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Figure 9.  The hTERT-RPE1 Bub1 mutant cells behave in a manner similar to HeLa cells. (A) Quantification by immunofluorescence of total Bub1 mutant lev-
els using Bub1 and GFP antibodies. (B) Quantification by immunofluorescence of Bub1 mutant levels on kinetochores using GFP antibodies. (C) Quantifica-
tion of TUNEL-positive cells after nocodazole treatment and Bub1 RNAi. (D) Comparison of mitotic index of Bub1 mutant HeLa and hTERT-RPE1 cells treated 
for 16 h with nocodazole normalized to Bub1-wt. (E) Comparison of the ability to complement congression errors in Bub1 mutant HeLa and hTERT-RPE1 cell 
lines treated for 1 h with MG132 normalized to Bub1-wt. (F) Quantification by immunofluorescence of Mad1, Mad2, and BubR1 levels on kinetochores. 
(G) Quantification by immunofluorescence of CENP-F, Sgo1, and MCAK levels on kinetochores. (H) Immunofluorescence images of mitotic cells stained 
with DAPI (DNA), GFP antisera (green), and CREST antisera (red, kinetochores). Insets show a higher magnification view of a single kinetochore. Error 
bars represent standard deviation. Bar, 10 µm.
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rate of chromosome congression defects because cells expressing 
Bub1-KNL1–binding domain have only moderate congression 
defects even though they fail to recruit Sgo1 onto kinetochores. 
Therefore, Sgo1 cannot be the only target of Bub1 that is relevant 
for chromosome congression, and Bub1 must phosphorylate other 
substrates to ensure chromosome alignment in human cells.

Role of Bub1 kinetochore localization
Photoactivation experiments indicate that Bub1 is tightly associ­
ated to unattached kinetochores and has, among the spindle check­
point proteins, the longest residency time at kinetochores (Howell 
et al., 2004; Shah et al., 2004). Moreover, experiments in S. pombe 
show that telomere-tethered Bub1 recruits Mad3 and Bub3 from 
the cytoplasm, leading to the proposal that Bub1 acts as a spindle 
checkpoint scaffold protein at kinetochores (Rischitor et al., 2007). 
Interestingly, loss of kinetochore binding only weakens but does 
not abolish human Bub1 functions. Bub1-∆KNL1–binding do­
main partially rescues the spindle checkpoint, allows the recruit­
ment of Mad1, Mad2, and MCAK, and strongly reduces the rate 
of chromosome congression errors when compared with a full 
Bub1 depletion. We therefore conclude that binding of Bub1 at the 
kinetochore is important but not essential for its checkpoint and 
chromosome congression function. Although Bub1 might act as a 
scaffold for certain proteins such as Mad3/BubR1 or CENP-F, we 
propose that it regulates chromosome segregation primarily through 
mechanisms independent of kinetochore binding.

Interestingly, our results also suggest a kinetochore- 
independent role for BubR1, which also regulates the spindle 
checkpoint and chromosome alignment (Lampson and Kapoor, 
2005). Indeed, HeLa cells complemented with Bub1–conserved 
domain I do not load BubR1 onto kinetochores yet efficiently align 
their chromosomes on a metaphase plate. Although recent stud­
ies showed that BubR1 can regulate the spindle checkpoint in the 
cytoplasm (Kulukian et al., 2009; Malureanu et al., 2009), our 
data would suggest that it can also control chromosome align­
ment when not bound to kinetochores.

Bub1 cancer-related mutants
The occurrence of Bub1 mutations and differential Bub1 gene and 
protein expression in cancer tissues and cell lines and the occur­
rence of spontaneous cancers in mice expressing low doses of 
Bub1 indicate a possible role of Bub1 in cancer formation (Gemma 
et al., 2000; Shigeishi et al., 2001; Ouyang et al., 2002; Ru et al., 
2002; Shichiri et al., 2002; Hempen et al., 2003; Doak et al., 2004; 
Jeganathan et al., 2007). However, given the multiple roles of Bub1, 
it is unknown which might be the critical function of Bub1 in the 
context of tumorigenesis. Interestingly, all tested Bub1 mutants fail 

Mad2, and to a lesser degree Mad1, to kinetochores. This indi­
cates that BubR1, Mad1, and Mad2 recruitment is the primary 
mechanism by which Bub1 contributes to spindle checkpoint 
signaling and that the kinase activity plays only a minor role in 
checkpoint signaling. Consistent with our findings, we note that 
phospho-specific antibodies that identify putative Bub1 phos­
phorylation sites on Cdc20 fail to detect such a phosphorylation 
event under physiological conditions (Kang et al., 2008). Our 
data also indicate that the binding to Bub3 is essential for Bub1 
function in human cells. This is different for fission yeast Bub1 
because SpBub3 is not essential for the spindle checkpoint 
(Tange and Niwa, 2008).

