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Abstract. The kinetochore binds an evolutionarily con-
served set of checkpoint proteins that function to monitor
whether chromosomes have aligned properly at the spin-
dle equator. Human cells contain two related protein kin-
ases, hBUB1 and hBUBRI, that appear to have evolved
from a single ancestral BUB1 gene. We generated
hBUBI1- and hBUBRI1-specific antibodies so that the lo-
calization patterns of these kinases could be directly com-
pared. In the human U20S osteosarcoma cell line,
hBUBI first appeared at kinetochores during early pro-
phase before all kinetochores were occupied by hBUBR1
or CENP-F. Both proteins remained at kinetochores
throughout mitosis but their staining intensity was re-
duced from anaphase onward. Kinetochores of unaligned
chromosomes exhibited stronger hBUB1 and hBUBR1
staining. Immunoelectron microscopy showed that
hBUBRI appeared to be concentrated in the outer kineto-
chore plate and in some instances the inner plate as well.
When chromosome spreads were examined by light mi-
croscopy, hBUB1 and hBUBR1 were coincident with
CENP-E. This suggests that both kinases are concentrated
near the surface of the kinetochore where they can mon-
itor kinetochore-microtubule interactions.

Introduction

The kinetochore is a macromolecular complex that links
chromosomes to the mitotic spindle. The interactions
between molecular motors that reside at kinetochores
and microtubules of the spindle specify chromosome
movements (Schaar et al. 1997; reviewed in Yen and
Schaar 1996; Rieder and Salmon 1998). During pro-
metaphase, chromosomes congress toward the spindle
equator to form the metaphase plate. Once there, the
aligned chromosomes do not normally separate until

Edited by: W.C. Earnshaw and W. Hennig

Correspondence to: T. Yen
e-mail: tj_yen@fccc.edu

the last chromosome achieves alignment at the equator.
A mitotic checkpoint can detect the presence of a single
unaligned chromosome and delay the onset of anaphase
(Rieder et al. 1994). This mechanism ensures that a cell
will accurately segregate its chromosomes during ana-
phase and prevents aneuploidy (reviewed in Elledge
1996). Indeed, a defective checkpoint is thought to be
one mechanism that can promote tumor formation (Ca-
hill et al. 1998).

The checkpoint is able to sense whether chromosomes
are aligned or not by monitoring kinetochores, whose
biochemical composition is believed to change as they
progress toward the spindle equator (reviewed in Nicklas
1997, Rieder and Salmon 1998). Thus, an unattached ki-
netochore emits an undefined inhibitor that prevents pre-
mature separation of chromosomes that are aligned
(Rieder et al. 1995). In insect spermatocytes, the inhibi-
tory signal appears to be sensitive to the level of tension
that is exerted at the kinetochore. When tension is exper-
imentally applied to an unattached kinetochore, the mi-
totic delay is relieved and the chromosomes that were
aligned separate and move poleward (Li and Nicklas
1995). How tension is converted into a signal that is rec-
ognized by the checkpoint apparatus is not known. The
observation that unattached kinetochores are stained by
the 3F3/2 monoclonal antibody (Gorbsky and Ricketts
1993), which recognizes phosphoepitopes on a variety
of proteins in mitosis, suggests that certain 3F3/2 pho-
sphoproteins within the kinetochore may generate the in-
hibitory signal. Indeed, injection of the 3F3/2 antibody
into PtK cells prevented dephosphorylation of the pho-
sphoepitope and delayed the onset of anaphase (Camp-
bell and Gorbsky 1995). Interestingly, 3F3/2 phosphory-
lation was found to be linked to kinetochore tension in
grasshopper spermatocytes (Nicklas et al. 1995). The
identity of the kinetochore proteins whose 3F3/2 pho-
sphoepitope is sensitive to kinetochore attachment re-
mains to be identified.

The mechanism by which kinetochore-microtubule in-
teractions are transformed into biochemical information
that is recognized by the checkpoint apparatus remains



to be determined. However, the identification of an evo-
Iutionarily conserved group of mitotic checkpoint pro-
teins has fueled efforts toward this goal. In yeast, the
MADI, MAD2, MAD3, BUBI, BUB2, BUB3, and MPS1
genes are required for the cell to arrest in mitosis in re-
sponse to spindle or centromere defects (Hoyt et al.
1991; Li and Murray 1991; Wang and Burke 1995; Pang-
ilinan and Spencer 1996; Weiss and Winey 1996). Bubl
and Bub3 form a protein kinase complex and, along with
Mps1 kinase, they function upstream of Madl and Mad2
(Roberts et al. 1994; Hardwick and Murray 1995; Hard-
wick et al. 1996; Wells and Murray 1996). The target
of the mitotic checkpoint signal appears to be the cyclo-
some/anaphase promoting complex (APC), which speci-
fies the degradation of proteins such as Pds1/Cut2 that in-
hibit anaphase onset (Cohen-Fix et al. 1996; Funabiki et
al. 1996; Hwang et al. 1998; Kim et al. 1998).

