run time, which is defi ned as the time interval between the 

start and end of each processive run, was distributed exponen-

tially, and the mean run time was determined by fi tting the data 

into a cumulative distribution function. The mean duration of 

CENP-E processive runs was 195  ±  13 s (3.3 min;  Fig. 1 G ), a 

value 50 times longer than the reported association time of K560-

GFP single molecules ( Friedman and Vale, 1999 ). The longest 

run we observed ( Fig. 1 D,  kymograph 2) lasted  > 20 min. The 

slow velocity and longer association time of the CENP-E motor 

domain resulted in a mean run length of 1.5  ±  0.1  μ m ( Fig. 1 H ), 

which is comparable with the processivity of conventional kinesin. 

Therefore, unlike fast-moving organelle transport kinesins, 

CENP-E is a slow motor, but its high processivity maintains inter-

action with a microtubule for long periods. 

Similar mean velocities and diffusion coeffi cients for CENP-E 

were found in the experiments performed using more fre -

quent frame rates and quantum dot-labeled CENP-E motor 

domain (Fig. S1 I). 

 The presence of a diffusional component in motility has 

been reported for other microtubule-dependent motors ( Vale 

et al., 1989 ;  Okada and Hirokawa, 1999 ;  Kwok et al., 2006 ;  

Helenius et al., 2006 ;  Furuta and Toyoshima, 2008 ) and sug-

gests that CENP-E contains an additional electrostatic binding 

mode within the head-neck domain in addition to its force-

 generating strong microtubule-binding state. This weak binding 

of CENP-E to a microtubule might prevent the dissociation of 

CENP-E even when both motors are unbound, thus facilitating 

effi cient reattachment. Consistent with this, CENP-E was able 

to maintain microtubule attachment for long periods, producing 

 Figure 1.    CENP-E is a slow, processive motor that maintains microtubule attachment for long periods.  (A) Purifi ed CE473-GFP. The arrow points to the purifi ed 
protein band. (B) Experimental setup for imaging CENP-E single molecules moving along microtubules with TIRF microscopy. X-rhodamine – labeled GMPCPP 
microtubules were immobilized on a coverslip using antitubulin antibody, and a low concentration of CE473-GFP (0.5 – 1 nM) was fl owed into a fl ow chamber. 
(C) Frames from time-lapse imaging of CENP-E motor – GFP moving along microtubules. A fl uorescent speckle on the microtubule is indicated with a red line. 
Two CENP-E molecules moving at different speeds are indicated with arrows. Green, CE473-GFP; red, X-rhodamine – labeled GMPCPP microtubules. (D) Kymo-
graphs showing processive movements of the CENP-E motor domain. X-rhodamine speckles on stable microtubules produced vertical red lines. Single molecules 
of CE473-GFP are shown in green. Yellow arrowheads indicate starts and stops of processive movements. The actual durations of kymographs 1, 2, and 3 were 
1,205 s, 1,190 s, and 1,205 s, respectively. (E) Velocity distribution of single CENP-E motor molecules. The median velocity is 8 nm/s (equal to 0.48  μ m/min; 
red line;  n  = 320; four independent preparations). (F) MSD ( � ( t )) of CENP-E fi tted with  � ( t ) =  v  2  t  2  + 2 Dt  ( n  = 90). Error bars indicate SEM. (G) The run time of 
CENP-E motor was distributed exponentially. The mean run time was determined by fi tting the data into a cumulative distribution function. The inset shows the 
one-cumulative probability of CENP-E run time plotted on a log scale. The mean run time is 195  ±  13 s (mean  ±  SEM;  n  = 320). (H) The run length of CENP-E 
motor was determined by fi tting the data into a cumulative distribution function. The inset shows the one-cumulative probability of CENP-E run length plotted on 
a log scale. The mean run length is 1.5  ±  0.1  μ m (mean  ±  SEM;  n  = 320). (G and H) Red lines are the exponential fi ts to the bar graphs. Bars, 2  μ m.   
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formations. Throughout the long coiled-coil domain, CENP-E 

seemed to contain multiple hinges and local distortions that 

accommodated sharp bends. Analysis of the CENP-E sequence 

showed that its predicted coiled-coil structure is disrupted  > 20 

times, almost always by segments containing proline or glycine 

residues ( Fig. 2 D ). Although it is unknown whether all of 

the predicted coiled-coil disruptors actually loop out from the 

coiled-coil axis, the discontinuities in the coiled coil are the 

mostly likely source of the high fl exibility of CENP-E. 