We further identify a novel conserved 19-aa motif in the 
central part of Bub1, which is required for the loading of BubR1, 
Mad1, and Mad2 to kinetochores but does not control chromo­
some congression. Experiments in yeast reported that the central 
240-aa region, which includes the conserved 19-aa motif, can 
bind Mad1 in cell extracts (Warren et al., 2002). However, when 
we tested for such an interaction in in vitro coimmunoprecipita­
tion experiments, we failed to detect a direct interaction between 
human Mad1 and Bub1 (with or without Bub3; unpublished 
data). Moreover, we find that Mad1 is still recruited when Bub1 
fails to bind to kinetochores. This indicates that Bub1 does not 
act as a Mad1-binding platform on kinetochores but rather that it 
facilitates the recruitment of Mad1/Mad2. Interestingly, we note 
that the conserved motif I contains several invariant serines and 
threonines (Fig. 3 C) and that serine 459 is phosphorylated in the 
presence of unattached kinetochores in Xenopus laevis egg ex­
tracts (Chen, 2004). Thus, it will be important to test in the future 
whether the conserved motif I is also phosphorylated when the 
spindle checkpoint is active and whether this phosphorylation 
contributes to checkpoint signaling in human cells.

Regulation of chromosome alignment
Loss of Bub1 leads to a high number of congression errors in 
human cells (Johnson et al., 2004; Meraldi and Sorger, 2005). 
Catalytically inactive Bub1 mutants do not rescue chromosome 
congression defects in cells depleted of endogenous Bub1. We 
therefore conclude that the enzymatic activity of Bub1 is essen­
tial for the regulation of chromosome alignment. Previous stud­
ies reported that Sgo1 is a key target of Bub1 for chromosome 
congression (Tang et al., 2004b, 2006; Kitajima et al., 2005). 
Consistent with data from X. laevis or S. pombe, we find that 
loss of the kinase domain also impairs loading of Sgo1 onto 
kinetochores (Kitajima et al., 2004; Boyarchuk et al., 2007; Fernius 
and Hardwick, 2007). However, our data also indicate that loss 
of Sgo1 on kinetochores does not strictly correlate with a high 

Figure 10.  Schematic illustration of the im-
portance of the different Bub1 domains for 
spindle checkpoint efficiency and chromosome 
congression. Continuous line, high importance; 
dashed line, moderate importance.
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lacZ with DIG-dUTP (Roche), and the signal was detected by adding  
CDP-star chemiluminescent substrate (Roche) and exposure to x-ray films.

Immunoblotting and RT-PCR
Whole cell extracts were resolved by SDS-PAGE and transferred to nitro
cellulose membranes by semidry blotting. Membranes were blocked in block-
ing buffer (5% low-fat dried milk, PBS, and 0.1% Tween 20) and incubated 
with 0.3 µg/ml rabbit anti-Bub1, rabbit anti-Mad2 (1:5,000; Bethyl Labo-
ratories, Inc.), or mouse anti–-tubulin (1:10,000; Sigma-Aldrich) anti-
bodies in blocking buffer. Anti–mouse and anti–rabbit HRP-conjugated 
secondary antibodies (Sigma-Aldrich) were applied in blocking buffer and 
developed by enhanced chemiluminescence. For RT-PCR, total RNA was 
isolated as described previously (Chen et al., 2005) and subjected to 
random-primed reverse transcription using SuperScript II Rnase H-Reverse tran-
scription (Invitrogen). PCR reactions were performed with 100 ng template 
DNA. The optimal cycle number was determined as described previously 
(for Bub1 and 3 UTR, 38 cycles; RPS9, 28 cycles; Chen et al., 2003). 
Controls were performed with primers for ribosomal protein S9. PCR prod-
ucts were resolved by electrophoresis, visualized with ethidium bromide, 
and their intensities were measured densitometrically.

