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The spindle assembly checkpoint (SAC) is an essential safe-
guarding mechanism devised to ensure equal chromosome dis-
tribution in daughter cells uponmitosis. The proteins Bub3 and
BubR1 are key components of the mitotic checkpoint complex,
an essential part of the molecular machinery on which the SAC
relies. In the present work we have performed a detailed func-
tional and biochemical characterization of the interaction
between human Bub3 and BubR1 in cells and in vitro. Our
results demonstrate that genetic knockdown of Bub3 abro-
gates the SAC, promotes apoptosis, and inhibits the prolifer-
ation of human cancer cells.We also show that the integrity of
the humanmitotic checkpoint complex depends on the specific
recognition between BubR1 and Bub3, for which the BubR1
Gle2 binding sequencemotif is essential. This 1:1 binding event
is high affinity, enthalpy-driven and with slow dissociation
kinetics. The affinity, kinetics, and thermodynamic parameters
of the interaction are differentially modulated by small regions
in the N and C termini of the Gle2 binding domain sequence,
suggesting the existence of “hotspots” for this protein-protein
interaction. Furthermore, we show that specific disruption of
endogenous BubR1�Bub3 complexes in human cancer cells phe-
nocopies the effects observed in gene targeting experiments.
Our work enhances the current understanding of key members
of the SAC and paves the road for the pursuit of novel targeted
cancer therapies based on SAC inhibition.

During mitosis, the spindle assembly checkpoint (SAC)3
ensures that newly replicated chromosomes are distributed
equally in daughter cells. Loss of SAC activity results in aneup-
loidy and chromosomal instability, both considered to be hall-
marks of cancer (1). At metaphase, all chromosomes must
attach in a bi-oriented fashion to the spindle microtubule at
each sister kinetochore pair and attain equal tension at the spin-

dle equator before the commencement of anaphase separation.
Unattached or tensionless kinetochores trigger the SAC, which
results in the production of the mitotic checkpoint complex
(MCC). The MCC, which contains the proteins Mad2, BubR1,
and Bub3, forms an inhibitory complex with Cdc20 (2, 3).
Cdc20 is an essential cofactor for the anaphase promoting com-
plex, or cyclosome (APC/C), an E3 ligase that targets proteins
like mitotic cyclins for proteolytic degradation. Hence, inhibi-
tion of Cdc20 results in delay of anaphase onset. A lack of Bub3
or other components of the MCC leads to mitotic failures with
severe chromosome segregation defects and cell death (4–7).
Bub3 is a “donut-shaped” WD40 protein with a seven-blade

�-propeller structure forming a symmetric circularwall around
a central pore or funnel region (8, 9). It binds to phosphorylated
MELT repeats (Met-Glu-Leu-Thr(P)) on the outer kinetochore
subunit Knl1, acting as a scaffolding protein for its binding part-
ners BubR1 and Bub1 (10–15). The interaction with these two
proteins takes place via the Bub3 central pore region and the
Gle2 binding sequence (GLEBS) motif of BubR1/Bub1, respec-
tively (16). In both complexes, the GLEBS peptide binds across
the top surface of the �-propeller, forming an extensive inter-
face (17). Mutations in either protein that disrupt the interface
cause checkpoint deficiency and chromosome instability in
yeast and human cells (17, 18). Bub3-bound BubR1 in turn can
interactwithCdc20 in two fashions; on one hand, at unattached
kinetochores, and on the other, cytoplasmically, resulting in the
production of the mitotic checkpoint inhibitor (18).
Bub3�/� mice accumulate mitotic errors and do not sur-

vive beyond days 6.5–7.5 post coitus (5). Haplo-insufficient
Bub3�/� mice exhibit increased chromosome instability,
which results in a predisposition to carcinogen-induced lung
tumors but does not result in an increased predisposition to
spontaneous cancer development (6, 19–21).
In this study we evaluated the role of the human Bub3�BubR1

interaction for cancer cell growth and identified the specific
protein interface that needs to be inhibited to abrogate the spin-
dle assembly checkpoint function of Bub3.We show that tumor
cells are more sensitive toward Bub3 depletion by shRNA than
non-transformed cells. Single point mutations of conserved
residues abolish the BubR1 binding to Bub3 in cells. Next we
characterized the interaction of humanBub3 and BubR1. In the
absence of detailed structural information, we generated a ho-
mologymodel based on thewell studied yeast Bub3�Mad3 com-
plexes (17) and validated the model using a panel of comple-
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mentary biophysical and biochemicalmethods. Altogether, our
data show that the Bub3 BubR1-GLEBS interaction is high
affinity, long lasting, and enthalpy-driven, with a minimal 33-
amino acid GLEBS peptide playing an essential role for the
binding. Surprisingly, we found that the previously reported
electrostatic interactions between the BubR1 GLEBS and Bub3
were not sufficient to ensure the stability of Bub3�BubR1 com-
plexes, but the adjacent N- and C-terminal residues contribute
synergistically to the observed high affinity and long half-life.
Finally, we show that blocking the funnel of Bub3 is sufficient to
abrogate the SAC, which could be therapeutically exploited to
selectively target cancer cells.