 Measurement of hydrodynamic properties of full-length 

CENP-E in solution confi rmed a highly elongated, fl exible 

coiled-coil domain. A native molecular mass of 590 kD for re-

combinant  Xenopus  CENP-E was calculated from the measured 

values determined by sucrose gradient sedimentation and gel 

fi ltration of sedimentation coeffi cient (8.6 S) and Stokes radius 

(16 nm), respectively (Fig. S2, A and B; available at http://www

.jcb.org/cgi/content/full/jcb.200802189/DC1). This value was 

close to the predicted molecular mass of a CENP-E homodimer 

(680 kD), which is consistent with our evidence from electron 

microscopy that CENP-E is dimeric. Calculating the frictional 

ratio (f/f o ) using the mass of the dimer (680 kD) and the measured 

Stokes radius produced a value of 2.8 (Fig. S2 C). If CENP-E 

were a rigid prolate ellipsoid with an axial ratio of  � 100 (230-nm 

contour length/2-nm coiled-coil diameter), the f/f o  would be  > 4. 

With the f/f o  of 2.8, assuming no hydration and a prolate ellipsoid 

 CENP-E is a highly fl exible dimeric kinesin 
with a 230-nm discontinuous coiled coil 
 To assess the structural features of full-length CENP-E, we puri-

fi ed untagged 340-kD recombinant CENP-E close to homogeneity 

from insect cells infected with baculovirus-expressing full-length 

 Xenopus  CENP-E cDNA ( Fig. 2 A ). Immediately after purifi ca-

tion, CENP-E was adsorbed to mica, and individual molecules 

were visualized by electron microscopy using the quick-freeze 

deep-etch technique and platinum replication ( Heuser, 1989 ). 

Consistent with its predicted long  � -helical coiled-coil domain, 

CENP-E was seen to be highly elongated. The two kinesin motor 

heads, as indicated by arrows, were found separated by a long 

coiled coil followed by globular tails ( Fig. 2 B ), directly demon-

strating that CENP-E is a homodimer. The mean contour length 

of CENP-E was measured to be 230  ±  25 nm ( n  = 20;  Fig. 2 C ), 

which is almost three times longer than the overall length of con-

ventional kinesin ( Hirokawa et al., 1989 ). 

 A striking feature of CENP-E was the high fl exibility of 

the  � -helical coiled coil, as inferred from the wide variety of 

confi gurations that it adopted. Conventional kinesins mainly 

 exist as either extended or folded conformations with a hinge 

located in the middle of the coiled coil ( Hirokawa et al., 1989 ). 

In contrast, CENP-E molecules were never uniformly straight 

but rather displayed a myriad of diverse conformations, none 

of which could be categorized by frequency as preferred con-

 Figure 2.    CENP-E is a highly fl exible, dimeric kinesin with a 230-nm discontinuous coiled coil.  (A) Coomassie- and silver-stained  Xenopus  full-length CENP-E 
(340 kD) purifi ed to near homogeneity from baculovirus-induced insect cells. (B) Electron micrographs of individual CENP-E molecules. Two motor heads 
are clearly visible, as indicated by yellow arrows. (C) Length distribution of CENP-E. Contour lengths of molecules were measured, and the mean length of 
CENP-E was 230  ±  25 nm (mean  ±  SD;  n  = 20). (D) Coiled-coil prediction of  Xenopus  CENP-E. Coiled-coil scores were generated using Protean software 
(DNAstar) and are graphed below the amino acid scale bar. The number 1.3 is the default value indicating the minimum score for known coiled coils, and 
resulting predicted coiled-coil domains are shown as solid orange rectangles.   
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could refl ect autoinhibition of the C-terminal tail binding to 

the motor domain as recently proposed by  Espeut et al. (2008) , 

none of our electron micrographs ( Fig. 2 B ) offered support for 

motor binding to the tail of CENP-E. 