In vitro translation and immunoprecipitation
Bub1 mutants and Bub3 were in vitro translated using the TNT T7 Coupled 
Reticulocyte Lysate System (Promega) using 50 µCi [35S]-methionine (Perkin  
Elmer) for each reaction. Flag-tagged Bub1 mutants were immunoprecipitated 
with anti-Flag M2 affinity gel (Sigma-Aldrich) and equilibrated with TNES 
buffer (50 mM Tris, pH 7.5, 100 mM NaCl, 2 mM EDTA, 1% NP-40, and 
1 mM DTT). After a 2-h incubation at 4°C, the agarose beads were washed 
three times with TNES and loaded onto an SDS-PAGE gel. After exposure to 
x-ray films for autoradiography, the autoradiogram was scanned, and the in-
tensity of the signals was measured using softWoRx (Applied Precision, LLC).

Immunofluorescence microscopy
Cells were fixed, permeabilized, blocked, and imaged as described previ-
ously (McClelland et al., 2007) using a 60× oil NA 1.3 objective on a micro-
scope (Deltavision RT; Applied Precision, LLC ) equipped with a camera 
(CoolSnapHQ; Roper Scientific). The following primary antibodies were used 
for staining: goat anti-Bub1 (1:2,000; this study), human anti-CREST (1:400; 
Antibodies, Inc.), mouse anti–CENP-A (1:1,000; Abcam), mouse anti–-tubulin 
(1:10,000; Sigma-Aldrich), rabbit anti-Sgo1 (1:500; Abcam), rabbit anti–
CENP-F (1:1,000; Abcam), rabbit anti-Mad1 (1:2,000; Meraldi et al., 2004), 
rabbit anti-Mad2 (1:500; Covance), mouse anti-BubR1 (1:1,500; Abcam), 
rabbit anti-MCAK (1:500; Cytoskeleton, Inc.), and rabbit anti-GFP (1:1,000; 
Abcam). The levels of kinetochore-bound protein were quantified as described 
previously (McClelland et al., 2007). For quantification of total Bub1 mutant 
protein expression levels, cells were stained with GFP or Bub1 antibodies, and 
the total signal intensity per cell was measured using a low magnification 20× 
NA 0.45 objective with high optical thickness. We determined the mean inten-
sity and standard deviation of 10 cells for each Bub1 mutant.

Live cell time-lapse imaging and analysis
For live cell imaging, cells were monitored at 37°C in LabTechII (Thermo 
Fisher Scientific) chambers in Leibovitz’s L-15 medium containing 10% 
FCS. Images were acquired every 3 min for 8 h using a 20× NA 0.75 ob-
jective on a microscope (Life; Carl Zeiss, Inc.) equipped with a DAPI-FITC-
Rhod/TR-CY5 (Chroma Technology Corp.) filter set.

Online supplementary material
Fig. S1 shows the TUNEL assay and the immunofluorescence images of 
Mad2, Mad1, and BubR1 in HeLa Flp-In cells after Bub1 RNAi. Fig. S2 
shows the quantification of Mad2, Mad1, BubR1, MCAK, Sgo1, and 
CENP-F levels on kinetochores in Bub1-Bub3–binding domain and Bub1-DN 
cells, the immunoblotting of Mad2 in Bub1-Y259C cells, and the in vitro 
Bub3-binding assay. Figs. S3 and S4 show immunofluorescence images 
of Mad1, Mad2, and BubR1 (Fig. S3) and MCAK, Sgo1, and CENP-F 
(Fig. S4) in hTERT-RPE1 Flp-In cells. Online supplementary material is avail-
able at http://www.jcb.org/cgi/content/full/jcb.200902128/DC1.

We thank Daniel Gerlich for the HeLa Kyoto H2B-Red cells, Satyarebala 
Borusu for generating goat anti-Bub1 antibodies, Michaela Gerber, René 
Holtackers, and Sandra Maar (all ETH Zurich) for excellent technical assis-
tance, and Ulrike Kutay (ETH Zurich), Silke Hauf (Max Planck Institute, Tübingen, 
Germany), Kevin Hardwick (University of Endinburgh, Endinburgh, Scotland, 
UK), Andrew McAinsh (Marie Curie Research Institute, Surrey, England, UK), 
and the Meraldi group for stimulating discussions. We thank the Light Micros-
copy Center of ETH Zurich for technical support.

to fully rescue Bub1 RNAi. This indicates that Bub1 mutants can 
deregulate chromosome segregation and suggests that cancer for­
mation could be linked to a weakened Bub1 function. A precise 
analysis of the involvement of these Bub1 mutants in tumor forma­
tion should therefore be an important feature in future works. It is 
interesting to note that the tested cancer-related Bub1 mutants lead 
to quantitatively different results in HeLa and hTERT-RPE1 cells, 
suggesting that the regulatory pathways controlling chromosome 
segregation are very similar yet also distinct between transformed 
and untransformed cells.

