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Centromere-associated protein-E is essential for the 
mammalian mitotic checkpoint to prevent aneuploidy 
due to single chromosome loss

 

Beth A.A. Weaver, Zahid Q. Bonday, Frances R. Putkey, Geert J.P.L. Kops, Alain D. Silk, and Don W. Cleveland

 

Ludwig Institute for Cancer Research and Department of Cellular and Molecular Medicine, University of California, San Diego, 
La Jolla, CA 92093

 

entromere-associated protein-E (CENP-E) is an es-
sential mitotic kinesin that is required for efficient,
stable microtubule capture at kinetochores. It also

directly binds to BubR1, a kinetochore-associated kinase
implicated in the mitotic checkpoint, the major cell cycle
control pathway in which unattached kinetochores prevent

 

anaphase onset. Here, we show that single unattached
kinetochores depleted of CENP-E cannot block entry into
anaphase, resulting in aneuploidy in 25% of divisions in

C

 

primary mouse fibroblasts in vitro and in 95% of regenerating

 

hepatocytes in vivo

 

.

 

 Without CENP-E, diminished levels of
BubR1 are recruited to kinetochores and BubR1 kinase
activity remains at basal levels. CENP-E binds to and directly
stimulates the kinase activity of purified BubR1 in vitro.
Thus, CENP-E is required for enhancing recruitment of its
binding partner BubR1 to each unattached kinetochore
and for stimulating BubR1 kinase activity, implicating it as
an essential amplifier of a basal mitotic checkpoint signal.

 

Introduction

 

Successful cellular propagation requires faithful replication
and equal segregation of genetic information. Loss or gain of
even a single chromosome during meiosis most often results
in the production of gametes that are unable to produce via-
ble offspring (for review see Cohen, 2002). Loss or gain of
chromosomes during mitotic divisions leads to the produc-
tion of cells with a DNA content greater or less than 2N, a
condition known as aneuploidy, which is a hallmark of can-
cer cells. Maintenance of ploidy is ensured through action of
the mitotic checkpoint, which prevents the transition to
anaphase until all chromosomes have made productive, bi-
polar attachments through their kinetochores to the micro-
tubules of the mitotic spindle.

Six genes have been identified in 

 

Saccharomyces cerevisiae

 

as essential for the kinetochore-dependent mitotic check-
point: 

 

MAD1

 

, 

 

MAD2

 

 and 

 

MAD3

 

 (Li and Murray, 1991),

 

BUB1

 

 and 

 

BUB3

 

 (Hoyt et al., 1991), and the 

 

Mono Polar
Spindles

 

 gene 

 

MPS1

 

 (Weiss and Winey, 1996). Homologues
of each have been identified in higher eukaryotes, although
the vertebrate Mad3 homologue, BubR1, contains a kinase
domain not found in the budding yeast protein (Cahill et

al., 1998; Chan et al., 1998; Taylor et al., 1998; Kaplan et
al., 2001). Although initially named a “checkpoint” because
of its activation in response to spindle damage in yeast, in
mammals it is an essential mechanism that serves to control
advance to anaphase during every mitosis. Gene inactivation
of Mad2 (Dobles et al., 2000) or Bub3 (Babu et al., 2003)
produces lethality in mice and rapid acquisition of aneu-
ploidy in cell culture. Heterozygous mutations in Mad2
(Michel et al., 2001) or Bub3 (Babu et al., 2003) promote
tumorigenesis in mice, presumably by enhancing the rate of
chromosome missegregation.

The checkpoint signal is generated by unattached kineto-
chores. Even a single kinetochore is sufficient to prevent
progression to anaphase, as demonstrated by classic laser ir-
radiation and micromanipulation experiments (Rieder et al.,
1994, 1995; Li and Nicklas, 1995). The signal or signals
produced by these kinetochores has not been identified, but
it inhibits the Cdc20-activated form of a ubiquitin ligase,
the anaphase promoting complex/cyclosome (APC/C), and
prevents the ubiquitination of substrates whose destruction
is required for advance to anaphase (for review see Cleveland
et al., 2003).

 

Address correspondence to Don W. Cleveland, Ludwig Institute for Cancer
Research, 3080 CMM-East, 9500 Gilman Drive, La Jolla, CA 92093-0670.
Tel.: (858) 534-7811. Fax: (858) 534-7659. email: dcleveland@ucsd.edu

Key words: kinetochore; mitosis; cell cycle; LENP-E; BubR1

 

Abbreviations used in this paper: AdCre, adenovirus expressing the Cre
recombinase; APC/C, anaphase-promoting complex/cyclosome; CENP-E,
centromere-associated protein-E; MEF, mouse embryonic fibroblast.
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Centromere-associated protein-E (CENP-E) is a large
(

 

�

 

300 kD), essential, kinesin-like protein that accumulates
in G2, is used throughout mitosis, and is degraded in telo-
phase (Brown et al., 1994). Localized at kinetochores from
prometaphase through anaphase A, CENP-E stabilizes micro-
tubule capture by kinetochores (Putkey et al., 2002). This is
required for complete chromosome alignment at metaphase
in multiple contexts, as inhibition of CENP-E function leads
to a failure of metaphase alignment of chromosomes in 

 

Xeno-
pus

 

 

 

laevis

 

 extracts (Wood et al., 1997), 

 

Drosophila

 

 

 

melano-
gaster

 

 embryos (Yucel et al., 2000), and primary or trans-
formed human and mouse cells grown in culture (Schaar et
al., 1997; Yao et al., 2000; McEwen et al., 2001; Putkey et
al., 2002). Because CENP-E also coimmunoprecipitates with
the checkpoint kinase BubR1 (Chan et al., 1998; Yao et al.,
2000) and extends at least 50 nm away from the outer surface
of each kinetochore (Yao et al., 1997), it is appropriately posi-
tioned to serve as a sensor linking microtubule capture to un-
derlying kinetochore-bound checkpoint components.

Efforts to determine whether absence or inhibition of
CENP-E affects kinetochore-dependent mitotic checkpoint
signaling have come to sharply divergent conclusions. 

 

Xeno-
pus

 

 extracts in which all kinetochores are unattached (af-
ter nocodazole-induced microtubule depolymerization) no
longer recruit Mad1 and Mad2 to their kinetochores and fail
to arrest after immunodepletion of CENP-E (Abrieu et al.,
2000). In contrast, HeLa cells injected with CENP-E anti-
bodies (Schaar et al., 1997; McEwen et al., 2001) or de-
pleted of CENP-E with antisense oligonucleotides (Yao et
al., 2000) arrest in mitosis with many misaligned chromo-
somes, although these reports conflict about whether or not
sister chromatids separate during this arrest.

To extend these earlier efforts, selective gene inactivation
in primary cells in vitro and regenerating liver in vivo is now
used to test the role of CENP-E in the mitotic checkpoint in
normally cycling mammalian cells.