The discovery of the yeast spindle checkpoint proteins
paved the way for the identification of homologous check-
point components in other species. Vertebrate homologs
of Madl, Mad2, Bubl and Bub3 were found to be local-
ized at kinetochores during mitosis (Chen et al. 1996; Li
and Benezra 1996; Taylor and McKeon 1997; Chan et
al. 1998; Cahill et al. 1998; Jin et al. 1998; Taylor et al.
1998). More importantly, Mad2 and Bubl accumulated
to higher levels at unattached versus attached kinetochores
(Chen et al. 1996; Li and Benezra 1996; Taylor and
McKeon 1997). In the case of Mad2, its accumulation at
kinetochores of PtK cells did not appear to be sensitive
to tension but rather to the microtubule occupancy of ki-
netochores (Waters et al. 1998). Functional studies of hu-
man and Xenopus Mad2 (Chen et al. 1996; Gorbsky et al.
1998; Li and Benezra 1996), and human and mouse BUB1
(Taylor and McKeon 1997; Cahill et al. 1998) showed that
they were all required for cells to arrest in mitosis in the
presence of spindle defects that were induced by microtu-
bule inhibitors. Consistent with the yeast data, which show
that the APC is the target of the checkpoint, in vitro exper-
iments show that recombinant Mad2 will inhibit APC ac-
tivity (Li et al. 1997; Fang et al. 1998). The discovery that
these conserved proteins can selectively bind to unat-
tached kinetochores strengthens the notion that these are
components of the checkpoint that monitor kinetochore
activity during chromosome alignment.

The existence of highly conserved checkpoint proteins
suggests that the fundamental mechanism of the check-
point has also been conserved through evolution. Never-
theless, to accommodate the increased complexity of the
structure and functions of mammalian kinetochores, the
complexity of the mitotic checkpoint components might
also increase. Indeed, human cells express two Bubl-re-
lated kinases, hBUB1 and hBUBR1, which were initially
identified as mutant genes in some colon carcinomas that
exhibited a chromosome instability phenotype (Cahill et
al. 1998). hBUB1 and hBUBR1 were also independently
isolated from a yeast two-hybrid screen designed to
search for interactors with the human kinetochore pro-
teins CENP-F and CENP-E, respectively (Chan et al.
1998; Jablonski and Yen, in preparation). CENP-F is an
M; 367,000 nuclear matrix protein that associates with
the nascent kinetochore during late G2 and is proposed
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to participate in the early steps of kinetochore assembly
(Liao et al. 1995). The interaction seen in yeast between
the kinetochore-binding domain of CENP-F and hBUBI1
suggests that hBUB1 might also play a part in the kineto-
chore assembly pathway. CENP-E is a kinetochore motor
whose function is essential for chromosome alignment
(Schaar et al. 1997; Wood et al. 1997). Kinetochores
lacking CENP-E fail to maintain critical kinetochore-mi-
crotubule interactions that are important for monopolar
chromosomes to establish bipolar connections and for bi-
polar chromosomes to align at the spindle equator (Schaar
et al. 1997). CENP-E forms a complex with hBUBR1 in
vivo and is postulated to be part of the mechanosensor
that links kinetochore motility with the checkpoint (Chan
et al. 1998).

Sequence alignment of hBUB1, hBUBRI and the
yeast BUB1 showed that both human BUB1-like kinases
were only slightly more similar to each other than they
were to yeast BUB1 (Chan et al. 1998; Taylor et al.
1998). This suggested that the two kinases had diverged
from the ancestral yeast BUB1 and evolved independent-
ly of each other. To investigate the cellular properties of
hBUBI1 and hBUBRI1 in greater detail, we have generated
antibodies that specifically recognize either hBUBI1 or
hBUBRI. In this study, we used these antibodies to com-
pare the distribution patterns of hBUB1 and hBUBRI in
cells as well as at the kinetochore. We found that hBUB1
and hBUBRI1 assembled onto kinetochores at different
times during prophase. Consistent with vertebrate Mad2
and mouse Bubl, hBUB1 and hBUBRI staining was
stronger at unaligned versus aligned kinetochores.
hBUB1 and hBUBRI staining in metaphase spreads
was coincident with CENP-E but bracketed CENP-A, B
and C, which were identified with an anti-centromere au-
toimmune serum (ACA). Immunoelectron microscopy
confirmed that hBUBRI1 is found in the kinetochore
plates where it is ideally positioned to monitor kineto-
chore-microtubule interactions.