Experimental Procedures

Cell Culture—Cell lines were obtained fromdifferent provid-
ers: HeLa, PC-3, and MCF-7 from the German Collection of
Microorganisms and Cell Cultures (DSMZ, Germany); U2-OS,
Hs68, MDA-MB-231, andMCF 10A cells from the ATCC; pri-
mary human fibroblasts from Provitro. Primary fibroblasts
were grown in Earle’s MEM (PAA) supplemented with L-gluta-
mine (Biochrom) and 10% fetal calf serum (PAA). HeLa,MDA-
MB-231, andMCF10Acellswere grown inDMEM/Ham’s F-12
medium (Biochrom) supplemented with L-glutamine (Bio-
chrom) and 10% fetal calf serum (PAA). PC-3 and U2-OS cells
were cultured in RPMI 1640medium supplementedwith L-glu-
tamine (Biochrom) and 10% fetal calf serum (PAA). Hs68 cells
were maintained in DMEM supplemented with L-glutamine
(Biochrom) and 10% fetal calf serum (PAA). MCF7 cells were
grown in RPMI 1640 (Biochrom) supplemented with L-gluta-
mine (Biochrom), 10�g/ml bovine insulin (Sigma), 1� 10�10 M
estrogen (Sigma) and 10% FCS (PAA). Cell line identity was
confirmed by STR DNA typing at DSMZ.
Cloning and Transfections—For siRNA transfections, cells

were plated at 150,000 cells per well on 6-well plates in 2 ml of
their respective media. After 24 h they were transfected with
DharmaFECT 2 transfection reagent (Dharmacon) according
to the manufacturer. Target siRNA SmartPool pools (Dharma-
con) and control Dharmacon siGenome Non-Targeting #2
were used.
For overexpression of Bub3 and BubR1 fragments, the

respective sequences were synthesized (Gene Art, Life Tech-
nologies) and cloned into pcDNA3.1 expression vectors. Plas-
mid purification was carried out using Qiagen Midi plasmid
preparation kits (Qiagen, Hilden, Germany). Transfections
were carried out in six-well plates using Amaxa electroporation
(Life Technologies) for U2-OS and Lipofectamine 2000 (Life
Technologies) according to the manufacturer’s protocols. The
following reference sequences were used for determination of
the respective open reading frames: Bub3, gene ID 9184,
NM_004725; BubR1 (Bub1B), gene ID 701, NM_001211.
For the generation of stable shBub3 clones, preselected

shRNAs were cloned into the lentiviral pGT396-Puro vectors.
The shRNA sequences of the forward oligonucleotides were as
follows: sh_Control, 5�-TTCTCCGAACGTGTCACGTTT-
CAAGAGAACGTGACACGTTCGGAGAA-3�; sh_Control1,
5�-TAGCGACTAAACACATCAATTCAAGAGATTGA-
TGTGTTTAGTCGCTA-3�; shBub3#828, 5�-GCAGATTT-
ACCCAGTCAATGCTTCAAGAGAGCATTGACTGGGTA-

AATCTGC-3�; shBub3#889, 5�-GGTTCTGATGGCTTT-
GTAAATTTCAAGAGAATTTACAAAGCCATCAGAACC-
3�; shBub3#965, 5�-GCATCGCATCACTTGCCTTCATTCA-
AGAGATGAAGGCAAGTGATGCGATGC-3�. Cells were trans-
duced with a titer of 2 �g/ml p24. Selection was performed in
the presence of 1 �g/ml puromycin (Sigma). When colonies
were clearly visible, cells were fixed with 1% glutaraldehyde
(Sigma) for 30 min at room temperature. Colonies were made
visible by crystal violet staining (Sigma).
Lentiviruseswere produced by co-transfecting the respective

pGT396-Puro construct with lentiviral PackagingMix (Invitro-
gen) into HEK-293FT cells (Invitrogen). Viral supernatants
were concentrated by ultracentrifugation.
Quantitative Real-time PCR—For quantitative real-time

PCR, RNA was extracted using the RNeasy Kit (Qiagen). For
quantitative real-time-PCR, 500 ng of RNA were reverse-tran-
scribed using RevertAid M-MuL Reverse Transcriptase (Life
Technologies) according to the manufacturer’s protocol. Sub-
sequently, each cDNA sample was amplified in triplicate using
TaqMan expression assays (Life Technologies). Hydroxymeth-
ylbilane synthase was used as endogenous control, and expres-
sion levels were calculated with the ��Ct method (22). The
followingTaqman assayswere used:HS 00190920_m1 for Bub3
and HS 00609297_m1 for hydroxymethylbilane synthase (Ap-
plied Biosystems).
Proliferation and Apoptosis—For proliferation assays, cells