 CENP-E motor activity is essential for 
metaphase chromosome alignment 
 It has been well established that CENP-E is essential for stable 

microtubule capture at the kinetochore and is required for chromo-

some alignment ( Schaar et al., 1997 ;  Wood et al., 1997 ;  Yao 

et al., 2000 ;  Putkey et al., 2002 ;  Weaver et al., 2003 ). To test 

whether it is the motor activity of CENP-E that is essential for 

chromosome alignment, we used the  Xenopus  egg extract sys-

tem in which mitotic spindles can be assembled in vitro. When 

added to  Xenopus  extracts before spindle assembly ( Fig. 3 C ), 

CENP-E – GFP localized to kinetochores and remained kineto-

chore bound throughout metaphase ( Fig. 3 D  and Video 5, avail-

able at http://www.jcb.org/cgi/content/full/jcb.200802189/DC1) 

and at least until the early stage of anaphase (not depicted). 

 The contribution of CENP-E motor activity to chromo-

some alignment and its maintenance was tested by assem-

bling spindles in CENP-E – depleted  Xenopus  extracts that were 

supplemented with either wild-type CENP-E or motor-dead 

CENP-E proteins ( Fig. 4, A and B ). To make a motor-dead 

CENP-E, we introduced a single point mutation in the ATP-

binding P loop (T91N mutation) in the highly conserved kine-

sin motor domain of CENP-E ( Nakata and Hirokawa, 1995 ). 

shape, the maximum possible axial ratio (a/b) of the CENP-E 

dimer was calculated ( Harding and C ö lfen, 1995 ) to be 45 with 

an estimated length of 148 nm, which is obviously much shorter 

than CENP-E ’ s actual contour length as determined by electron 

microscopy. Therefore, CENP-E in solution is substantially elon-

gated on average but is not rigidly extended, which is consistent 

with the high fl exibility observed by electron microscopy. 

 Full-length CENP-E is a slow 
plus end – directed kinetochore motor 
 The characteristics of full-length CENP-E as a motor were de-

termined using polarity-marked fl uorescent microtubules and 

GFP-tagged full-length CENP-E (366 kD) tethered to a cover-

slip ( Fig. 3 A ). The directionality of CENP-E has been contro-

versial over the years. Partial purifi cation of native CENP-E 

was initially reported to contain minus end – directed motility 

( Thrower et al., 1995 ), whereas later the recombinant motor do-

main was shown to be a plus end – directed motor ( Wood et al., 

1997 ). It was also reported that native CENP-E purifi ed from 

mitotic HeLa cells did not support any motility ( DeLuca et al., 

2001 ). In this study, we unambiguously show that full-length 

recombinant CENP-E powered motility toward plus ends of 

microtubules, with microtubule gliding seen solely with the 

bright minus end leading. The mean velocity of gliding was 30  ±  

7.6 nm/s ( n  = 112;  Fig. 3 B ; Video 4, available at http://www

.jcb.org/cgi/content/full/jcb.200802189/DC1). Although the speed 

difference between the motor domain and the full-length CENP-E 

 Figure 3.    Full-length CENP-E is a slow plus end – directed kinetochore motor.  (A) Coomassie-stained full-length CENP-E – GFP (366 kD) purifi ed from baculo-
virus-induced insect cells. (B) Microtubule gliding assay with full-length CENP-E. CENP-E – GFP proteins were tethered to a GFP antibody-coated surface of a 
fl ow chamber, and polarity-marked microtubules were subsequently introduced. Minus ends of the microtubules are brightly marked. Colored arrowheads 
indicate the starting positions of three microtubules, and colored dots indicate the minus ends. The mean gliding velocity was 30  ±  7.6 nm/s (mean  ±  SD; 
 n  = 112). (C) Purifi ed full-length CENP-E – GFP was added into the  Xenopus  extract before spindle assembly. (D) Added CENP-E – GFP was localized to the 
kinetochore in  Xenopus  extract spindle. A frame from a time-lapse video of a metaphase spindle in the  Xenopus  extracts is shown. Red, X-rhodamine tubulin; 
green, CENP-E – GFP. Bars: (B) 2  μ m; (D) 10  μ m.   
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alignment may differ from the typical prometaphase congression 