 

Results

 

Efficient Cre recombinase–mediated disruption of 
the single functional murine CENP-E gene in 
primary mouse fibroblasts

 

The gene encoding murine CENP-E is located on mouse
chromosome 3 (Fig. 1 A), which is syntenic to the previ-
ously identified location of human CENP-E on human
chromosome 4 (Testa et al., 1994). A full-length murine
CENP-E cDNA was identified and sequenced (see Materials
and methods). The 7,425-base cDNA encodes a protein of
287 kD (2474 amino acids; Fig. 1 A), including a kinesin-
like motor domain, a central domain (predicted to be a 220
nm long coiled coil), three cdc2–cyclin B consensus phos-
phorylation sites, a second microtubule-binding domain,
and a terminal CAAX box that may direct farnesylation
(Ashar et al., 2000). Recently, we have reported that CENP-E
is essential using gene targeting in mice to produce null or
conditional alleles of CENP-E (Putkey et al., 2002). Recog-
nition sequences (lox P sites) for the Cre recombinase were
inserted into intronic sequences on either side of an early
exon in the CENP-E gene (identified here to be exon 4) to

 

create the conditional allele (lox P). The null allele (

 

�

 

) was
created by Cre-mediated excision of exon 4, which intro-
duces a premature stop codon at amino acid 82 and trun-
cates all of the known functional domains of CENP-E (Put-
key et al., 2002; Fig. 1 B).

Primary mouse embryonic fibroblasts (MEFs) derived
from d 14 embryos were obtained by mating CENP-E

 

�

 

/

 

�

 

mice with CENP-E

 

�

 

/loxP

 

 mice. Individual embryos were
genotyped by PCR to identify MEFs that were of the wild
type (CENP-E

 

�

 

/

 

�

 

) or were CENP-E–conditional/null
(CENP-E

 

loxP/

 

�

 

). The CENP-E

 

loxP/

 

�

 

 cells were converted to
CENP-E–null cells (CENP-E

 

�

 

/

 

�

 

) by infection with a repli-
cation-defective adenovirus expressing the Cre recombinase
(AdCre; Anton and Graham, 1995). Real-time PCR was
used to determine that excision of the conditional CENP-E
allele reached 

 

�

 

90% (87 

 

�

 

 6%, 

 

n

 

 

 

� 

 

4) within 48 h after
addition of AdCre (Fig. 1 C). CENP-E protein levels, as
measured by quantitative immunoblotting, were diminished
16-fold compared with the wild type (Fig. 1 D). At the sin-
gle-cell level, CENP-E was completely undetectable by im-
munofluorescence in 

 

�

 

85% of CENP-E

 

loxP/

 

�

 

 cells 48 h after
addition of AdCre (Fig. 1 E), even after 10

 

�

 

 overexposure
(Fig. 1 F). In light of the quantitative loss of the CENP-E
gene and protein by 48 h after addition of AdCre, subse-
quent experiments were undertaken at this time point in
cells hereafter described as CENP-E

 

�

 

/

 

�

 

.

 

CENP-E–deleted fibroblasts do not sustain a mitotic 
checkpoint despite unattached kinetochores

 

In agreement with previous experiments in other systems
(Schaar et al., 1997; Wood et al., 1997; Yao et al., 2000;
Yucel et al., 2000; McEwen et al., 2001), a high percentage
of mitotic CENP-E

 

�

 

/

 

�

 

 fibroblasts have misaligned chromo-
somes. In two independent experiments, 69 (

 

�

 

4) percent of
CENP-E

 

�

 

/

 

�

 

 cells with the majority of their chromosomes
aligned had at least one chromosome juxtaposed to a spindle
pole (Fig. 1 E, arrow; Fig. 2 A, arrows), a condition we de-
fine as “pseudo metaphase.” Most of the CENP-E

 

�

 

/

 

�

 

 

 

cells in
pseudo metaphase contained only one or a few polar chro-
mosomes; 55% had only one or two and 90% had five or
fewer (Fig. 2 B).

Previous EM performed in CENP-E

 

�

 

/

 

�

 

 fibroblasts in
pseudo metaphase have shown that both kinetochores on
the misaligned chromosomes at the poles are unattached to
spindle microtubules (Putkey et al., 2002). If loss of CENP-E
left mitotic checkpoint signal generation intact, these un-
attached kinetochores would be expected to generate a sus-
tained mitotic checkpoint arrest, forcing accumulation in
mitosis after CENP-E gene disruption. Consistent with this,
a transient preanaphase delay was indeed observed, as there
was an accumulation of mitotic CENP-E

 

�

 

/

 

�

 

 

 

cells in pseudo
metaphase (24% as opposed to 0% CENP-E

 

�

 

/

 

�

 

 

 

cells) and a
relative reduction in fractions of mitotic cells in anaphase
and telophase (Fig. 2 C). However, despite chronic polar
chromosomes, inspection of live cells revealed only a very
modest increase in the mitotic index of CENP-E

 

�

 

/

 

�

 

 

 

MEFs
relative to control cells treated with AdCre (5.0 

 

�

 

 0.3 versus
2.4 

 

�

 

 0.3%; Fig. 2 D) or to CENP-E

 

loxP/

 

�

 

 

 

MEFs untreated
with AdCre (5.0 

 

�

 

 0.3 versus 2.8 

 

�

 

 0.2%; Fig. 2 E).
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Figure 1. Murine CENP-E is efficiently removed after recombinase-mediated excision of the single murine CENP-E gene. (A) Schematic 
of the murine CENP-E gene, mRNA, and protein. The 46 exons of the CENP-E gene span 61.5 kb and encode a 7,425-nucleotide mRNA 
that produces a 2,474-aa protein. Apparent functional domains are labeled. KT, kinetochore; MT, microtubule; purple circles denote 
cdc2–cyclin B consensus phosphorylation sites. (Red) The kinesin-like motor region and associated exons; (orange) exon 4 encodes the 
ATP-binding consensus site of the motor domain and is selectively deleted (see B); (green) the discontinuous �-helical coiled-coil stalk
region and associated exons; (blue) the carboxy-terminal globular domain and associated exons; CAAX, the terminal CAAX motif that may 
direct farnesylation. (B) Conversion of the conditional CENP-E allele to the null allele by Cre recombinase–mediated excision of exon 4 
(exon P, shown in orange), due to lox P sites (denoted by triangles) incorporated into the adjacent introns, which introduces a premature 
stop codon at aa 82 (out of 2,474). (C) Real-time PCR analysis of a single experiment indicates that excision of the CENP-E gene reaches 
�90% by 48 h after addition of AdCre. (D) Immunoblot showing that CENP-E protein levels are diminished �16-fold in CENP-E�/� cells 
(lane 8) as compared with control cells (lane 3). Lane 1 is a 16-fold dilution of lane 3. Coomassie stain is shown as a loading control. 
(E) Immunofluorescence detection of CENP-E (green) in mitotic CENP-E�/� or CENP-E�/� cells. CENP-E�/� MEFs acquire misaligned chromosomes 
that appear abnormally close to the spindle poles (white arrow). Tubulin, red; DNA stained with DAPI, blue. Bar, 2.5 	m. (F) Immuno-
fluorescence detection of CENP-E (red) in mitotic CENP-E�/� or CENP-E�/� cells. The CENP-E image in the CENP-E�/� cells was exposed 10 
times longer than the CENP-E image in the CENP-E�/� cells. CENP-E is still undetectable at kinetochores (marked by BubR1, green) in 
CENP-E�/� cells. DAPI, blue.
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FACS

 

®

 

 profiles taken at various times after addition of Ad-
Cre confirmed that CENP-E

 

�

 

/

 

�

 

 cells with a 4N DNA con-
tent never accumulated to high levels (Fig. 2 F), as would
have occurred if a sustained checkpoint signal was generated.