An important question is whether heterozygous Bub1 muta­
tions are sufficient to disrupt chromosome segregation or whether 
both Bub1 alleles have to be targeted. Although the A130S muta­
tion was present on both alleles, Y259C and H265N were found 
only on one allele, which is accompanied by a wt Bub1 allele 
(Hempen et al., 2003). However, in our expression system, none of 
the Bub1 mutants, including the DN N-terminal Bub1 fragment, 
induced a DN effect on mitotic progression, suggesting that the 
DN effect observed by Taylor and McKeon (1997) requires over­
expression of the mutant protein. Therefore, we speculate that epi­
genetic control mechanisms that down-regulate gene expression 
such as hypermethylation or hypoacetylation of the second allele 
are required to sensitize untransformed cells for Bub1 mutations.

Materials and methods
Antibody production
A GST-tagged Bub1 fragment (aa 336–489) was purified from Escherichia 
coli under native conditions and injected into rabbits (NeoMPS) and goats 
(BioGenes). Rabbit anti-Bub1 antibodies were affinity purified against GST-
tagged Bub1 bound to an AminoLink Plus Immobilization column (Thermo 
Fisher Scientific).

Cell culture, stable cell lines, RNAi, and functional assays
Stable HeLa Flp-In, hTERT-RPE1 Flp-In, and Bub1 mutant cell lines were con-
structed according to the manufacturer’s protocol (Invitrogen). We amplified 
the Bub1 cDNA by PCR and inserted it into the pcDNA5/FRT/V5-His-TOPO 
vector (Invitrogen). Flag-EGFP was subcloned C-terminally of Bub1. The 
mutants were constructed via site-directed mutagenesis. Cells were grown 
at 37°C in 5% CO2 in either Dulbecco’s minimum essential medium + 10% 
FCS (HeLa cells) or 50:50 Ham’s F-12/DME + 10% FCS (hTERT-RPE1 cells). 
HeLa Kyoto H2B-mRED cells (provided by D. Gerlich, ETH Zurich, Zurich, 
Switzerland) were supplemented with 500 µg/ml G418, HeLa Flp-In, and 
hTERT-RPE1 Flp-In cells with 400 µg/ml zeocin, and stable Bub1 mutant 
cells were supplemented with 300 µg/ml hygromycine (HeLa) or 5 µg/ml 
puromycine (RPE1). Cells were transfected as described with 30- (HeLa) or 
40-nM (RPE1) siRNAs (Bub1 siRNA, 5-GAGUGAUCACGAUUUCUAA-3; 
alternative Bub1 siRNA, 5-AAGATGCATTTGAAGCCCAGT-3) and ana
lyzed 48 h after transfection (Elbashir et al., 2001). Cells were treated for  
1 h with 1 µM MG132 prior to fixation to measure congression efficiency. 
To measure spindle checkpoint activity, cells were treated with 1 nM nocodazole 
for 16 h, and the fraction of rounded-up cells was determined by phase- 
contrast microscopy. To measure apoptosis, cells were incubated with  
1 nM nocodazole for 16 h and fixed with 3.7% formaldehyde in phosphate-
buffered saline, pH 7.4. A TUNEL assay was performed using an in situ cell 
death detection system that contained fluorescein–deoxy UTP (dUTP; Roche).

FISH analysis and Southern blotting
For FISH analysis, chromosome spreads were prepared according to stan-
dard cytogenetic methodology. The sample directed against the LacZ gene 
was labeled with Atto488-dUTP (Jena Bioscience). Hybridization was per-
formed with 20-ng sample. Images were acquired using a microscope (Axio 
Imager M1; Carl Zeiss, Inc.) and a fluorescence imaging system (ISIS ver-
sion 5.2; Metasystems). For Southern blotting, genomic DNA was extracted 
following standard procedures (proteinase K digestion, phenol/chloroform 
extraction, and ethanol precipitation). 5 µg DNA was digested with HindIII. 
The hybridization probes were prepared by labeling PCR products against 
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