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Background: The molecular basis by which BubR1 is post-translationally modified during the cell cycle remains poorly

understood.

Results: BubR1 is modified by sumoylation and lysine 250 is crucial for its SUMO-modification.
Conclusion: A new type of post-translational modification is identified that is essential for BubR1 function.
Significance: An important molecular mechanism is identified that inactivates the spindle checkpoint.

BubR1 functions as a crucial component that monitors proper
chromosome congression and mitotic timing during cell divi-
sion. We investigated molecular regulation of BubR1 and found
that BubR1 was modified by an unknown post-translation
mechanism during the cell cycle, resulting in a significant
mobility shift on denaturing gels. We termed it BubR1-M as the
nature of modification was not characterized. Extended (>24 h)
treatment of HeLa cells with a microtubule disrupting agent
including nocodazole and taxol or release of mitotic shake-off
cells into fresh medium induced BubR1-M. BubR1-M was
derived from neither phosphorylation nor acetylation. Ectopic
expression coupled with pulling down analyses showed that
BubR1-M was derived from SUMO modification. Mutation
analysis revealed that lysine 250 was a crucial site for sumoyla-
tion. Significantly, compared with the wild-type control, ectopic
expression of a sumoylation-deficient mutant of BubR1 induced
chromosomal missegregation and mitotic delay. Combined, our
study identifies a new type of post-translational modification
that is essential for BubR1 function during mitosis.

BubR1 is highly conserved protein that functions as a key
component of the spindle checkpoint. Because both the Bubl
and MAD3 ortholog in mammals share significant sequence
homology, MAD3 was therefore named BubR1 (Bub1-related)?
(1). Fluorescence microscopy reveals that BubR1 colocalizes
with CREST, kinetochore antigens, during late G, and early
mitosis, but not after metaphase (2, 3). Despite its marked
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sequence homology to yeast MAD3, human BubR1 possesses a
unique C-terminal extension that contains a serine-threonine
kinase domain. BubR1 interacts with components of anaphase-
promoting complex/cyclosome (APC/C) and this interaction is
enhanced in response to spindle checkpoint activation (3-5).

BubR1 (Bublb)-null mice are embryonically lethal (6).
BubRI1"'~ mouse embryonic fibroblasts are defective in spindle
checkpoint activation, contain a significantly reduced amount
of securin and Cdc20, and exhibit a greater level of micronuclei
than wild-type cells do (7). BubR1 insufficiency also causes
infertility as well as phenotypes characteristic of early aging (8,
9). Given its importance in the regulation of mitotic progres-
sion, BubR1 expression and activity are tightly regulated during
the cell cycle. At the protein level, BubR1 is modified by several
types of post-translational modification (4, 10, 11). BubR1 is
extensively phosphorylated on many sites (11-13). Plkl
appears to play an important role in phosphorylation of BubR1
although additional kinases including Cdkl and Mps1 are also
involved in phosphorylating BubR1 (11-13). Hyper-phosphor-
ylated BubR1, as well as other components of the checkpoint
machinery including Bub1, Bub3, Mad1, Mad2, and CENP-E, is
associated with unattached kinetochores and regulates the sta-
bility of kinetochore microtubule interactions (14-16).
Although BubR1 and Mad?2 appear to function in the same sig-
naling pathway after spindle checkpoint activation, BubR1 is a
much more potent inhibitor of APC/C than Mad?2 (31). In addi-
tion to phosphorylation, BubR1 is also subjected to posttrans-
lational modifications including acetylation (10). The acety-
lated BubR1 is thought important for checkpoint function by
inhibition of the ubiquitin-dependent degradation of this pro-
tein (10).

We have recently demonstrated that BubR1 was modified by
sumoylation during the cell cycle, resulting in a distinct mobil-
ity shift on denaturing gels. Lysine 250 is a crucial site for
sumoylation. Ectopic expression of a sumoylation-deficient
BubR1 mutant but not the corresponding wilt-type control
induced mitotic arrest coupled with a significant chromosomal
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missegregation. Our study reveals a new type of molecular
mechanism that regulates the activity of BubR1 during mitosis.

EXPERIMENTAL PROCEDURES

Cell Culture—HeLa and U20S cell lines were obtained from
the American Type Culture Collection. Cells were cultured in
DMEM supplemented with 10% fetal bovine serum (FBS, Invit-
rogen) and antibiotics (100 wg/ml of penicillin and 50 wg/ml of
streptomycin sulfate, Invitrogen) at 37 °C under 5% CO.,.
Mitotic shake-off cells were obtained from gentle tapping of
either normally growing mitotic (rounded up) cells or cells
treated with nocodazole (40 ng/ml) (Sigma-Aldrich) for 14 h.
Both types of shake-off cells were used for mitotic release in the
presence or absence of nocodazole (or taxol), caffeine (Sigma-
Aldrich), and/or MG132 (Sigma-Aldrich) as specified in each
experiment.