 

CENP-E is essential to prevent aneuploidy resulting 
from the loss or gain of one (or a few) chromosome(s)

 

The high frequency of polar chromosomes in CENP-E

 

�

 

/

 

�

 

MEFs and the absence of a sustained mitotic arrest raised the
question of whether these chromosomes were eventually
captured and aligned before the cells entered anaphase, or
whether cells entered anaphase despite the presence of polar
chromosomes. Examination of CENP-E

 

�

 

/

 

�

 

 MEFs in ana-
phase revealed that 13% (12 of 90) of such cells had paired
sister chromatids at one or both poles (Fig. 3, A-C, arrows;
Fig. 3 A, inset). However, because the chromosome masses
move to the poles during anaphase, only polar chromosomes
whose arms are directed away from the spindle could be
scored with certainty. Those that have their kinetochores at

the pole but their arms directed into the spindle (see Fig. 5
E

 




 

, at right in panel 3) are obscured by the chromosome
mass adjacent to the pole. For this reason, the observed fre-
quency of 13% is probably an approximate twofold underes-
timate. Each CENP-E

 

�

 

/

 

�

 

 anaphase cell with polar chromo-
somes had only one or two. No polar chromosomes were
observed in CENP-E

 

�

 

/

 

�

 

 cells, either in 

 

�

 

100 metaphase
cells or in 63 anaphase figures.

The continued localization of Bub1 (Fig. 3, A and B) or
Mad1 and Mad2 checkpoint proteins (unpublished data) in
a double-dot pattern confirmed that the polar chromosomes
seen in anaphase were paired sister chromatids, and sug-
gested that each kinetochore was attempting to generate a
mitotic checkpoint signal. However, any inhibitor produced
was insufficient to prevent anaphase onset. With the excep-
tion of the continued presence of polar chromatid pairs, sub-
sequent mitotic steps, including early (Fig. 3 B) and late
(Fig. 3 C) anaphase B, appeared to proceed normally. Thus,
the polar chromosomes in CENP-E

 

�

 

/

 

�

 

 cells do not cause

Figure 2. CENP-E�/� MEFs do not mount 
a robust cell cycle arrest despite the 
presence of unattached kinetochores. 
(A) Immunofluorescence of CENP-E�/� 
cells (48 h after addition of AdCre). 
Arrows denote polar chromosomes. 
DAPI, blue; tubulin, red. (B) Histogram 
showing the number of polar chromo-
somes per pseudo metaphase cell. (C) 
Graph showing the percentage of cells 
in various stages of mitosis. CENP-E�/� 
cells are depicted by blue bars and 
CENP-E�/� cells are depicted by red bars. 
Pseudo metaphase cells are those in 
which the majority of chromosomes are 
aligned at the metaphase plate, but one 
or more chromosomes are at the poles. 
(D) Live cells whose DNA has been 
visualized by Hoechst 33258 do not 
exhibit marked mitotic arrest due to loss 
of CENP-E. Arrows denote mitotic cells. 
(E) Quantitation of the mitotic index of 
MEFs with one conditional and one null 
allele of CENP-E (CENP-EloxP/�) treated 
with AdCre for 0, 40, and 48 h. At least 
1,000 MEFs were counted at each time 
point. (F) FACS® profiles of CENP-E�/� 
cells (left column) and CENP-EloxP/� cells 
(right column) stained with propidium 
iodide at various times after addition of 
AdCre, indicating that loss of CENP-E 
does not induce robust mitotic arrest.
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sustained mitotic arrest and are ultimately missegregated at
high frequency.

 

One or a few unattached kinetochores do not sustain 
an in vivo mitotic checkpoint in the absence of CENP-E

 

Recently, we have reported that administration of the Cre re-
combinase (using tail vein injection of AdCre) successfully de-
leted the one functional CENP-E gene in 

 

�

 

70% of liver cells
in CENP-E

 

loxP/

 

�

 

 mice (Putkey et al., 2002). Using this ap-
proach, we examined regenerating hepatocytes in CENP-E

 

�

 

/

 

�

 

livers from four different animals after damage to those livers

 

was induced by exposure to carbon tetrachloride. Absence of
CENP-E led to pseudo metaphase and aberrant anaphase fig-
ures in hepatocytes. 95% of anaphase figures exhibited polar
chromosomes (Fig. 3, D–F, right), whereas very few anaphase
cells from wild-type animals had such chromosomes (Fig. 3 F,
left). As in the MEFs, despite their presence in the majority of
the CENP-E

 

�

 

/

 

�

 

 hepatocytes, there were few polar chromo-
somes per cell. 55% of CENP-E

 

�

 

/

 

�

 

 hepatocytes had one or
two polar chromosomes, and 85% had five or fewer (Fig. 3,
D–F). Some of these hepatocytes also had lagging chromo-
somes, but most of those were distributed along spindle fibers
and appeared to represent previously attached chromosomes
that were released during anaphase due to the unstable micro-
tubule capture in the absence of CENP-E. Thus, in this in
vivo example, one or a few unattached kinetochores depleted
of CENP-E are insufficient to prevent entry into anaphase.

 

CENP-E

 

�

 

/

 

�

 

 cells sustain the mitotic checkpoint 
when all kinetochores are unattached

 

That murine CENP-E�/� cells lose chromosomes in vitro
and in vivo raised the question of whether the mitotic check-
point can maintain an arrest in these cells in the absence of
CENP-E. To test this, CENP-E�/� and CENP-E�/� MEFs
were incubated with the microtubule-depolymerizing agent col-
cemid to inhibit spindle assembly. The mitotic index was then
scored either by FACS® or by direct visualization of live cells
with Hoechst-stained DNA. As expected, wild-type MEFs
initiated and sustained checkpoint signaling efficiently, yield-
ing a chronic checkpoint response in a majority of cycling
cells after 16 h of drug-induced microtubule disassembly
(Fig. 4 A). When all kinetochores were unattached, CENP-
E�/� cells also showed a sustained arrest, with 60% of cycling
cells accumulated with 4N DNA after 16 h of treatment (Fig.
4 A). A similar mitotic arrest in both CENP-E�/� and
CENP-E�/� cells was also observed after taxol-induced sup-
pression of microtubule dynamics (Fig. 4 A). However, even
under conditions when all kinetochores are sending a signal,
the arrest in the absence of CENP-E appears to be less robust
than in wild-type cells because the 4N DNA peak of CENP-
E�/� cells is somewhat smaller at both 8 and 16 h after addi-
tion of either microtubule-disrupting drug (Fig. 4 A).