Materials and methods

Cell culture methods. Monolayers of HeLa and U20S cells were
grown at 37°C in Dulbecco’s minimal essential medium (DMEM,
Gibco BRL, Gaithersburg, Md.) supplemented with 10% fetal calf
serum in a humidified 5% CO, atmosphere. Cells were plated onto
18 mm glass coverslips and grown to 60% confluency before they
were processed for staining.

Immunofluorescence staining. For triple labeling, U20S and HeLa
cells grown on coverslips were extracted in MTSB + 0.5% Triton
X-100 (MTSB 4 M glycerol, 0.1 M PIPES pH 6.9, 1 mM EGTA)
at room temperature for 1 min, washed in MTSB for 2 min, and then
fixed at room temperature for 7 min in 3.5% paraformaldehyde buf-
fered in PBS at pH 6.8. Cells were then washed for 5 min in KB
(50 mM TRIS-HCI pH 7.4, 150 mM NaCl, 0.1% BSA). Cells were
sequentially stained with affinity-purified rabbit hBUB1 antibodies,
rat hBUBR1 antibodies and either monoclonal mouse CENP-E
(mAb177) or human autoimmune serum (NR). The rabbit antibodies
were detected with a Cy2-conjugated secondary antibody (Jackson
ImmunoResearch, West Grove, Pa.), the rat antibodies were biotinyla-
ted and detected with Ultra-avidin conjugated to Texas Red (Leinco
Technologies, Ballwin, Mo.), and the mouse or human antibodies
were detected with Cy5-conjugated secondary antibodies (Jackson
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ImmunoResearch). All secondary antibodies had been pre-adsorbed
against IgG from other species to prevent cross-reactivity. Nuclei
and chromosomes were stained with 4', 6'-diaminophenylindole
(DAPI; Sigma) at 0.1 ug/ml. Coverslips were mounted in 0.1%
para-phenylenediamine in glycerol and scanned using a Nikon Micro-
phot SA equipped with epifluorescence optics. Cells were visualized
with a 100x Plan Neofluor objective and images were captured with a
TEC-1 CCD camera (DAGE-MTI, Michigan City, Ind.) that was con-
trolled with a Macintosh Quadra 650 running IPLab Spectrum (Signal
Analytics, Vienna, Va.). Image processing was performed using Ado-
be Photoshop 4.0 (Adobe Systems, San Jose, Calif.).

Chromosome spreads were obtained from U20S cells that had
been blocked in 0.5 pg/ml nocodazole for 14 h. Mitotic cells were
collected by shake-off and swollen in 0.8% sodium citrate for
20 min, then dropped onto 12 mm round coverslips and spun at
1,000 g for 2 min. Chromosomes were immediately fixed at room
temperature for 7 min in 3.5% paraformaldehyde buffered in PBS
at pH 6.8, and processed for staining as described.

Immunoelectron microscopy. HeLa cells were grown in RPMI 1640
supplemented with 10% fetal bovine serum. Mitotic cells were ob-
tained by selective detachment from log-phase cultures, washed in
PHEM (60 mM PIPES pH 6.9, 25 mM HEPES, 10 mM EGTA,
2 mM MgCl,) at room temperature and placed on Adhesion slides
(Marienfeld) or polylysine-coated coverslips. Cells were fixed in
4% formaldehyde in PHEM for 5 min at room temperature, then
permeabilized by incubation in 0.1% Triton X-100 in PHEM for
5 min at room temperature. After permeabilization, affinity-purified
rabbit anti-hBUBR1 was diluted 1:250 in KB~ (10 mM TRIS-HCI,
pH 7.7, 150 mM NaCl, 0.1% BSA) and incubated for 1 h at room tem-
perature. After the antibody incubation, the cells were washed (twice
for 5 min each) with KB™ and incubated with ultra-small goat anti-
rabbit gold (Aurion) in KB~ overnight at 4° C. The cells were then
post-fixed with 2.5% glutaraldehyde in PHEM for 30 min and silver
enhanced (Danscher 1981), and processed for electron microscopy as
previously described (Cooke et al. 1990). Gold sections were cut
with a Reichert microtome and placed on copper grids. Images were
photographed on a Philips CM120 Biotwin electron microscope.