Antibodies—Antibodies for HA, p-H3S10, and B-actin were
purchased from Cell Signaling Technology Inc. Rabbit poly-
clonal antibodies (#32, #33, and #35) for BubR1 were developed
in the laboratory. An independent antibody against BubR1 was
purchased from Santa Cruz. GFP and SUMO-1 antibodies were
purchased from Santa Cruz Biotechnology. Rabbit anti-ubiqui-
tin antibodies were from Abcam (Boston). Mouse anti-FLAG
antibody was purchased from Sigma-Aldrich. Mouse anti-
SUMO2/3 antibodies were kindly provided by Dr. Michael J.
Matunis (Johns Hopkins University). Human IgGs (CREST)
against centromere proteins were purchased from Antibodies
Incorporated (Davis, CA).

Plasmids, Mutagenesis, and Transfection—The original plas-
mid for cloning the full-length BubR1 expression plasmid or
making BubR1 deletion constructs was described previously
(4). An N-terminal fragment (610 amino acids) of BubR1 which
corresponded to the caspase 3-cleaved fragment (18) was
cloned into a GFP-expression plasmid. BubR1 mutation at
lysine K250 was carried out using the QuickChange Lightning
Multi Site-directed Mutagenesis kit (Stratagene) using the
N-terminal fragment as a template. Individual mutations were
confirmed by DNA sequencing. BubR1 and its truncated frag-
ment were expressed as HA- or GFP-tagged fusion proteins.
HA-UBC9 and His,-SUMO-1 plasmids were purchased from
Addgene. SENP-1 and its mutant expression plasmids were
kindly provided by J. Cheng (19). Transfection of plasmids or
siRNAs was carried out using Lipofectamine 2000 according to
the instruction provided by the supplier (Invitrogen).

Western Blot—SDS-PAGE was carried out using the mini gel
system from Bio-Rad. Proteins were transferred to PVDF mem-
branes. After blocking with TBST containing 5% nonfat dry
milk for 1 h, the membranes were incubated overnight with
primary antibodies, followed by incubation with horseradish
peroxidase-conjugated secondary antibodies for 1 h at room
temperature. After thorough washing with TBST buffer, signals
on the membranes were developed with an enhanced chemilu-
minescent system (Pierce).

Immunoprecipitation and Pull-down Assays—For immuno-
precipitation, cells were lysed in a lysis buffer (20 mm Tris, pH
7.5,150 mm NaCl, 1% Triton, 2 mm sodium pyrophosphate and
1 mMm EDTA, 1 mMm NaF, 1 mm sodium orthovanadate, 500 um
PMSF, 2 uM pepstatin A, 10 units/ml aprotinin, 20 mm NEM),
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and cleared by centrifugation. 1 ug of antibody and 40 ul of
protein G-agarose resin (50/50, Millipore) were then added to
1-3 mg cell lysates and incubated at 4 °C overnight followed by
extensive washing with the lysis buffer. Proteins bound to resin
were eluted with SDS sample buffer and then subjected to anal-
ysis by SDS-PAGE followed by Western blot with appropriate
antibodies.

For pull-down assays, HeLa cells transfected with plasmids
expressing BubR1, HA-Ubc9 and/or His;-SOMU-1 were lysed
in a lysis buffer as described (20). Ni**-NTA-agarose resin
(Qiagen) was then added to the cell lysates and incubated with
gentle agitation at 4 °C overnight. The resin was successively
washed at room temperature with four different buffers (Wash-
ing buffer 1: 6 M guanidine-HCI, 0.1 m Na,HPO,/NaH,PO,,
0.01 M Tris/HCI, pH 8.0 plus 10 mm B-mercaptoethanol; Wash-
ing buffer 2: 8 M urea, 0.1 m Na,HPO,/NaH,PO,, 0.01 M Tris/
HCI, pH 8.0, 10 mMm B-mercaptoethanol; Washing buffer 3: 8 m
urea, 0.1 m Na,HPO,/NaH,PO,, 0.01 m Tris/HCI, pH 6.3, 10
mM [-mercaptoethanol plus 0.2% Triton X-100; Washing
buffer 4: buffer A plus 0.1% Triton X-100). After last wash,
His,-tagged products were eluted in the following buffer (200
mwm imidazole, 0.15 m Tris/HCl pH 6.7, 30% glycerol, 0.72 M
B-mercaptoethanol, 5% SDS), and samples were Western-blot-
ted for BubR1 or for the HA tag.