CENP-E is required for efficient recruitment of BubR1, 
Mad1, and Mad2 to attached and newly 
unattached kinetochores
To generate a checkpoint signal, each kinetochore must re-
cruit checkpoint proteins and modify one or more of them in
such a way as to generate an inhibitor of Cdc20-APC/C. To
test if CENP-E enhanced recruitment of known checkpoint
components, thereby amplifying a basal CENP-E–indepen-
dent kinetochore-derived signal, quantitative immunofluores-
cence was used to determine levels of kinetochore-bound
BubR1, Mad1, and Mad2 after rapidly forcing spindle micro-
tubule disassembly with colcemid. Compared with CENP-
E�/� cells, kinetochores in mitotic CENP-E�/� cells (Fig. 4, B
and C) recruited two-to fourfold lower levels (2.1-, 3.7-, and
3.2-fold, respectively) of all of these checkpoint components.
Thus, at least three essential checkpoint proteins are ineffi-
ciently recruited to kinetochores in the absence of CENP-E.

Figure 3. Absence of CENP-E causes cells to enter anaphase in the 
presence of one or a few polar chromosomes both in vitro and in 
vivo. (A–C) Immunofluorescence images of primary CENP-E�/� MEFs 
that have entered and proceeded through anaphase in the presence 
of one (B and C) or two (A) polar chromosomes that were never prop-
erly bioriented and aligned and will be missegregated. Bub1, green; 
DAPI, blue; tubulin, red. Bars, 2.5 	m. The inset in A is an enlarge-
ment of the polar chromosome at the left spindle pole showing the 
double dot pattern of Bub1 staining on the paired sister chromatids. 
(D and E) Regenerating hepatocytes that have entered (D) and pro-
ceeded through (E) anaphase in the presence of polar chromosomes 
(yellow arrows) in vivo after AdCre-mediated deletion of the single 
functional CENP-E gene in CENPElox P/� mice. (F) Histograms showing 
the number of polar chromosomes per anaphase figure in CENP-E�/� 
(blue bars) and CENP-E�/� (red bars) hepatocytes in vivo. CENP-E�/� 
numbers were normalized to reflect the 70% excision rate.
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Kinetochore levels of Bub1, BubR1, Mad1, and Mad2
were also determined in the absence of spindle inhibitors.
Relative to CENP-E–containing cells, CENP-E�/� prometa-
phase kinetochores were diminished in BubR1, Mad1, and
Mad2. Metaphase kinetochores in CENP-E�/� cells were also
diminished in BubR1 and Mad1, whereas Mad2 levels were
largely undetectable during metaphase in both CENP-E�/�

and CENP-E�/� cells (Fig. 5, A–D

; Table I). However,
Bub1, which is recruited to kinetochores before CENP-E
(Jablonski et al., 1998; unpublished data), was not dimin-
ished on prometaphase or metaphase kinetochores in the ab-
sence of CENP-E (Fig. 5 E

; Table I).

Specific reduction in BubR1 recruitment to polar 
kinetochores in the absence of CENP-E
The increase in pseudo metaphase figures coupled with the
decrease in anaphase and telophase figures in cycling CENP-
E�/� cells (Fig. 2 C) suggested that the polar chromosomes

in these cells transiently delayed progression into anaphase.
During such a delay, aligned chromosomes that attached to
the spindle with normal kinetics would be expected to com-
pletely silence checkpoint signaling. Consistent with this,
BubR1 and Mad1 signals on many aligned kinetochores in
CENP-E�/� pseudo metaphase cells dropped below the level
of detection (Fig. 5, B
 and C
). BubR1 and Mad1 signals
on these kinetochores were, on average, �10-fold less in-
tense than on aligned chromosomes in CENP-E�/� meta-
phase cells, and four- to sixfold less intense than on aligned
chromosomes in CENP-E�/� metaphase cells (Fig. 5, B


and C

; Table I).

Conversely, the unattached kinetochores on the polar
chromosomes in CENP-E�/� pseudo metaphase cells would
be expected not only to continue checkpoint signaling, but
to recruit checkpoint proteins to levels higher than during a
normal prometaphase, a phenomenon observed in many
contexts during mitotic delay (Rieder and Palazzo, 1992;

Figure 4. Microtubule depolymerization causes CENP-E�/� cells to arrest in mitosis with reduced amounts of BubR1, Mad1, and Mad2 on 
their kinetochores. (A) FACS® profile of propidium iodide–stained CENP-E�/� cells (left column) and CENP-E�/� cells (right column) after 
microtubule depolymerization with colcemid or microtubule stabilization with taxol. 75% of these primary cells are cycling. (B) Immuno-
fluorescence of CENP-E�/� cells (left column) and CENP-E�/� cells (right column) after a 30-min treatment with 200 ng/ml colcemid, showing 
that CENP-E is required for maximal kinetochore targeting of BubR1, Mad1, and Mad2 (green). DNA is shown in blue. Bar, 2.5 	m. (C) Quantitation 
of the normalized integrated intensities of the kinetochore signals in B. �800 kinetochores from �10 cells were quantitated for each bar. 
Error bars represent standard errors. **, P � 0.001.

Table I. Diminished kinetochore recruitment of BubR1 in the absence of CENP-E

Prometaphase Metaphase Pseudo meta aligned Pseudo meta polar

CENP-E genotype �/� �/� �/� �/� �/� �/� �/� �/�

BubR1 1.00 (0.13) 0.52 (0.06) 0.35 (0.05) 0.13 (0.02) NA 0.03 (0.01) NA 0.52 (0.08)
Bub1 1.00 (0.16) 0.95 (0.09) 0.41 (0.04) 0.36 (0.04) NA 0.33 (0.05) NA 2.00 (0.14)
Mad1 1.00 (0.18) 0.53 (0.13) 0.37 (0.08) 0.17 (0.10) NA 0.03 (0.01) NA 1.88 (0.31)
Mad2 1.00 (0.10) 0.48 (0.14) NA NA NA NA NA 2.62 (0.40)

Values represent normalized, integrated intensities of kinetochore-associated BubR1, Bub1, Mad1, and Mad2, as detailed in Materials and methods. Standard
errors are in parentheses.
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Thrower et al., 1996; Hoffman et al., 2001). Consistent
with this, unattached kinetochores on polar chromosomes
continued to recruit Mad1, Mad2, and Bub1, with levels of
these proteins rising two- to sixfold over their levels on
prometaphase kinetochores in CENP-E�/� cells (Fig. 6, B–F;
Table I) and two- to threefold higher than on prometaphase
kinetochores in CENP-E�/� cells (Fig. 5, C–E
; Fig. 6 G).
In contrast, BubR1 levels on those same polar kinetochores
were unchanged relative to CENP-E�/� prometaphase levels
(Fig. 6, A and F). Both polar and prometaphase kineto-
chores in CENP-E�/� cells recruited half the BubR1 of
prometaphase kinetochores in wild type cells (Fig. 6 G).
Thus, there is a specific defect in recruitment of BubR1 to
CENP-E–depleted kinetochores.