Immunoprecipitation. HeLa cells were blocked in 0.5 pg/ml nocoda-
zole for 14 h, then mitotic cells were collected by shake-off. Asyn-
chronous interphase cells were harvested after mitotic cells had
been washed off the plate. Cells were washed three times in ice-cold
PBS and lysed in NP-40 buffer ( 50 mM TRIS-HCI, pH 8.0 150 mM
NaCl 1% Nonidet P-40) for 10 min on ice and then scraped into a
microfuge tube. Insoluble debris was removed from the lysates by
spinning at 14,000 g for 10 min at 4°C. After determination of
the protein concentrations of the lysates (Pierce, Rockford, Ill.),
hBUBI and hBUBRI rabbit antibodies were incubated with
400 pg of protein from the interphase and mitotic lysates at 4°C
for several hours. Recombinant protein A-beads (Repligen, Cam-
bridge, Mass.) were added for 1 h, beads were washed five times
with NP-40 buffer, samples were boiled in SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) sample buffer and separated by
4%-15% SDS-PAGE. The proteins were transferred to Immobi-
lon-P (Millipore, Bedford, Mass.), and incubated with affinity-puri-
fied rabbit hBUB1 or hBUBRI antibodies. After removal of the pri-
mary antibodies, filters were incubated with alkaline phosphatase-
conjugated secondary antibody (Jackson ImmunoResearch) and pro-
cessed for detection of chemiluminescence according to the manu-
facturer’s instructions (Tropix, Bedford, Mass.). Blots were stripped
according to the manufacturer’s instructions (Tropix) and reprobed.

Results

Isolation of hBUBI- and hBUBRI-specific antibodies

To compare the kinetochore localization patterns between
hBUB1 and hBUBRI, antibodies were generated to the
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Fig. 1A, B. Specificity of hBUB1 and hBUBRI antibodies. HeLa
lysates from interphase (i, lanes I and 3) and mitosis (M, lanes 2
and 4) were immunoprecipitated with hBUBRI1 (lanes I and 2)
and hBUB1 (lanes 3 and 4) antibodies and blots were probed with
either hBUBI antibodies (A) or hBUBRI antibodies (B)

portions of hBUB1 and hBUBRI that were most diver-
gent from each other. Antibodies were generated in rab-
bits and rats so that hBUB1 and hBUBRI1 could be simul-
taneously visualized by immunofluorescence microscopy.
To verity the specificity of the antibodies, the affinity-pu-
rified antibodies were used to immunoprecipitate their re-
spective antigens from lysates prepared from either inter-
phase or mitotic Hela cells. Both the hBUB1 and
hBUBR1 immunoprecipitates were then probed with an-
ti-hBUB1 and anti-hBUBRI1. The results clearly show
that hBUB1 antibodies identified a single band of ~M,
130,000 (128,000 calculated) in hBUB1 immunoprecipi-
tates while no cross-reactive band was identified in
hBUBR1 immunoprecipitates (Fig. 1A). Likewise, the
hBUBRI antibodies detected an ~M, 120,000 protein
(calculated 119,000) in the hBUBR1 immunoprecipitates
but not in the hBUB1 immunoprecipitates (Fig. 1B). The
band that is present in all of the lanes is the IgG that was
used for immunoprecipitation. These results show that we
have isolated antibodies that specifically recognize
hBUB1 and hBUBRI1. Furthermore, these results show
that the hBUB1 and hBUBRI that are soluble under the
conditions used for the immunoprecipitation are not pres-
ent in a complex with one another. However, this result
does not rule out the possibility that insoluble hBUB1
and hBUBRI1 (for example, assembled onto the kineto-
chore) might be components of a macromolecular com-
plex.

The lower amount of hBUBI in interphase cells rela-
tive to the level found in mitotic cells is due to the fact
that the steady-state levels of hBUBI are low in early
stages of interphase and climb to peak levels in mitosis.
In contrast, hBUBRI steady-state levels do not fluctuate



Fig. 2A-P. hBUBI1 assembles onto kinetochores before CENP-E
and CENP-F in U20S cells. Cells were sequentially stained with
rabbit anti-hBUBI1 (B, F, J, N), rat anti-hBUBRI1 (C, G, K, O)
and counterstained with Cy2 conjugated anti-rabbit and Texas
Red-conjugated anti-rat secondary antibodies, respectively. CENP-
E (D, P) was detected with a mouse anti-CENP-E monoclonal anti-
body followed by Cy5-conjugated anti-mouse secondary antibody.
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CENP-E (D + P)
CENP-F (H + L)