Fluorescence Microscopy—Fluorescence microscopy was
performed as described in our early studies (21, 22). Briefly,
HelLa cells seeded on chamber slides were transfected with var-
ious expression constructs for 48 h. At the end of transfection,
cells were fixed with 4% paraformaldehyde in PBS for 20 min at
room temperature. After permeabilization by incubation with
0.5% Triton X-100 in PBS for 20 min, cells were incubated with
2% bovine serum albumin (BSA) in PBS for 1 h, followed by
incubating overnight with the antibody to CREST. Cells were
stained with Alex Fluor 555-conjugated goat anti-human IgG
(Invitrogen) for 1 h. Cellular DNA was finally stained with 4',6-
diamidino-2-phenylindole (DAPI, Molecular Probe, Eugene,
OR). Fluorescence signals were detected on a Leica TCS SP5
confocal microscope or on a Leica AF6000 fluorescence
microscope.

Flow Cytometry—Cells were initially fixed in 75% ethanol,
then suspended in a solution of PBS containing 100 ug/ml of
RNase A (Sigma) and 10 pg/ml of propidium iodide (Molecular
Probes) and kept at room temperature for 1 h. Cellular fluores-
cence was then measured using Beckman Coulter® Epics XL-
MCL™ Flow Cytometer (Fullerton, CA). DNA frequency distri-
bution dot-blots were deconvoluted using Muticycle software
(Phoenix Flow System, San Diego, CA) to estimate percent of
cells in different phases of the cell cycle. Other details of cell
staining and flow cytometric analysis are given elsewhere (23).

Statistical Analysis—The Student’s ¢ test was used to evalu-
ate the difference between two groups. A value of p < 0.05 was
considered to be statistically significant.

RESULTS

During the course of our study of BubR1, we observed that
mitotic lysates often contained a slow mobility band that was
immunoreactive to the BubR1 antibody on denaturing blots
(Fig. 1A). Given that several BubR1 antibodies from indepen-
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FIGURE 1. BubR1 is modified, resulting in a significant mobility shift on
denaturing gels. A, Hela cells were treated with nocodazole for (40 ng/ml)
14 h after which mitotic cells were collected by shake-off. These cells were
then re-cultured in the presence or absence of nocodazole and/or caffeine for
various times, as indicated. Equal amounts of cell lysates were blotted for
BubR1 and B-actin. B, U20S cells were cultured in the presence of nocodazole
for various times as indicated. Equal amounts of cell lysates were blotted for
BubR1 and B-actin. Lysates of nocodazole- and caffeine-treated cells (N+C)
were used as a positive control. C, HeLa cells were cultured in the presence or
absence of taxol (40 nm) for 14 or 24 h. Equal amounts of cell lysates were
blotted for BubR1 and B-actin. D, shake-off mitotic cells from Hela treated
with nocodazole for 18 h were released into fresh medium supplemented
with or without MG132 for various times. Equal amounts of cell lysates were
blotted for BubR1.

dent sources all detected this band (supplemental Fig. S1), we
named it as a modified form of BubR1 (BubR1-M). The molec-
ular mass of the band was about 170 kDa, ~40 kDa larger than
the unphosphorylated, interphase form of BubR1. BubR1-M
increased during mitotic release and inclusion of caffeine accel-
erated and enhanced BubR1 (Fig. 1A4). The increase of
BubR1-M was inversely correlated with levels of BubR1 and
p-BubR1, suggesting a direct conversion of BubR1 and
p-BubR1 into BubR1-M. The presence of BubR1-M was not
HeLa cell-specific as U20S cells, as well as A549 and HCT116
cells (data not shown), treated with nocodazole for over 28 h
also contained this signal (Fig. 1B). Treatment with taxol,
another mitotic inducer, for 24 h or longer also induced
BubR1-M (Fig. 1C), suggesting a possible consequence of pro-
longed mitotic arrest. The presence of BubR1-M did not
depend on BubR1 phosphorylation as MG132 treatment stabi-
lized BubR1 phosphorylation but failed to enrich BubR1-M
(Fig. 1D).