HeLa cells depleted of CENP-E also recruit reduced 
amounts of BubR1 to their kinetochores, 
but arrest because they have a large 
number of misaligned chromosomes
CENP-E–depleted HeLa cells are checkpoint arrested (Schaar
et al., 1997; Yao et al., 2000; Harborth et al., 2001; McEwen
et al., 2001) whereas, as we have shown here, primary
CENP-E�/� MEFs (in the absence of spindle poisons) are

not. To clarify these paradoxical findings, HeLa cells were
depleted of CENP-E using RNAi. Quantitative immunoflu-
orescence revealed that, like CENP-E�/� MEFs, colcemid-
treated HeLa cells with undetectable levels of CENP-E (Fig.
7 A) recruit only half as much BubR1 to their kinetochores
(Fig. 7, A and B). Thus, kinetochores in HeLa cells depleted
of CENP-E send a reduced checkpoint signal, similar to ki-
netochores in CENP-E�/� MEFs. However, compared with
the MEFs, there were many more polar chromosomes in the
CENP-E–depleted HeLa cells. Although the MEFs had 1–10
polar chromosomes with one being the most common, the
HeLa cells contained 1–25 misaligned chromosomes, with an
average of 7.75 per cell (Fig. 7 C). Thus, unattached CENP-
E–depleted kinetochores send a weaker BubR1-dependent
checkpoint signal in both MEFs and HeLa cells, but the large
number of unattached kinetochores in the HeLa cells is suffi-
cient for a sustained checkpoint arrest, whereas the small
number of unattached chromosomes in CENP-E�/� mouse
cells in vitro or in vivo is not.

CENP-E stimulates mammalian BubR1 kinase activity
Mammalian CENP-E interacts with the checkpoint kinase
BubR1, as has been shown by a yeast two-hybrid assay
(Chan et al., 1998) and by coimmunoprecipitation from mi-

Figure 5. CENP-E is required for efficient kinetochore targeting of BubR1, Mad1, and Mad2. (A–E
) Kinetochore localization of CENP-E 
(A and A
), BubR1 (B and B
), Mad1 (C and C
), Mad2 (D and D
), and Bub1 (E and E
) in CENP-E�/� (A–E) and CENP-E�/� (A
–E
) cells. 
Kinetochore proteins are shown in green. DNA, blue; tubulin, red. Bar, 2.5 	m. (B

–E

) Quantitation of the normalized integrated intensity 
of BubR1 (B

), Mad1 (C

), Mad2 (D

), and Bub1 (E

) signals at kinetochores in CENP-E�/� (blue bars) and CENP-E�/� (red bars) prometaphase 
and metaphase cells. Kinetochore signals on aligned chromosomes in CENP-E�/� pseudo metaphase cells are also shown. 20 –1,750 kineto-
chores from 2 to 19 different cells were quantitated for each bar. *, P � 0.05; **, P � 0.001. Error bars represent standard error.
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totic cell extracts (Chan et al., 1998; Yao et al., 2000). This
interaction led us to test whether BubR1 kinase activity is af-
fected by the loss of CENP-E. BubR1 was immunoprecipi-
tated from CENP-E�/� or CENP-E�/� cells and was assayed
for kinase activity, using histone H1 as an in vitro substrate.
This revealed that murine BubR1 kinase activity is sharply
elevated in wild-type cells enriched in mitosis (Fig. 8 A, top,
lane 2 vs. lane 3), as was previously demonstrated for human
BubR1 (Chan et al., 1999). However, elevated BubR1 ki-
nase activity during mitosis was not observed in the absence
of CENP-E (Fig. 8 A, top panel, lane 5 vs. lane 6), although
comparable levels of BubR1 were precipitated from cells
with and without CENP-E (Fig. 8 A, bottom). Thus, mi-
totic stimulation of BubR1 kinase activity is dependent on
CENP-E in primary MEFs (Fig. 8 A, compare lane 3 with
lane 6).

To verify that CENP-E and BubR1 do directly bind in
a high affinity complex, insect cells were infected with
baculoviruses expressing CENP-E and GSTHis-BubR1 or
CENP-E and GST alone. Newly made proteins were [35S]-
labeled with methionine and were recovered by incubation
with glutathione beads. CENP-E was efficiently recovered
when it was coexpressed with GSTHis-BubR1 (Fig. 8 B,

top), but as expected did not bind to GST alone (Fig. 8 B,
bottom).

To test if CENP-E directly stimulates BubR1 kinase activ-
ity, recombinant human GSTHis-BubR1 (110 kD; Fig. 8
C, lane 1) and human CENP-E (312 kD; Fig. 8 C, lane 3)
were expressed and purified from insect cells. Kinase activity
of GSTHis-BubR1 was then measured in the presence or ab-
sence of added CENP-E, again using histone H1 as a sub-
strate. Although a basal level of kinase activity was associated
with BubR1 by itself, this was stimulated about fivefold by
addition of CENP-E (Fig. 8 D, compare lane 3 with lane 4;
lane 5 with lane 7). CENP-E binding selectively stimulated
the GSTHis-BubR1 kinase inasmuch as addition of another
BubR1-binding partner, hCdc20, did not affect GSTHis-
BubR1 kinase activity (Fig. 8 D, compare lane 5 and lane
6). BubR1 with a point mutation in the ATP-binding domain
that was predicted to disrupt kinase activity (K795R—to be
referred to as KD-BubR1), was expressed and purified in
parallel (Fig. 8 C, lane 2). Only trace kinase activity was de-
tectable for this KD-BubR1 mutant either in the presence or
absence of CENP-E (Fig. 8 D, lane 1 and lane 2), indicating
that the activity detected in purified wild-type BubR1 was
indeed from BubR1 and not due to a contaminating kinase.

Figure 6. Kinetochores on polar chromosomes exhibit a specific defect in recruiting BubR1. (A–E) Polar kinetochores in pseudo metaphase 
cells (right) have higher levels of Bub1 (C), Mad1 (B and D), and Mad2 (E), but not BubR1 (A and B) than prometaphase kinetochores (left). 
Insets show higher magnification images of designated kinetochores. Arrows indicate polar chromosomes. DNA, blue; tubulin, red; check-
point proteins, green, except in B, in which Mad1 is green and BubR1 is in red. (F and G) Comparison of the normalized integrated intensity 
of BubR1, Bub1, Mad1, and Mad2 signals at kinetochores. Prometaphase kinetochores in CENP-E�/� cells (striped bars in F) or in CENP-E�/� 
cells (blue bars in G) are compared with kinetochores of polar chromosomes in CENP-E�/� pseudo metaphase cells (red bars). At least 53 
kinetochores from �12 different cells were quantified for each bar. *, P � 0.05; **, P � 0.001. Error bars represent standard errors.



Th
e 

Jo
ur

na
l o

f C
el

l B
io

lo
gy

 CENP-E is essential to prevent aneuploidy in mammals | Weaver et al. 559

To test if BubR1 phosphorylates itself and whether
CENP-E enhances this activity, GSTHis-BubR1 and His-
KD-BubR1 were expressed by themselves or in the presence
of CENP-E. The proteins were purified in the presence of
ATP and the phosphatase inhibitor okadaic acid using
GSH-Sepharose (Fig. 8 E, left) or Ni-NTA (Fig. 8 E, right).
The purified BubR1s were then tested for autokinase ac-
tivity. Both GSTHis-BubR1 and His-KD-BubR1 migrated
as single bands when expressed alone (Fig. 8 E, lane 2 and
lane 5 for GSTHis-BubR1; lane 7 for His-KD-BubR1).
However, coexpression of wild-type GSTHis-BubR1 with
CENP-E resulted in the production of a more slowly mi-
grating species of BubR1 (Fig. 8 E, lane 3 and lane 6) that
was dependent on the continued presence of ATP (Fig. 8 E,
lane 4 vs. lane 3). This shift in migration was not observed
for His-KD-BubR1, though it was still capable of interact-
ing with CENP-E (Fig. 8 E, lane 9). Furthermore, His-KD-
BubR1 was not modified to a more slowly migrating form
when coexpressed with GSTHis-BubR1 (Fig. 8 E, lane 8) or
GSTHis-BubR1, whose kinase activity had been stimulated
by the additional coexpression of CENP-E (Fig. 8 E, lane
10). Thus, CENP-E directly stimulates intramolecular auto-
phosphorylation of kinase competent BubR1.