hBUBR1

CENP-F (H, L) was detected with autoimmune serum (VD) and
Cy5-conjugated anti-human secondary antibodies. DNA was stained
with 4',6-diamidino-2-phenylindole (DAPI) (A, E, I, M). Insets in
F, G and H are higher magnification of the boxed portion of the im-
age that show the differential localization of hBUB1, hBUBRI and
CENP-F. Bar represents 10 pm
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Fig. 4A-K. Unaligned kinetochores of U20S and HeLa cells exhib-
it stronger hBUB1 and hBUBRI staining. U20S cells with several
unaligned chromosomes were stained with hBUB1 (B, F), hBUBR1
(C, G), and tubulin (D) or ACA (H). In B and C, unaligned kineto-
chores (white arrows) are under less tension than aligned kineto-
chores (white arrowheads). HeLa cells with a single unaligned chro-

during the cell cycle and thus equivalent amounts of
hBUBR1 were expressed in the interphase and mitotic
cells (Chan et al. 1998). In mitosis, hBUB1 and hBUBR1
are hyperphosphorylated and this modification retards
their migration in SDS-polyacrylamide gels (Chan et al.
1998).

Fig. 3A-L. hBUB1 and hBUBRI1 are found at the kinetochores until
late anaphase but not at telophase. U20S cells were stained with an-
tibodies against hBUB1 (B, F, J), hBUBRI (C, G, K), tubulin (D,
H) or anti-centromere autoimmune serum (ACA) (L). hBUBI1 and
hBUBRI1 were stained as in Fig. 1. Spindles were detected with a
monoclonal anti-tubulin antibody and counterstained with Cy5-con-
jugated anti-mouse secondary antibody. Centromeres were stained
with ACA and Cy5-conjugated anti-human secondary antibody.
Chromosomes were stained with DAPI (A, E, I). Bar represents
10 pm
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tubulin (D)

hBUBR1 ACA (H)

mosome were stained with hBUB1 (J) and hBUBR1 (K). Unaligned
chromosomes are marked with an black arrowhead. hBUBI1 and
hBUBRI1 were visualized with Cy2 and Texas Red secondary anti-
bodies, respectively. Tubulin and ACA were visualized with Cy5
anti-mouse and human secondary antibodies, respectively. Bar rep-
resents 10 pm

hBUBI and hBUBRI bind sequentially to kinetochores

The hBUB1- and hBUBR-specific antibodies were used
to stain the human U20S osteosarcoma cell line. In inter-
phase cells, hBUB1 was uniformly concentrated in the
nucleus in a granular pattern while hBUBR1 was local-
ized primarily in cytoplasm (data not shown). Paired foci
of hBUBI1 and hBUBRI1 staining that were indicative of
an association with nascent kinetochores were detected
in prophase. Although the intensity of hBUBI staining
was relatively uniform from focus to focus, the intensity
of hBUBRI1 staining varied (Fig. 2B, C). In addition, a
low level of hBUBR1 was also detected that accumulated
within the nucleus but was not localized to kinetochores.
At this time, CENP-E could not be detected at kineto-
chores (Fig. 2D).

The difference in the staining patterns for hBUB1 and
hBUBRI during prophase suggested that hBUB1 might
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assemble onto the pre-kinetochores prior to hBUBRI. To
further delineate the time when these proteins assembled
onto kinetochores, we compared their staining pattern
with that of CENP-F, a kinetochore protein that was pre-
viously shown to appear on nascent kinetochores during
late G2 when chromatin condensation is first apparent
(Rattner et al. 1993; Liao et al. 1995). In a small number
of prophase cells (Fig. 2F, G), we were able to detect rel-
atively uniform hBUBI staining at the pre-kinetochores
(the more dimly stained foci reflect kinetochores that
were out of the plane of focus) while hBUBRI staining
of kinetochores was absent or very weak (see inset) even
though the protein had accumulated in a granular pattern
within the nucleus. Interestingly, certain kinetochores that
lacked hBUBRI1 staining also lacked detectable CENP-F
(Fig. 2H). However, the numbers of pre-kinetochores that
exhibited CENP-F staining was greater than those that ex-
hibited hBUBRI1 staining. These observations are consis-
tent with an order of binding of the respective proteins as
follows: hBUB1—-CENP-F— hBUBRI. At a later stage
of prophase, all three proteins were colocalized at the
pre-kinetochores (Fig. 2I-L) but additional hBUBRI
staining was still detectable throughout the nucleus. By
prometaphase, hBUB1, hBUBR1 and CENP-E were all
uniformly colocalized at kinetochores (Fig. 2M—P).