When normal mitotic shake-off cells without any drug treat-
ment were re-cultured into fresh medium, BubR1-M was
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FIGURE 2. BubR1-Miis specific. A, mitotic shake-off cells collected from expo-
nentially growing Hela cells were re-cultured in fresh medium. Cell lysates
were prepared at various times of culture. Equal amounts of cell lysates were
blotted for BubR1, phosphorylated histone H3 (p-H3570) and B-actin. B, asyn-
chronized and mitotic (synchronized with nocodazole) cell lysates were
immunoprecipitated with the BubR1 antibody or with a control IgG. Immu-
noprecipitates, along with cell lysate inputs, were blotted for BubR1. Blots of
both short exposure and long exposure are shown. C, Hela cells were trans-
fected with BubR1 or luciferease (Luc) siRNA for 24 h followed by treatment
with nocodazole and/or caffeine overnight. At the end of treatment, equal
amounts of cell lysates were blotted for BubR1.

detected within 24 min after the release (Fig. 24). BubR1-M
peaked around 92 min after the release when the signal of phos-
pho-histone H3 (p-H3S10), a mitotic marker, started to decline
(Fig. 2A). These results suggest that BubR1-M is a physiological
form that occurs during normal cell cycle progression. Immu-
noprecipitation revealed that BubR1-M was specifically
brought down by the BubR1 antibody, but not by control IgG
(Fig. 2B). RNA interference experiments further confirmed that
BubR1-M was BubR1-specific as BubR1 siRNA, but not a con-
trol siRNA, almost completely depleted it and greatly reduced
the interphase and the mitotic forms of BubR1 as well (Fig. 2C).

BubR1 is subjected to extensive phosphorylation during
mitosis (4, 11). However, protein phosphatase treatment did
not reduce the intensity of the BubR1-M band although it com-
pletely collapsed the phosphorylated form of BubR1 (Fig. 34).
As BubRl1 is also reported to be acetylated at prometaphase
(10), we examined cells treated with trichostatin A (TSA), a
universal histone deacetylase inhibitor, in the presence or
absence of a mitotic inducer for 40 h. Whereas TSA signifi-
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FIGURE 3. BubR1 is modified by sumoylation. A, Hela cells treated with or
without taxol and/or caffeine for 40 h were collected for lysate preparation.
Equal amounts of lysates were incubated with or without A phosphatase for
1 h at room temperature before analysis by SDS-PAGE followed by immuno-
blotting with antibodies to BubR1 and -actin. B, HelLa cells were treated with
nocodazole or taxol for 18 h followed by treatment with TSA (100 nm) for 24 h.
Equal amounts of cell lysates from various treatments were blotted for BubR1,
acetylated histones, and B-actin. C, Hela cells treated with taxol for 40 h were
collected for lysate preparation. Equal amounts of cell lysates were incubated
with or without NEM (20 mwm) in vitro for 1 h on ice, after which the lysates,
along with asynchronized and mitotic cell lysate inputs, were blotted for
BubR1 and B-actin. D, Hela cells transfected with plasmids expressing FLAG-
tagged SENP-1 or with an enzymatically defective SENP1 (SENP-1-Mut) for
18 h were treated with taxol for an additional 24 h. Equal amounts of lysates
were blotted for BubR1 and B-actin.

cantly stabilized the acetylated form of histones in cells treated
with nocodazole or taxol, it did not enhance the signal of
BubR1-M induced by an extended treatment with mitotic
inducers (Fig. 3B).

To understand the biochemical nature of BubR1-M, we first
incubated taxol-treated cell lysates with or without N-ethylma-
leimide (NEM), a chemical capable of inhibiting isopeptidases
for de-sumoylation and de-ubiquitination. Immunoblotting
revealed that NEM significantly enhanced BubR1-M (Fig. 3C),
suggesting the involvement of either sumoylation or
ubiquitination.

As the first step to determine whether sumoylation resulted
in BubR1-M, HeLa cells were transfected with a plasmid con-
struct expressing either FLAG-tagged wild-type sentrin-spe-
cific peptidase 1 (SENP1) or FLAG-tagged enzymatically defec-
tive SENP1 (SENP1-Mut). The transfected cells were then
treated with taxol. Compared with parental cells, expression of
FLAG-SENP1 almost completely eliminated BubR1-M (Fig.
3D). Supporting this, the mutant SENP1 was not effective in
suppression of BubR1-M than the wild-type SENP1 (Fig. 3D).
Expression of both SENP1 and its mutant was confirmed by
blotting with the anti-FLAG antibody (Fig. 3D). These results
strongly suggest that BubR1-M is derived from modification by
sumoylation