Discussion
CENP-E has previously been shown to bind to kinetochores
and microtubules and stabilize the interaction between them
(Putkey et al., 2002), thereby contributing to silencing mi-
totic checkpoint signaling. Now, we have shown that

CENP-E is also required in vitro and in vivo for maximal
mitotic checkpoint signal generation at individual kineto-
chores, and is thus bifunctional in checkpoint signaling. We
find that CENP-E stimulates recruitment of its binding
partner BubR1 to kinetochores in HeLa cells and in MEFs.
In addition, CENP-E directly stimulates the kinase (and au-
tokinase) activity of BubR1 in vitro and in primary MEFs
(Fig. 8). The simplest view is that CENP-E amplifies a basal
mitotic checkpoint that is sufficient for long-term arrest
when large numbers of kinetochores are unattached, but is
of insufficient strength for one or a few kinetochores to pro-
duce a checkpoint signal that is able to sustain mitotic arrest.

Several lines of evidence offer strong support for our pro-
posal that CENP-E is essential for enhancing checkpoint
signaling to suppress the mitotic loss of one chromosome (or
a few chromosomes) that would arise from advance to ana-
phase in the presence of one unattached kinetochore (or a
few kinetochores). First, in each of the two systems in which
direct tests have been feasible using laser irradiation or mi-
cromanipulation (Rieder et al., 1994, 1995; Li and Nicklas,
1995), a single unattached kinetochore has been found suffi-
cient to prevent progression to anaphase. Second, wild-type
primary MEFs do not generate aneuploidy at a significant
rate in vitro (Babu et al., 2003), but CENP-E�/� primary
MEFs missegregate one or two chromosomes in �25% of
divisions (and enter anaphase with only one or a few kineto-
chores signaling). Third, weakening of checkpoint signaling
by loss of one copy of the Bub3 gene produces a similar
rate of chromosome loss (Babu et al., 2003) to that seen
in CENP-E�/� MEFs. Fourth, CENP-E–deleted but not

Figure 7. HeLa cells depleted of CENP-E recruit 
reduced amounts of BubR1 to their kinetochores 
and have many misaligned chromosomes. (A) HeLa 
cells depleted of CENP-E (green) by RNAi (bottom) 
recruit less BubR1 (red) to their kinetochores than 
HeLa cells treated with control RNAi (top) after a 
30-min treatment with 200 ng/ml colcemid. DNA, 
blue. (B) Quantitation of the normalized integrated 
intensity of BubR1 signals at kinetochores in HeLa 
cells (top) and primary MEFs (bottom). Control 
kinetochores (blue bars) recruit more BubR1 than 
CENP-E–depleted kinetochores (red bars). �800 
kinetochores from �10 cells were quantitated for 
each bar. **, P � 0.001. Error bars represent stan-
dard error. (C) Histogram showing the number of 
misaligned chromosomes per pseudo metaphase 
cell in CENP-E�/� MEFs (red bars) and in HeLa cells 
depleted of CENP-E by RNAi (green bars).
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CENP-E�/� hepatocytes in vivo missegregate one or two
chromosomes during most mitoses. This is consistent with a
checkpoint response that initially delays anaphase but can-
not be sustained after attachment of most kinetochores.

With all of this in mind, we propose that, instead of act-
ing as a simple molecular switch that toggles between on and
off, the intensity of the mitotic checkpoint signal generated
at individual kinetochores is dependent on CENP-E. With-
out CENP-E, the checkpoint signal generated by individual
kinetochores is weakened such that the checkpoint cannot
prevent anaphase onset if only one or a few kinetochores are
unattached. This results in an effective loss/gain of one or
two chromosomes in �25% of cell divisions in vitro and in
at least �95% of divisions in hepatocytes in vivo (Fig. 3).

Immunodepletion of BubR1 from Xenopus extracts (Chen,
2002; Mao et al., 2003) or expression of dominant BubR1
mutants in mammalian cells (Chan et al., 1999) have im-

plicated BubR1 as an essential checkpoint protein. As
BubR1 is the primary checkpoint protein whose function is
diminished in the absence of CENP-E (other than CENP-E
itself), our evidence supports a CENP-E dependency in
this essential BubR1 role. Because BubR1 has been shown to
be essential for kinetochore localization of Mad1 and Mad2
(Chen, 2002; Mao et al., 2003), we predict that CENP-E
indirectly affects kinetochore targeting and activation of
Mad1 and Mad2 through its direct action on BubR1 local-
ization and kinase activity.

BubR1 kinase activity is apparently essential for the
checkpoint in mammalian cells (Chan et al., 1999) and Xe-
nopus extracts (Mao et al., 2003; see following paragraph),
but is not required for BubR1 to inhibit Cdc20-APC/C
(Tang et al., 2001). Kinase activity correlates with the pres-
ence of CENP-E, whose cell cycle–dependent accumulation
yields a maximum of �5,000 molecules during mammalian