hBUBI and hBUBRI remain with kinetochores
during anaphase

Both human and Xenopus Mad2 have been shown to dis-
sociate from kinetochores that are aligned at the spindle
equator and do not reassociate with kinetochores when
cells enter anaphase (Chen et al. 1996; Li and Benezra
1996). Similarly, mouse Bubl (homolog of hBUBI)
was no longer detectable at kinetochores after onset of
anaphase (Taylor and McKeon 1997). Examination of
hBUBI1 and hBUBRI1 staining in U20S and HeLa cells
(not shown) clearly showed that both proteins could be
detected at kinetochores up until late anaphase when
chromosomes had migrated to the poles (Fig. 3A-D)
and were beginning to decondense (Fig. 3E-H). Howev-
er, the levels of detectable hBUB1 and hBUBRI at ki-
netochores in late anaphase were significantly lower than
those found during prometaphase. When nuclei reformed
and the chromosomes had decondensed during late telo-
phase, hBUB1 and hBUBR1 were no longer detected at
kinetochores as determined by co-staining with ACA
(Fig. 3I-L) but were concentrated at the midbody. Both
proteins were also found dispersed throughout the cyto-
plasm in a fine granular pattern (that was due most likely
to incomplete extraction) but some hBUB1 could be de-
tected in the newly reformed nuclei (Fig. 3J).

hBUBI and hBUBRI staining is stronger at kinetochores
that are not under tension

We next compared the relative levels of hBUB1 and
hBUBRI at aligned and unaligned kinetochores to assess
whether these two proteins responded in the same way

Fig. SA-D. hBUB1 and hBUBRI colocalize with CENP-E at ki-
netochores of metaphase spreads. Metaphase spreads of HeLa cells
that were blocked in mitosis with nocodazole were co-stained for
hBUB1 and ACA (A), hBUB1 and CENP-E (B), hBUBRI and
ACA (C), and hBUBRI1 and CENP-E (D). Images were captured in-
dividually, pseudocolored and then overlayed. In A and C, green
represents ACA. In B and D, green represents CENP-E. hBUB1
and hBUBRI1 are colored red. Regions of overlap appear as yellow

as reported for Mad2 and mouse BUB1. In U20S cells that
contained both aligned and unaligned chromosomes, the
intensity of hBUB1 and hBUBRI1 staining was noticeably
brighter on kinetochores that appeared to be furthest away
from the equator (Fig. 4B, C, F and G, open arrowhead).
For chromosomes that were within the spindle proper
and are thus likely to have established bipolar connections,
the huBUB1 and hBUBRI1 staining intensities were not no-
ticeably different between kinetochores that were under
tension and those that were not. Even though it was diffi-
cult to distinguish by DAPI staining whether chromosomes
within the spindle were aligned at the metaphase plate or
not (Fig. 4A), we were able to estimate the relative tension
across the centromere for individual chromosomes based
on the distances between sister kinetochores as revealed
by hBUB1 and hBUBRI staining. When kinetochores
are under tension their sister kinetochores are maximally
separated from each other (Fig. 4, solid arrowheads).
When sister kinetochores are not under tension, then the
distance between them is less (Fig. 4, solid arrows).

A similar result was obtained when the staining intensi-
ties of hBUB1 and hBUBRI1 between aligned and un-
aligned chromosomes in Hela cells were examined. In
the example shown, the hBUB1 and hBUBRI signal inten-
sity at the kinetochores of a single lagging chromosome is
clearly brighter than that of the rest of the kinetochores,
which are aligned at the metaphase plate (Fig. 4J, K).

hBUBI and hBUBRI colocalize with CENP-E
at kinetochores

To ascertain the distribution of hBUB1 and hBUBRI1 at
kinetochores, metaphase spreads from nocodazole-



blocked Hela cells were co-stained for CENP-E, ACA
and either hBUB1 or hBUBRI1. All kinetochores exhibit-
ed uniform levels of staining for all three proteins. When
either the hBUB1 or the hBUBR1 image was merged
with ACA (Fig. 5A, C, respectively), the two kinases
were concentrated at the extreme boundaries flanking
the ACA staining pattern. A small amount of overlap be-
tween the two images was consistently detected in all of
these merged images. When the hBUB1 and hBUBR1
images were merged with CENP-E (Fig. 5B, D, respec-
tively), the staining patterns were coincident. In some ex-
amples, CENP-E staining extended beyond the boundary

393

Fig. 6A—-C. Immunoelectron microscopy local-
izes hBUBRI in the kinetochore plates. A
hBUBRI is localized in the outer kinetochore
plate (OP) in this metaphase cell. B, C In other
cells, hBUBR1 was localized in two parallel
lines that appear to correspond to the inner (/P)
and outer (OP) kinetochore plates. All images
show pre-embedding labeling with bound anti-
body detected using ultra-small colloidal gold.
Bars represent 0.2 um

of the hBUBI staining (Fig. 5B, green borders). This lo-
calization pattern was unaltered when the order of anti-
body incubation was reversed. Since immunoelectron mi-
croscopy studies have localized CENP-E primarily to the
fibrous corona coating the outer surface of the outer kine-
tochore plate (Cooke et al. 1997; Yao et al. 1997), this re-
sult suggested that both hBUB1 and hBUBR1 were likely
to be concentrated either in the outer kinetochore plate or
in the fibrous corona adjacent to CENP-E. This result
makes excellent sense, since we have also shown that
CENP-E can form a complex with hBUBR1 in mitotic
cytosol (Chan et al. 1998).
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hBUBRI is localized at the kinetochore plates