in somatic cells ( Sawin and Mitchison, 1991 ). Nevertheless, it is 

clear that the plus end – directed motility of CENP-E, at a mini-

mum, is required for maintenance of chromosome alignment even 

in a system with fewer required chromosome movements for 

establishing an initial alignment. We believe that the strong mis-

alignment phenotype from CENP-E depletion in  Xenopus  extracts 

( Fig. 4 ), in which fast  microtubule poleward fl ux dominates the 

forces acting on kinetochores ( Maddox et al., 2003a ), further 

supports CENP-E as an essential component for powering plus 

end – directed chromosome movement to counteract fl ux. 

 CENP-E as a motile, fl exible 
kinetochore tether 
 Use of electron tomography has shown that the vertebrate 

kinetochore is composed of a fi brous protein network with mul-

tiple microtubule interactions ( Dong et al., 2007 ). CENP-E is 

certainly part of the fi brous network for kinetochore attachment 

(as demonstrated with immunogold electron microscopy;  Cooke 

et al., 1997; Yao et al., 1997 ), with its 230-nm length likely to be 

one of the longest fi bers extending out from the kinetochore to 

capture microtubules. From our evidence, it is now clear that the 

long coiled coil of CENP-E could work advantageously for the 

This mutation provided a rigor binding to microtubules that 

could not be dissociated even in the presence of ATP, and the 

motor domain of CENP-E T91N  failed to support microtubule glid-

ing even in the presence of saturating ATP concentrations (un-

published data). As reported previously ( Wood et al., 1997 ), 

chromosomes failed to align properly in the majority of bipolar 

spindles in CENP-E – depleted extracts ( Fig. 4 C ). When wild-type 

CENP-E was added back into CENP-E – depleted extracts before 

spindle assembly, chromosome alignment defects were rescued in 

part with the CENP-E localized to kinetochores ( Fig. 4, C and D ; 

and Fig. S3, available at http://www.jcb.org/cgi/content/full/jcb

.200802189/DC1). Although still bound to kinetochores, rigor 

CENP-E T91N  failed to rescue chromosome alignment, with the 

chromosomes instead spread along the spindle axis and located 

close to the spindle poles ( Fig. 4, C and D ). Accumulation at the 

broad region of spindle poles in CENP-E T91N  – added extracts 

(Fig. S3) presumably refl ected initial rigor binding all along spindle 

microtubules followed by poleward transport by fl ux. 

 Thus, CENP-E motor activity rather than simple micro tubule 

binding is essential for accurate chromosome congression. This 

conclusion is tempered by the realization that in  Xenopus  extract 

spindles, chromosomes are prepositioned at the center (precon-

gressed) during spindle assembly, and the process of chromosome 

 Figure 4.    CENP-E motor activity is essential for metaphase chromosome alignment.  (A) Experimental scheme for  Xenopus  extract manipulation. (B) Immuno  -
blot of CENP-E (340 kD) and Rod (220 kD; a loading control) in mock-depleted, CENP-E – depleted, wild-type CENP-E – supplemented, and rigor CENP-E T91N  –
 supplemented  Xenopus  extracts. (C) Recombinant full-length CENP-E partially rescued chromosome alignment, whereas rigor CENP-E failed at rescue. 
Red, X-rhodamine tubulin; green, DAPI. (D) Quantifi cation of structures formed in  Xenopus  extracts. More than 200 spindles were scored each in three 
independent depletion/add-back experiments. Error bars represent SD. Bar, 10  μ m.   
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We hypothesize that the longer neck and highly fl exible, dis-