Figure 8. Mammalian BubR1 kinase activity is 
stimulated by CENP-E. (A) BubR1 was immunopre-
cipitated from CENP-E�/� (lanes 1–3) and CENP-E�/� 
MEFs (lanes 4–6), and was assayed for kinase activity 
using histone H1 as a substrate (top). Equivalent 
levels of BubR1 were confirmed by immunoblot 
(bottom). Lane 1 and lane 4, beads alone control; 
lane 2 and lane 5, BubR1 was immunoprecipitated 
from randomly cycling cells; lane 3 and lane 6, 
BubR1 was immunoprecipitated from cells 
enriched in mitosis by a 16-h treatment with 50 ng/ml 
of the microtubule-depolymerizing agent colcemid. 
(B) Purified hCENP-E interacts with purified GST-
hBubR1 bound to GSH beads (lane 2, top), but not 
to GST alone (lane 2, bottom). 25% of input was 
loaded in lane 1. (C) Coomassie stain of purified 
recombinant human BubR1, kinase-dead BubR1 
(KD-BubR1), CENP-E, and Cdc20 that were ex-
pressed in insect cells using baculovirus. (D) In 
vitro kinase activity of purified hBubR1 by itself 
(lane 3 and lane 5), KD-hBubR1 by itself (lane 1), 
BubR1 � hCdc20 (lane 6), BubR1 � hCENP-E 
(lane 4 and lane 7), and BubR1 kinase-dead � 
hCENP-E (lane 2). Histone H1 was used as a sub-
strate. (E) Coomassie stains of GSTHis-hBubR1, 
His-KD-hBubR1, and hCENP-E that were expressed 
singly or in combination in Hi5 cells and purified 
using GSH-Sepharose (left) or Ni-NTA agarose 
(right). Proteins in all lanes except 1 and 4 were 
purified in the presence of okadaic acid and 2 mM 
ATP. (F) Model of CENP-E as an activator of BubR1 
in checkpoint signaling. In the presence of CENP-E 
(green, left) unattached kinetochores recruit large 
amounts of Bub1 (red), Mad1 (yellow), Mad2 
(blue), and BubR1 (purple) whose kinase activity is 
stimulated by CENP-E (purple star). The unattached 
kinetochores assemble large quantities of Cdc20-
APC/C inhibitors, which permit each kinetochore 
to delay anaphase onset until it has become 
attached. In the absence of CENP-E (right), 
unattached kinetochores recruit reduced amounts 
of Mad1 (yellow), Mad2 (blue), and BubR1 (purple) 
with reduced kinase activity (no star). Each kineto-
chore produces fewer molecules of Cdc20-APC/C 
inhibitors, which are no longer sufficient to meet 
the threshold required to prevent premature ana-
phase onset.
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mitosis, almost all of which are kinetochore associated
(Brown et al., 1994). This contrasts with BubR1, whose mi-
totic level has been estimated to be 50 times higher (Tang et
al., 2001), and most of which is soluble. Therefore, with lit-
tle correspondingly soluble CENP-E, it is most plausible
that CENP-E stimulation of the BubR1 kinase is primarily
at kinetochores, although the direct stimulation of BubR1
kinase by CENP-E in vitro demonstrates that such activity
does not require kinetochore binding.

One report has argued that BubR1 kinase activity is un-
necessary for the checkpoint because Xenopus extracts de-
pleted of BubR1 displayed efficient checkpoint signaling
after addition of kinase-inactive mutants (Chen, 2002).
However, kinetochore-bound wild-type BubR1 was still
present in those experiments (see Fig. 3 of Chen, 2002). A
subsequent series of immunodepletion and readdition ex-
periments has shown that only a small proportion of
BubR1 needs to be kinase active to restore checkpoint ac-
tivity (Mao et al., 2003). Therefore, we predict that kinase-
active BubR1 at kinetochores participates in the generation
of the diffusible checkpoint inhibitor(s). Such an interpre-
tation of CENP-E–stimulated BubR1 kinase activity also
offers an attractive explanation for an initial conundrum
concerning BubR1 kinase activity. The homologue of
BubR1 in both budding and fission yeasts (Mad3), as well
the homologue in Caenorhabditis elegans, lacks a kinase do-
main, clearly demonstrating that BubR1 kinase activity is
not essential for the checkpoint in these organisms. How-
ever, in all species for which the data are available (S. cere-
visiae, Schizosaccharomyces pombe, C. elegans, Drosophila,
Xenopus, Arabidopsis, mice, and human), when the BubR1
homologue contains a kinase domain, a CENP-E homo-
logue is present as well. Thus, it seems plausible that dur-
ing evolution of more complex eukaryotes in which the
checkpoint became essential, BubR1 acquired a CENP-E–
stimulated catalytic role to amplify signal generation per
unattached kinetochore.

One surprising feature of this work is that, without
CENP-E, the known Cdc20-APC/C inhibitor Mad2 is ro-
bustly recruited to one or a few polar, unattached kineto-
chores, but this is insufficient to prevent anaphase entry. In
the presence of CENP-E, Mad2 rapidly cycles on and off
unattached kinetochores (Howell et al., 2000) and has been
shown to bind and inhibit Cdc20-APC/C (Li et al., 1997;
Fang et al., 1998; Kallio et al., 1998; Luo et al., 2000). For
these reasons, Mad2 has frequently been interpreted to be
the downstream effector molecule of the mitotic checkpoint,
and its presence at kinetochores has often been taken as a
measure of ongoing checkpoint signal generation. However,
we find that despite the presence of Mad2 at unattached ki-
netochores in CENP-E–deleted cells, the strength of the in-
hibitory signal sent by these Mad2-rich kinetochores is in-
sufficient to prevent cell cycle advance, and cells lacking
CENP-E produce aneuploid progeny at high frequency.
This is similar to the situation with two other proteins, Rod
and ZW10, whose inhibition yields an inactive checkpoint
despite prominent Mad2 binding at kinetochores (Chan et
al., 2000). On the other hand, diminution of another kinet-
ochore component, Hec1, has been reported to yield a
chronically activated checkpoint without obvious Mad2

bound to kinetochores (Martin-Lluesma et al., 2002).
Though Mad2 intensity was not quantified in either of these
analyses, it now seems clear that the detectable presence of
Mad2 at kinetochores is not a faithful reporter for successful
checkpoint activation.

Finally, our efforts here indicate that CENP-E is essen-
tial for maximal mitotic checkpoint signaling per individ-
ual kinetochore in all contexts. In the absence of CENP-E,
the checkpoint response per kinetochore is diminished in
Xenopus extracts (Abrieu et al., 2000), primary mouse cells
(Fig. 3 through Fig. 6, and Fig. 8 A), murine hepatocytes
in vivo (Fig. 3, D–F), and HeLa cells (Fig. 7, A and B).
However, HeLa cells exhibit a much stronger dependence
on CENP-E for capture and alignment of chromosomes,
thus yielding a larger number of misaligned chromosomes
(averaging �7) per cell. Though each kinetochore still gen-
erates a diminished signal, it appears that the sum of these
unattached kinetochores is sufficient to sustain checkpoint
arrest. Thus, in each of these systems, one unattached ki-
netochore (or in some cases a few unattached kinetochores)
depleted of CENP-E do not recruit and activate enough
BubR1 to generate a sufficiently robust checkpoint signal
to prevent anaphase onset and the consequent development
of aneuploidy.

Materials and methods
Library screening
The full-length murine CENP-E cDNA was cloned from an 8.5-d gt10
mouse cDNA library using previously obtained 5
 and 3
 murine cDNA
fragments as probes. Additional sequences were obtained from murine
ESTs, RT-PCR products from ES cell RNA, and PCR products from assorted
cDNA libraries. All regions of the cDNA were confirmed by two or more
independent sequences.

MEF preparation, culture, and excision
MEFs were prepared from d 14 embryos as described previously (Putkey et
al., 2002). For excision, cells were infected with an adenovirus encoding
Cre recombinase (a gift from Kenneth Chien, University of California, San
Diego, La Jolla, CA) at a multiplicity of infection of 10. Excision was tested
by real-time PCR (Putkey et al., 2002). Reduction in CENP-E protein levels
was tested by immunoblotting using the Hpx anti-CENP-E antibody (Brown
et al., 1996) diluted 1:200 in 5% milk in 1� TBS plus 0.1% Tween 20. ECL
blotting was made quantitative by running serial dilutions of control extract.