We next used pre-embedding immunoelectron microsco-
py more precisely to localize hBUBR1 within the kineto-
chore. For this study, mitotic HeLa cells were obtained by
selective detachment in the absence of drug treatment.
Most of the cells obtained using this protocol were in
metaphase, and in those cells, the most common distribu-
tion of gold particles is shown in Fig. 6A. In these chro-
mosomes, the hBUBRI staining was found in a single
line that was coincident with the outer kinetochore plate.
If samples were fixed more rapidly after selective detach-
ment, then a higher percentage of prometaphase cells was
obtained. Under these conditions, many chromosomes ex-
hibited a strong amorphous staining on the outer surface
of the centromere, as shown in the right kinetochore of
Fig. 6B. This staining completely obscured the underly-
ing kinetochore substructure. In a number of chromo-
somes observed under these conditions, the gold particles
could be resolved into two parallel lines, as seen in the
left kinetochore of Fig. 6B. We interpret this image as
showing that hBUBR1 can be concentrated in both the in-
ner and outer plates of the kinetochore. Another example
of this is shown in Fig. 6C.

Discussion

We have used antibodies that specifically recognize
hBUB1 and hBUBRI to examine the subcellular distribu-
tion of these two related kinases. We found that hBUB1
appears at the nascent kinetochores during late G2 or ear-
ly prophase, similar to the time when CENP-F is first de-
tected there. However, double-labeling experiments with
hBUBI1 and CENP-F showed that, in some cells, not all
kinetochores that contained hBUB1 exhibited CENP-F
staining. We also found cells in which both hBUB1 and
CENP-F were uniformly localized to all kinetochores.
These observations are consistent with the notion that
hBUBI1 assembles onto the nascent kinetochores slightly
earlier than CENP-F. As yeast two-hybrid studies show
that the kinetochore-targeting domain of CENP-F inter-
acts with the kinase domain of hBUB1 (Jablonski and
Yen, in preparation), it is possible that CENP-F can only
assemble onto the kinetochore when hBUBI is there.
Mechanistically, hBUB1 might phosphorylate CENP-F
on residues that are important for kinetochore binding.
Alternatively, hBUB1 might phosphorylate other proteins
at the kinetochore, which then mediate CENP-F binding.
Although it has been shown that hBUBI is essential for
the mitotic checkpoint (Cahill et al. 1998), the protein
might also be important for kinetochore assembly. This
would be analogous to the dual roles of Mpsl kinase,
which is important for spindle pole duplication as well
as the spindle checkpoint during mitosis (Weiss and
Winey 1996).

Triple-labeling experiments suggested that hBUBR1
assembled onto kinetochores after hBUB1 and CENP-F.
However, all of these proteins were found to assemble
onto kinetochores before CENP-E, which is first detected
at kinetochores after nuclear envelope breakdown. The

combined data are consistent with the existence of a de-
fined kinetochore assembly pathway, with these proteins
assembling onto the kinetochore in the following order:
hBUB1—CENP-F—-hBUBR1—CENP-E.

Examination of mouse Bubl (homolog of hBUBI1)
showed that this protein was not detectable at kineto-
chores after cells had reached metaphase (Taylor and
McKeon 1997). Thus, it was somewhat surprising to find
that hBUB1 could still be detected at kinetochores during
late anaphase when the separated chromatids had reached
the poles. As the level of hBUBI staining was lower in
anaphase relative to that seen at prometaphase, it is pos-
sible that low amounts of mouse Bubl at kinetochores
during anaphase escaped detection for technical reasons
because of the weaker signal strength of the monoclonal
antibody used in those studies. Alternatively, the differ-
ence in staining pattern between mouse and human might
reflect differences in the behavior of the respective BUB1
kinases between the two species. The fact that aligned
chromosomes still contain detectable levels of hBUBI1
suggests that, for human cells, abrogation of the check-
point does not require hBUB1 to dissociate completely
from aligned kinetochores. This implies either that there
is a threshold level of hBUBI1 (and possibly hBUBR1)
at kinetochores that is required to maintain the check-
point, or that BUB1 kinases can remain at kinetochores
but be switched off.