continuous coiled-coil domain of CENP-E are specialized for three 

roles during mitosis: effi cient microtubule capture by kineto-

chores, towing monooriented chromosomes through viscous cyto-

plasm (especially those initially far from the spindle equator), and, 

perhaps most importantly, as a motile kinetochore tether maintain-

ing linkage to dynamic kinetochore microtubule plus ends. The last 

of these properties couples the slow, processive motility with one-

dimensional diffusion that together offer a molecular explanation 

for how relatively few CENP-E molecules ( � 50 dimers per human 

kinetochore;  Brown et al., 1994 ) can sustain kinetochore attach-

ment to individual dynamic (growing and shrinking) microtubules 

without losing connection. Combined with the highly fl exible 

230-nm-long coiled coil, slow plus end – directed motility, and 

ability of single molecules to remain microtubule bound for 

minutes, we propose that CENP-E is a part of the kinetochore 

slip clutch that is engaged on fl uxing kinetochore microtubules 

( Maddox et al., 2003a ). In effect, CENP-E combines a slow but 

processive motor, fl exibility, reach, and stable microtubule bind-

ing to produce a motile molecular Velcro at kinetochores ( Fig. 5 ). 

 Materials and methods 
 Cloning, expression, and purifi cation of CENP-E 
 cDNA encoding  Xenopus  CENP-E residues 1 – 473 fused at the C terminus 
to a GFP-6His tag was cloned into pET23d (Novagen), and protein ex-
pression was induced at 13 ° C for  � 12 h with 10 nM IPTG in Rosetta (DE3). 
Bacterial pellets were suspended in lysis buffer (25 mM K-Pipes, pH 6.8, 
300 mM KCl, 40 mM imidazole, 2 mM MgCl 2 , 0.5 mM EGTA, 10 mM 
 � -mercaptoethanol, 0.1 mM ATP, 1 mM PMSF, and protease inhibitors [from 
cocktail tablet; Roche]) and lysed by sonication after lysozyme treatment 
(1 mg/ml) on ice for 30 min. After centrifugation at 15,000 rpm (SA-600; 
Sorvall) for 30 min, the supernatant was incubated with Ni – nitrilotriacetic acid 

initial capture of kinetochores to spindle microtubules by 

searching a large radial volume in cells ( Fig. 5 E ). After initial 

capture, the combination of slow processive movement along 

with one-dimensional diffusion would yield the translocation of 

CENP-E to the plus ends of microtubules, potentially damping 

dynamics there ( Fig. 5 A ). An important novel aspect is that the 

high fl exibility would allow versatile confi gurations of CENP-E 

binding to microtubules, permitting kinetochore attachment to 

microtubules approaching from a wide range of angles ( Fig. 5, 

D and F ). This would be in contrast to the highly conserved 

Ndc80 complex, which has been implicated as a key nonmotor 

microtubule-binding component of kinetochores ( Ciferri et al., 

2007 ) and whose  � 55-nm stiff rod ( Wei et al., 2005 ) apparently 

binds with a consistent polarity at a fi xed angle relative to the 

microtubule lattice ( Cheeseman et al., 2006 ). 

 Finally, the 230-nm-long coiled coil of CENP-E is long 

enough to cover the entire kinetochore region and could even 

reach over to kinetochore fi bers of other chromosomes passing 

close by ( Fig. 5 F ). Our evidence supports that CENP-E, as a 

highly processive kinesin, is capable of driving the congression 

of a monooriented chromosome to the center along the neigh-

boring kinetochore fi bers ( Kapoor et al., 2006 ). Indeed, the speed 

of microtubule gliding driven by multiple CENP-E molecules 

immobilized on a coverslip is similar to what has been observed 

for the velocities of kinetochore motility during chromosome 

congression in cells ( Fig. 3 D ;  Skibbens et al., 1993 ). Further-

more, the high fl exibility of CENP-E would allow multiple mole-

cules to work together along the kinetochore fi bers without 

forcing each other into unproductive conformations. 

 The CENP-E family kinesin (kinesin-7) has a longer family-

specifi c neck domain than conventional kinesins ( Endow, 1999 ). 