Immunofluorescence
Cells were washed with 37�C microtubule stabilizing buffer (MTSB; 100
mM Pipes, 1 mM EGTA, 1 mM MgSO4, and 30% glycerol) and then ex-
tracted before fixation with 0.5% Triton X-100 in MTSB at 37�C for 5 min.
After extraction, cells were washed again and fixed in 4% formaldehyde
(Tousimis Research Corporation) for 10 min. 0.1% Triton X-100, 2.5%
FBS, and 200 mM glycine in PBS was used to block cells and dilute anti-
bodies. The Hpx antibody to CENP-E (Brown et al., 1996) was diluted
1:200, the DM1� antibody to �-tubulin (Blose et al., 1984) 1:1,000, the 5F9
BubR1 antibody (Taylor et al., 2001) 1:200, the Mad1 antibody (Campbell
et al., 2001) 1:250, Bub1 1:200, and XMad2 (Waters et al., 1998) 1:60.
Secondary antibodies (Jackson ImmunoResearch Laboratories) were di-
luted 1:200.

Deconvolution microscopy and quantitation
Deconvolution images were collected using a DeltaVision wide-field de-
convolution microscope system built on an inverted microscope (model
TE200; Nikon) base. Optical sections were taken at 0.2-	m intervals and
images were processed using DeltaVision SoftWoRx™ software. Compara-
ble images were taken at the same exposure times on the same day. Fig-
ures were generated by projecting the sum of the optical sections. Ki-
netochore fluorescence was quantified using the integrated intensity of
three-dimensional polygons surrounding each kinetochore.
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FACS® analysis
Adherent and nonadherent cells were collected and washed 3� in cold
PBS before being resuspended in 200 	l cold PBS and fixed with 800 	l
cold 100% ethanol while being vortexed mildly. Cells were stored at 4�C,
resuspended in 20 	g/ml propidium iodide and 40 	g/ml RNase, incu-
bated in the dark for �30 min before being sorted (20,000 events/sample)
on a cytometer (FACSort™; Becton Dickinson) by Dr. Frank Furnari using
CellQuest™ software (BD Biosciences).

Immunoprecipitation and kinase assay
Adherent and nonadherent CENP-E�/� and CENP-E�/� MEFs were grown
for 16 h with or without 50 ng/ml colcemid and were washed 2� with
cold PBS on ice before being lysed in 50 mM Tris 7.4, 100 mM NaCl, 1%
Triton X-100, 2 mM MgCl2, 5 mM EDTA with 400 	M pefablock, 100 	g/
ml leupeptin, pepstatin, and chymostatin, 10 mM sodium fluoride, and 20
mM sodium orthovanadate. Cell extracts were spun for 10 min at 4�C at
full speed in a microfuge and the supernatant was incubated with Gamma-
bind G beads (Amersham Biosciences) � the 5F9 BubR1 antibody (see Im-
munofluorescence section) at 4�C for 2–3 h. Pellets were washed 3� with
lysis buffer, and phosphorylation reactions were performed at 30�C for 30
min in a 40-	l reaction containing histone H1 kinase buffer (20 mM Tris-
Cl, pH 7.4, 50 	M cold ATP, 10 mM MgCl2, 10 mM EGTA, and 750 	g/ml
histone H1) together with 5 	Ci of �[32P]ATP per sample.

Protein expression and purification
Cdc20, hBubR1, and BubR1 kinase-dead (K795R) in pFB-NHis10-HA vec-
tors for baculovirus expression were gifts from Dr. Peter Sorger (Massachu-
setts Institute of Technology, Cambridge, MA). GST-BubR1 was recloned
into pFB and hCENP-E into pFB-HTb (both 6xHis vectors for baculovirus
expression). Hi5 cells (�3 � 107 cells) were infected with the appropriate
virus. After 42–48 h of infection, cells were harvested and lysed in 50 mM
Tris-Cl, pH 7.0, 250 mM NaCl, 2 mM MgCl2, 0.3% Triton X-100, and 5 mM
�-mercaptoethanol containing PMSF and leupeptin, pepstatin, and chymo-
statin as protease inhibitors. The supernatant was incubated with Ni-NTA.
After washing, proteins were eluted with 500 mM imidazole in the same
buffer. All eluates were dialyzed against lysis buffer with 150 mM NaCl.

Phosphorylation reactions
Phosphorylation reactions contained purified hBubR1/KD-hBubR1 pro-
teins (�25 ng) in the presence or absence of hCENP-E (�20 ng) or Cdc20
(�40 ng) in a 40-	l reaction containing histone H1 kinase buffer (20 mM
Tris-Cl, pH 7.4, 50 	M cold ATP, 10 mM MgCl2, 10 mM EGTA, and 750
	g/ml histone H1) together with 5 	Ci of �[32P]ATP per sample. The same
buffer was added to the BubR1 immunoprecipitates from the mouse fibro-
blasts. The reaction was then performed at 30�C for 30 min.

GST pulldown assay
Hi5 cells were infected with His6-hCENP-E and His6-GST-BubR1 viruses
singly or together in the presence of 35S-labeled methionine (50 	Ci per
plate). The cells were lysed in buffer containing 50 mM Tris-Cl, pH 7.0, 100
mM NaCl, and 0.1% Triton X-100 plus protease inhibitors. The supernatant
in each case was divided into two aliquots. One half was incubated with
Ni-NTA beads to purify total CENP-E and BubR1. The other half was incu-
bated with glutathione beads to purify GST-BubR1 and any CENP-E bound
to it. After SDS-PAGE, the gel was subjected to 35S-labeled fluorography.

Autokinase assay
Hi5 cells were infected with GST-His6-hBubR1 alone, His6-KD-hBubR1
alone, hCENP-E alone, or combinations of viruses. The proteins were puri-
fied in PBS in the presence or absence of okadaic acid and 2 mM ATP us-
ing GSH-Sepharose or Ni-NTA agarose. Proteins were subjected to SDS-
PAGE followed by Coomassie staining.

RNAi
RNAi was performed in HeLa cells using siRNAs or a plasmid-based ap-
proach. The CENP-E siRNAs used were described in Harborth et al. (2001).
5 � 104 cells were seeded into 6-well plates �20 h before transfection of
RNAs with OligofectAMINE™, as recommended by the manufacturer (In-
vitogen). Alternatively, the oligonucleotide 5
- GATCCCCGCAGAGAG-
AAGGGTGAACCTTCAAGAGAGGTTCACCCTTCTCTCTGCTTTTTGGAAA-
3
 was annealed to 5
-AGCTTTTCCAAAAAGCAGAGAGAAGGGTGA-
ACCTCTCTTGAAGGTTCACCCTTCTCTCTGCGGG-3
, phosphorylated by
T4 polynucleotide kinase, and ligated to HindIII/BglII-cut pSUPER (Brum-
melkamp et al., 2002) to make pS-hCENP-E. HeLa cells were transfected
with pS-hCENP-E and pCMV-CD20 in a ratio of 10:1. 48 h after transfec-

tion, cell pellets were incubated with mouse anti-CD20 (DakoCytomation)
for 20 min on ice, washed with PBS, and incubated with goat anti–mouse
microbeads (Miltenyi Biotec) for 20 min on ice, recovered on an MS col-
umn in a magnetic stand, eluted by removing the column from the magnet,
and replated onto poly-L-lysine–coated coverslips. 24 h after replating,
cells were fixed for immunofluorescence.
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