hBUBR1 was also detected at kinetochores during
late anaphase. Like hBUB1, hBUBR1 was no longer de-
tected during telophase when the chromosomes had de-
condensed and nuclei reformed. The staining pattern of
hBUB1 and hBUBRI1 at late stages of mitosis is reminis-
cent of CENP-E, which was also found to remain associ-
ated with kinetochores all the way through mitosis
(Cooke et al. 1997). Although it is generally believed
that hBUB1 and hBUBRI1 function during prometaphase
to monitor chromosome alignment, this has not formally
been demonstrated. The presence of these two kinases at
kinetochores during anaphase suggests that they might
also have additional roles beyond metaphase. One possi-
bility is that these proteins maintain the integrity of the
kinetochore so that other proteins that are important for
anaphase chromosome movements can function proper-
ly.

The increase in the staining intensity of hBUB1 and
hBUBRI at relaxed (unstretched) kinetochores of chro-
mosomes that are not aligned at the metaphase plate sup-
ports their roles as monitors of kinetochore activity dur-
ing chromosome alignment. Whether the increase in the
amount of hBUB1 and hBUBRI1 at unaligned kineto-
chores results from the presence of unoccupied microtu-
bule-binding sites or the lack of tension exerted across
the kinetochore remains to be tested. Mad2 was found
to be dissociated from kinetochores that were aligned
but not under tension (Waters et al. 1998). This suggests
that, for Mad2, kinetochore binding might only occur
when there are unoccupied microtubule-binding sites.
The fact that the kinetochores that lacked tension still re-
tained the 3F3/2 phosphoepitope (Waters et al. 1998),
suggests that there are two sets of proteins that separately
monitor the level of kinetochore tension and microtubule



occupancy. Consistent with earlier findings, the 3F3/2
phosphoepitope at kinetochores is regulated by tension
rather than microtubule occupancy (Nicklas et al.
1995). The checkpoint might only be extinguished when
kinetochores are both saturated with microtubules and un-
der a high level of tension.

We have demonstrated elsewhere that hBUBR1 forms
a complex with CENP-E in lysates from mitotic cells
(Chan et al. 1998). The interactions mediated between
the soluble forms of these two proteins might reflect
physical interactions at the kinetochore. This possibility
has been strengthened by the observation that hBUBR1
and CENP-E staining were coincident at kinetochores.
In addition, hBUBI staining was also found to be coinci-
dent with CENP-E.

We have shown by immunoelectron microscopy that
hBUBRI is present in the kinetochore in two different
distributions — either in both the inner and outer plates,
or concentrated in the outer plate. Although we cannot
rigorously correlate these staining patterns with the
movements of individual chromosomes during mitosis,
one plausible interpretation that is consistent with our re-
sults is that when kinetochores are not under tension
(metaphase checkpoint is transmitting a signal to delay),
then hBUBRI is present in both the inner and outer kine-
tochore plates. According to this model, the cessation of
kinetochore signaling is associated with either movement
of all kinetochore-associated hBUBRI1 to the outer plate,
or with loss (or epitope masking) of the hBUBR1 from
the inner kinetochore plate. The latter hypothesis is most
consistent with the decrease in staining intensity seen in
metaphase cells relative to prometaphase cells. Ongoing
efforts are directed toward the immunoelectron micro-
scopic localization of hBUBI.

This localization of hBUBRI1 within the kinetochore
makes excellent sense when considered in the light of
our knowledge of the binding of CENP-E to the kineto-
chore. We have shown elsewhere that the kinetochore-
targeting region of CENP-E lies near the C-terminus of
the protein (Chan et al. 1998). Furthermore, when a con-
struct containing this region of CENP-E was used in a
yeast two-hybrid screen to look for interacting mole-
cules, an interaction was seen with hBUBR1. This sug-
gests that hBUBRI1 could function to anchor CENP-E
to the outer kinetochore plate. Furthermore, this raises
the possibility that CENP-E might be the microtubule-
binding component of the kinetochore that is responsible
for transducing a tension-modulated signal through
hBUBRI to the components of the checkpoint signaling
apparatus.

We speculate that hBUBR1 and CENP-E might func-
tion as a mechanosensor complex that links kinetochore
motility with the checkpoint. It is possible that hBUBI1
might monitor CENP-E activity or it might monitor activ-
ities of other proteins that reside at the surface of the ki-
netochore. Regardless of its precise function, the impor-
tance of hBUB1 in checkpoint control in humans has
been established (Cahill et al. 1998). Further efforts de-
voted toward elucidating the function of hBUBR1 will
help clarify the issue of why there are two Bub1-like kin-
ases in mammalian cells.
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