 Figure 5.    A model for CENP-E as a motile, 
fl exible tether for kinetochore microtubule cap-
ture and maintenance of linkage to dynamic 
spindle microtubules.  (A) Using its slow proces-
sive motor activity and a weak diffusive binding 
mode to microtubules, CENP-E walks toward 
the plus ends of kinetochore microtubules or dif-
fuses along the lattice without dissociating for 
extended periods. (B) The 230-nm-long coiled 
coil of CENP-E functions as a safety catch for 
disassembling microtubules detached from 
the core kinetochore attachment components, 
thereby stabilizing the microtubule and en-
abling rescue. (C) CENP-E is likely to be a part 
of the kinetochore slip clutch that is engaged 
on fl uxing kinetochore microtubules with its 
slow plus end – directed motility ( Maddox et al., 
2003a ). CENP-E bound to the microtubule sur-
face may affect kinetochore microtubule plus 
ends, thereby promoting growth and allowing 
recapture. (D) Unlike other shorter and more rig-
idly structured kinetochore capture components, 
multiple CENP-E molecules are likely to work to-
gether by allowing the simultaneous attachment 
at many different microtubule orientations rela-
tive to the kinetochore axis without forcing each 
other into unproductive conformations. (E) The 
highly fl exible extended coiled coil of CENP-E 
mediates the initial capture of microtubules by 
searching a large volume in cells. (F) Its slow, 
processive motility powers monooriented chromo-
somes to congress using an adjacent kineto-
chore fi ber ( Kapoor et al., 2006 ).   
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 Microtubule gliding assay 
 Microtubule gliding assays were performed as described previously ( Wood 
et al., 1997 ) with use of GFP antibody to coat CENP-E – GFP onto a cover-
slip. Time-lapse image acquisition was performed at room temperature us-
ing an inverted microscope (Eclipse TE 300; Nikon) with a 60 ×  NA 1.4A 
objective, and the images were captured with a camera (CoolSNAP HQ; 
Photometrics) controlled by MetaMorph. 

 Electron microscopy 
 Freshly prepared CENP-E was maintained on ice overnight and processed 
for freeze drying the following morning. CENP-E proteins were adsorbed 
to a suspension of mica fl akes followed by freeze drying and platinum rep-
lication ( Heuser, 1989 ). 

 Spindle assembly, live imaging, and immunofl uorescence in 
 Xenopus  extract 
 The preparation of  Xenopus  cytostatic factor – arrested egg extracts and the 
cycled spindle assembly in vitro were performed as described previously 
( Desai et al., 1999b ). For live imaging,  � 5 ug/ml X-rhodamine tubulin 
and 25 nM of recombinant CENP-E – GFP were added in the  Xenopus  ex-
tracts before spindle assembly, and squashed extract was imaged using 
a spinning disk confocal mounted on a microscope (TE2000e; Nikon) with 
a 100 ×  NA 1.4A objective (Nikon) and 2  ×  2 binning as described in 
 Maddox et al. (2003b) . CENP-E immunodepletion and immunofl uorescence 
were performed as described previously ( Abrieu et al., 2000 ). More than 
95% of CENP-E was consistently depleted using this method. For rescue 
experiments, either wild-type or rigor CENP-E T91N  protein was added to 
CENP-E – depleted extract at endogenous level ( � 25 nM) after completion 
of DNA replication. 

 Online supplemental material 
 Fig. S1 shows that CE473-GFP forms a dimer. Fig. S2 shows hydrodynamic 
measurements demonstrating that purifi ed full-length CENP-E in solution 
is dimeric with high fl exibility. Fig. S3 shows CENP-E localization in the 
 Xenopus  extract spindles in  Fig. 4 . Video 1 shows processive movements 
of CE473-GFP, and Video 2 shows processive movements of Qdot525-
labeled CENP-E (aa 1 – 473). Video 3 shows backward movement of 
Qdot525-labeled CENP-E (aa 1 – 473). Video 4 shows a microtubule glid-
ing assay with CENP-E – GFP (366 kD) and polarity-marked microtubules. 
Video 5 shows that recombinant CENP-E – GFP is localized to kinetochores 
in  Xenopus  extract spindles. Online supplemental material is available at 
http://www.jcb.org/cgi/content/full/jcb.200802189/DC1. 
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 where   � T  is the data acquisition time interval ( Qian et al., 1991 ). MSD was 
fi tted with the equation for biased Brownian movement: MSD ( � ) =   �  2 t 2  + 2Dt  
( D , diffusion coeffi cient;  � , mean velocity). 
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