We next tested if BubR1 was modified by SUMO-1 using the
co-immunoprecipitation (Co-IP) approach. The SUMO-1 anti-
body detected a band that migrated at the same position as
BubR1-M in the precipitates brought down by BubR1 antibody
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FIGURE 4. BubR1 can be modified by SUMO-1. A, mitotic cell lysates pre-
pared from taxol-treated cells were immunoprecipitated with the anti-BubR1
antibody or with the control IgG. Immunoprecipitates, along with asynchro-
nized and mitotic cell lysates, were blotted for BubR1 and SUMO-1. B, mitotic
cell lysates prepared from taxol-treated (or vehicle-treated) cells were immu-
noprecipitated with the anti-BubR1 antibody or with the control IgG. Immu-
noprecipitates, along with interphase and mitotic cell lysates, were blotted
with the antibody to ubiquitin. C, HeLa cells were transfected with FLAG-
UBC9 and Hisg-SUMO-1 for 24 h followed by treatment with nocodazole
and/or caffeine for an additional 18 h. Equal amounts of cell lysates of various
treatments were incubated with Ni-NTA resin. After extensive washing, pro-
teins specifically bound to the resin, along with lysate inputs, were blotted for
BubR1. D, Hela cells were co-transfected with HA-BubR1 (or vector), FLAG-
UBC9 and Hisg-SUMO-1 for 48 h. Equal amounts of cell lysates were incubated
with Ni-NTA resin. Proteins specifically bound to the resin, along with lysate
inputs, were blotted for BubR1 and the HA tag.
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but not by the control IgG (Fig. 44). On the other hand, when
BubR1 immunoprecipitates were blotted for ubiquitin, no spe-
cific signals that migrated at the position of BubR1-M were
detected (Fig. 4B). To further confirm SUMO-1 modification of
BubR1, HeLa cells were co-transfected with plasmids express-
ing His;-SUMO-1 and FLAG-UBCY, the latter being the essen-
tial SUMO E2-conjugating enzyme. The transfected cells were
then treated with nocodazole and/or caffeine. Affinity pull-
down of SUMO-1-tagged proteins using nickel (Ni-NTA) resin
followed by immunoblotting with the BubR1 antibody revealed
one band that migrated at the same position as BubR1-M,
which was further enriched after nocodazole treatment (Fig.
4C). An intermediate BubR1 band (marked by *) was also pulled
down and its signal was significantly higher in interphase cell
lysates than that in mitotic ones.

We next transfected HeLa cells with a plasmid construct
expressing HA-tagged BubR1, along with plasmids expressing
His,-SUMO-1 and FLAG-UBCO9. Consistent with our predic-
tion, sumoylated bands were detected by the BubR1 antibody in
transfected cells. These bands were significantly enriched by
affinity pull-down with Ni-NTA resin (Fig. 4D). Blotting with
the anti-HA antibody confirmed that HA-BubR1 was specifi-
cally pulled down by nickel resin (Fig. 4D).
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FIGURE 5. BubR1 K250 is crucial for sumoylation. A, Hela cells constitu-
tively expressing Hisg-SUMO-1 or Hisg-SUMO-2, as well as parental Hela cells,
were collected and equal amounts of cell lysates were blotted with the anti-
body to the Hisq tag. These cells were also treated with taxol for 18 h after
which cell lysates were prepared. Equal amounts of cell lysates were blotted
for BubR1. B, schematic presentation of BubR1 (Wt) and its N-terminal frag-
ment (610 amino acids) with (N-K250R) or without (N-Wt) K250 replaced with
R250. GFP was fused in-frame with BubR1 N-terminal fragment. C, HeLa cells
transfected with a plasmid construct expressing GFP-tagged N-terminal frag-
ment of BubR1 (GFP-N-Wt) or its mutant counterpart (GFP-N-K250R) for 24 h
followed by taxol treatment for 18 h. Equal amounts of cell lysates were blot-
ted for BubR1, GFP, and B-actin. Arrow N-Wt-M denotes the sumoylated, GFP-
tagged N-terminal fragment of BubR1. Arrow GFP-N denotes both the
wild-type N-terminal fragment of BubR1 and its mutant counterpart. Vehicle
and T+Cdenote lysate inputs that were derived from cells treated with vehi-
cle or taxol () plus caffeine (C) for 18 h, respectively. D, Hela cells constitu-
tively expressing His6-SUMO-1 were transfected with Hisg-HA-N-Wt or His,-
HA-N-K250R expression plasmids for 48 h. Ectopically expressed proteins
were enriched by incubation with Ni-NTA resin and analyzed, along with
lysate inputs, by Western blotting using the antibody to HA tag. Hisg-HA-N-M
denotes the sumoylated BubR1 N-terminal fragment.

As we have obtained HeLa cell lines that constitutively
expressed transfected His,-SUMO-1 and His,-SUMO-2 (Fig.
5A), we asked if BubR1 could be modified by SUMO-2, as well
as SUMO-1. After treatment with taxol for 28 h, cell lysates
prepared from parental HeLa cells, as well as from His,-
SUMO-1- and His,-SUMO-2-expressing HeLa cells, were col-
lected and equal amounts of lysates were blotted for BubR1.
Immunoblotting revealed that BubR1-M was accumulated to
higher levels in SUMO-1-expressing cells than in parental cells
(Fig. 5A). BubR1-M was also induced to a level comparable to
that observed in SUMO-1 cells. These data suggest that BubR1
can be modified by SUMO-2.

To identify the potential lysine residues of BubR1 that were
sumoylated, we analyzed BubR1 amino acid sequences for opti-
mal sumoylation sites using the criteria available at Abgent Inc.
Three lysines sites (K5, K250, and K769) with the highest scores
were subjected to mutagenic analysis. The relative position of
these sites to other domains is shown in supplemental Fig. S2.
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We first made plasmid constructs expressing a GFP-tagged
N-terminal fragment (610 amino acids) of BubR1 (termed
BubR1 N-Wt) and its corresponding lysine mutant (termed
BubR1 N-K250R) (Fig. 5B), as early studies show that the N
terminus retains the checkpoint function of BubR1 (24, 25).
Immunoblotting with antibodies to BubR1 and GFP con-
firmed that both N-Wt and N-K250R were efficiently
expressed (Fig. 5C, arrows GFP-N and GFP). A new band
(arrow N-Wt-M) was detected in cells transfected with GFP-
N-Wt expression construct, and the intensity of the band
increased after treatment with taxol, suggesting a sumoy-
lated form of the ectopically expressed GFP-N-Wt. Consis-
tent with this prediction, the molecular mass of the band was
about 117 kDa, approximately one SUMO-1 size larger than
GFP-N-Wt, predicted to be 97 kDa. Further supporting this,
cells transfected with GFP-N-K250R mutant expression
construct did not contain this form of BubR1 even after taxol
treatment (Fig. 5C). Thus, these data suggest the importance
of K250 for sumoylation.

We were unable to detect a shifted band when lysates from
GFP-N-Wt transfected cells were probed with the anti-GFP
antibody. We reasoned that the bulky GFP moiety might inter-
fere with the detection. To further study whether K250 is a
crucial site for sumoylation, we made a plasmid construct
expressing N-terminal fragment of BubR1 or its corresponding
K250R mutant that was fused in-frame with both His, and HA
tags. After transfection into HeLa cells constitutively express-
ing His,-SUMO-1, both BubR1 fragments were efficiently
expressed (Fig. 5D, Input). After enrichment with Ni-NTA
resin, a modified BubR1 with a predicted mobility was easily
detected only in cells transfected with the plasmid expressing
the wild-type protein (Fig. 5D, Ni-NTA), strongly suggesting a
sumoylated form of ectopically expressed wild-type BubR1l
(arrow His6-HA-N-M).

Early studies show that the N terminus of BubR1 retains the
checkpoint function of BubR1 (24, 25). Thus, we asked whether
BubR1 sumoylation played a role in regulating mitotic progres-
sion. HeLa cells ectopically expressing GFP-tagged BubR1
N-Wt or its mutant counterpart N-K250R were examined via
time-lapse confocal microscopy. Both GFP-BubR1 N-Wt and
GFP-N-K250R localized normally to kinetochores during early
mitosis (Fig. 64). BubR1 N-K250R appeared to be associated
with the kinetochores longer than BubR1 N-Wt (Fig. 6A). Sig-
nificantly, expression of BubR1 N-K250R frequently caused the
formation of lagging chromosomes during anaphase (Fig. 64,
arrow in 1:04 time frame). Further analysis of fixed and stained
mitotic cells revealed that a much higher percentage of ana-
phase and telophase cells expressing BubR1 N-K250R con-
tained lagging chromosomes than their counterparts express-
ing BubR1 N-Wt (Fig. 6, B and C), strongly suggesting that
sumoylation plays an important role in regulating normal
nuclear division. Intriguingly, a significant fraction of cells
expressing BubR1 N-K250R exhibited a delayed progression
through mitosis, leading to enrichment of mitotic cells (supple-
mental Fig. S3 and Table S1). This observation apparently dif-
fers from an early study that expression of DsRed-tagged
BubR1-K250R mutant induces mitotic slippage (10). One
explanation is that expression of DsRed-BubR1l K250R was

JOURNAL OF BIOLOGICAL CHEMISTRY 4879


http://www.jbc.org/cgi/content/full/M111.318261/DC1
http://www.jbc.org/cgi/content/full/M111.318261/DC1
http://www.jbc.org/cgi/content/full/M111.318261/DC1

BubR1 Is SUMO-modified

A

=

Z

x

Q

>

m

x

=)

T

I3

X

e

x

o)

>

m

B C
EA
2R 60, N=105
a
= 0
SE
> O 45+
n P
< ©
-g_g 30t
o E N=101
2O
50 15
£9
O] N-Wt N-K250R
<r)::E

FIGURE 6. Sumoylation-resistant mutant of BubR1 induces mitotic delay and chromosomal missegregation. A, Hela cells transfected with GFP-tagged
BubR1 N-Wt and BubR1 N-K250R were subjected to time-lapse videography. Time of each frame is indicated (upper left corner). Paired representative cells are
shown. Arrows in 0:30 GFP time-frame denote BubR1 N-K250R signals that remain on kinetochores. Arrow in 1:04 DIC time-frame denotes mis-segregated
chromosomes. B, Hela cells transfected with a plasmid construct expressing GFP-tagged N-terminal fragment of BubR1 (GFP-N-W1) or its mutant counterpart
(GFP-N-K250R) for 48 h were fixed and stained with antibody to CREST (red). DNA was stained with DAPI (blue). Representative cell images are shown. Lagging
chromosomes are indicated by arrows. C, HeLa cells were transfected with a plasmid expressing either GFP-tagged wild-type of N-terminal BubR1 fragment
(N-Wt) or its mutant counterpart with K250 replaced with R (N-K250R). After 48 h transfection, HelLa cells were fixed and stained with the antibody to CREST. DNA
was stained with DAPI. The percentage of anaphase/telophase cells with mis-segregated chromosomes was determined for each group. Data are summarized

from three independent experiments.

coupled with depletion of endogenous BubR1 in that study (10).
The accelerated mitotic exit could result from lack of endoge-
nous BubR1 as it is known that deficiency in BubR1 function
(e.g. haplo-insufficiency) can induce mitotic slippage (7).
BubR1 is inactivated during late mitosis via both protea-
some- and caspase-mediated degradation (10, 18). It has been
suggested capspase-mediated cleavage of BubR1 functions as
an important internal cue for mitotic progression (18). We then
examined the relationship between BubR1 sumoylation and the
appearance of degradation products. BubR1-M was closely
associated with the levels of two major degradation products
(Fig. 7A, arrows BubR1-D1 and BubR1-D2). The patterns and
molecular weights suggested that they were derived from a
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caspase-mediated degradation process (18). Consistent with
this notion, we detected enhanced cleavage of PARP-1. We then
further examined the effect of MG132 (a proteasome inhibitor)
and DEVD-CHO (an inhibitor for caspase 3 or caspase 3-like activ-
ities) on BubR1 degradation during mitosis. Both MG132 and
DEVD-CHO enriched BubR1-D1 compared with the control, sug-
gesting its ability to inhibit its further degradation; moreover, and
DEVD-CHO completely blocked the appearance of BubR1-D2
(Fig. 7B). In the meantime, sumoylated BubR1 was not signifi-
cantly affected by treatment with either inhibitor (Fig. 7B). These
results suggest that BubR1 sumoylation is associated with its deg-
radation, which depends at least partially on the proteasome and
caspase 3-mediated pathways.
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FIGURE 7. BubR1 sumoylation is associated with its degradation. A, HelLa
cells treated with nocodazole for various times as indicated after which equal
amounts of cell lysates were blotted for BubR1, PARP-1, and B-actin. p89
represents a cleaved fragment of PARP-1. BubR1-D1 and BubR1-D2 denote
two major BubR1 degradation products. B, HelLa cells treated with various
agents as indicated for 24 h after which equal amounts of cell lysates were
blotted for BubR1 and B-actin. MG132 and DEVD-CHO (20 um) are protea-
some and caspase 3 inhibitor, respectively. BubR1-D1 and BubR1-D2 denote
two major degradation products of BubR1, respectively.

DISCUSSION

This studt demonstrates that BubR1 is modified via sumoy-
lation and that BubR1 sumoylation is important for regulating
normal chromosome segregation. Sumoylated BubR1 is
strongly induced after an extended mitotic arrest as the result of
treatment with nocodazole or taxol. BubRl sumoylation
appears to be independent of the activation/phosphorylation
status of BubR1 because the level of p-BubR1 is not correlated
with sumoylated BubR1 during mitotic release. It has been
reported that CENP-E, a motor protein capable of interacting
with BubR1 (26), is also modified by sumoylation (27). It is
conceivable that there is a coordinated mechanism that regu-
lates BubR1 and CENP-E, both being spindle checkpoint com-
ponents, during cell division.

Our molecular analyses identify that K250 is crucial for
BubR1 sumoylation. A fraction of interphase BubR1 appears to
be modified by mono-sumoylation as a distinct form of BubR1
with about one SUMO size larger than the unmodified form is
detected in interphase cell lysates (Fig. 4C). Sumoylation is
known to be essential for the regulation of many mitotic pro-
cesses. An early mouse genetic study shows that sumoylation is
required for development as mouse embryos deficient in the
SUMO E2-conjugating enzyme UBC9 die at the early post-im-
plantation stage (28). UBC9-null blastocysts fail to expand in
culture with major defects in chromosome condensation and
segregation (28). The importance of sumoylation for mitotic
processes has been recapitulated in a separate study showing
that RanBP2, a nucleoporin with SUMO E3 ligase activity, plays
amajor role in chromosome segregation and suppressing chro-
mosomal instability (29).

FEBRUARY 10, 2012 +VOLUME 287+NUMBER 7

BubR1 Is SUMO-modified

It seems that BubR1 is subjected to the modification by both
SUMO-1 and SUMO-2. At present, we do not know whether
SUMO-1 modification is a predominant form. However, the
observations that a comparable level of BubR1-M is detected in
both SUMO-1- and SUMO-2-expressing cell lines and that
transfected SUMO-1 is expressed at a much lower level than
SUMO-2 suggest that BubR1 is primarily SUMO-1 modified. It
is known that common enzymes are involved in conjugation of
SUMO-1 and SUMO-2/3 (30). A mouse genetic study shows
that disruption of sumo-1 alleles does not cause noticeable
developmental defects (31), further supporting a compensatory
role of SUMO-2/3 in these mice. At present, we are not certain
whether SUMO-1 forms polymeric chains on BubR1 although
SUMO-1 chain has been described before (32, 33).

BubR1 is a crucial component of the spindle checkpoint. Our
current study indicates that BubR1 sumoylation is independent
of its checkpoint activation. Cells treated with nocodazole over-
night contain a robust spindle checkpoint but little sumoylated
BubR1. It seems that BubR1 sumoylation is a later event of
mitosis, correlating with a decreased level of p-H3S10 (Fig. 2A).
A prolonged nocodazole treatment (which is likely to result in
“mitotic escape”) or the mitotic release of shake-off cells col-
lected after overnight nocodazole treatment causes significant
BubR1 sumoylation. Therefore, a likely function of BubR1
sumoylation may be associated with the inactivation of the
spindle checkpoint. Nevertheless, it would be interesting to
examine whether sumoylation-deficiency affects the interac-
tion between BubR1 and Mad2 or Cdc20. It is somewhat puz-
zling that caffeine enhances BubR1 sumoylation induced by
nocodazole or taxol. Our explanation is that caffeine-mediated
stimulation of BubR1 sumoylation is due to its known effect on
promoting S phase cells into mitosis, resulting in a net increase
of the mitotic population (17).

It has been shown that BubR1 is subjected to modification by
acetylation (10). As Myc-tagged K250R mutant of BubR1 was
non-detectable when ectopically expressed (10), it was pro-
posed that acetylation might be involved in stabilizing BubR1
and positively regulating the spindle checkpoint (10). On the
other hand, we have shown that BubR1 K250R mutant protein
is rather stable as compared with the wild-type counterpart
(Fig. 5, C and D; supplemental Movie S1). One possible expla-
nation for this discrepancy is that the anti-Myc antibody may
have failed to detect the tagged mutant protein of BubR1 in that
study. Given that acetylation appears to also occur on K250, we
propose that acetylation and sumoylation regulate BubR1 sta-
bility/activity in an opposing manner. Supporting this, we have
shown that BubR1 sumoylation induced by extended treatment
with nocodazole is correlated with the appearance of its degra-
dation products (Fig. 74).

Prolonged mitotic arrest after treatment with nocodazole or
taxol can induce apoptosis. Therefore, an alternative explana-
tion is that BubR1 sumoylation may provide an internal cue for
initiation of apoptosis. However, treatment with caspase-3
inhibitor DEVD-CHO does not diminish the level of sumoy-
lated BubR1 although it completely suppresses the generation
of BubR1-D2 (Fig. 7B). Consistent with this observation,
expression of sumoylation-deficient mutant of BubR1 fails to
significantly suppress the apoptotic population as compared

JOURNAL OF BIOLOGICAL CHEMISTRY 4881


http://www.jbc.org/cgi/content/full/M111.318261/DC1

BubR1 Is SUMO-modified

with the wild-type counterpart (supplemental Fig. S3). These
results thus suggest that apoptosis may not be the direct result
of BubR1 sumoylation. Obviously, additional studies are neces-
sary to clarify the roles of BubR1 sumoylation and acetylation in
regulating mitosis and/or apoptosis.
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