were fixed by the addition of 11% glutaraldehyde (Sigma) and
stained with 0.1% crystal violet ( Sigma). Optical densities were
read after dissolution of the dye in 0.1% acetic acid (Merck) at
595 nm. Apoptosis was determined using the Cell DeathDetec-
tion ELISAPLUS (Roche Applied Science) according to the
manufacturer’s protocol, and optical densities were measured
at 405 nm with reference wave length of 490 nm. Both assays
were measured in an Infinite M200 Plate Reader, TECAN. The
apoptotic index (apoptosis, normalized to cell number) was cal-
culated by normalizing measured apoptosis (by Cell Death
ELISA) to crystal violet signals.
Antibodies—Antibodies used forWestern blotting were pur-

chased from Sigma (anti-V5), BD Biosciences (Bub3, BubR1,
cyclin B1, Hsp90), Millipore (MPM-2), and LifeSpan Biosci-
ences (CDC20). For immunofluorescence we used anti-V5
(Abcam), anti-PH3 (Millipore), anti-rabbit-Dyelight488 (Vec-
tor Laboratories, Burlingame, CA), and Cy3 anti mouse (Jack-
son ImmunoResearch Laboratories, West Grove, PA). Immu-
noprecipitation was done with anti-V5 monoclonal mouse IgG
(Sigma).
Immunoprecipitation and Immunoblotting—Where appro-

priate, cells were synchronized by the addition of nocodazole
(Sigma) at a final concentration of 100 ng/ml for 16 h before
lysis. For immunoblotting analysis, cells were harvested by
scraping and lysed in radioimmune precipitation assay buffer
(50 mM Tris, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton
X-100, 0.5% sodium deoxycholate, 0.1% SDS).
For immunoprecipitation experiments, cells were harvested

by scraping and resuspended in IP lysis buffer (20 mM Tris, pH
7.6, 150mMNaCl, 2 mM EDTA, 2mM EGTA, 1%Nonidet P-40,
50 mM NaF, 10% glycerol with Protease Inhibitor Mixture
(Roche Applied Science) and Phosphatase Inhibitor Cocktails I
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and II (Sigma)). 1200 �g of protein were precipitated with
anti-V5 monoclonal mouse IgG (5 �g antibody per 1000 �g of
protein) and 10 �l of protein G-Sepharose (Sigma).
All samples were boiled in NuPAGE LDS sample buffer

(Invitrogen) and separated and blotted using the NuPage and
iBlot systems (Invitrogen). Detection was carried out using the
ECL plus system (Amersham Biosciences).
Immunofluorescence—Lentivirus-transduced cells were grown

on coverslips fixed for 15 min in 3.7% paraformaldehyde solu-
tion, permeabilized for 5 min with 0.5% Triton TX-100, and
blocked for 60 min with 10% goat serum in PBS (blocking solu-
tion). Primary and simultaneous secondary antibody/Hoechst
33342 (1 �g/ml, Life Technologies) staining was each done for
60 min in blocking solution. Cells were analyzed under a Zeiss
Axiovert 200M fluorescence microscope.
Proteins and Peptides—cDNA sequences of all proteins de-

scribed belowwere synthesized (GeneArt, LifeTechnologies) and
inserted into expression vectors using traditional cloning meth-
ods. The BubR1-GLEBS domain (BubR1364–484) and the double
mutant E409K/E413K (BubR1364–484(E409K/E413K)) were cloned
into pET16b and modified pET22b vectors (the GST tag from
pGEX-KT was integrated into NdeI/SmaI site) for the overex-
pression of His- or GST-tag fusion proteins in Escherichia coli.
Full-length Bub3 and BubR1 were cloned into a modified pVL
1392 vector for baculovirus generation and overexpression as
N-terminal His- or GST-tagged fusion proteins in insect cells.
All plasmids contained a PreScission protease cleavage site
(LEVLFQGP) between the tag and the protein of interest.
BubR1 GLEBS variants were recombinantly expressed in the

E. coli BL21DE3 strain. Cells were cultured in Circle Grow�
medium at 37 °C, and expression was induced with 1 mM iso-
propyl 1-thio-�-D-galactopyranoside at A600 nm� 1.0. Upon
24 h of further culture at 17 °C, cells were harvested and stored
at �20 °C. For baculovirus expression of full-length Bub3 and
BubR1, SF9 cells (2� 106 cells/ml) were infected with a multi-
plicity of infection 1, cultured in Grace’s Medium (Invitrogen)
with 5% FCS, and harvested after 72 h. Cell pellets were stored
at�80 °C.
E. coli cell pellets were resuspended in buffer A� (50 mM

Tris-HCl, pH 8.0, 250 mMNaCl, 10% glycerin, 5 mMDTT, with
EDTA complete (Roche Applied Science)) and mechanically
lysed using a Microfluidizer. Insect cells were lysed by adding
0.4% Nonidet P-40 to buffer A�. Lysates were centrifuged at
100,000 � g for 1 h, and clear supernatants were loaded on a
5-ml His-Trap column or 5-ml GST-Trap column (both from
GEHealthcare). Columnswerewashedwith bufferA� andhigh
salt buffer A� (500 mM NaCl) until the UV 280-nm baseline
reached a stable level. In the case of His purification, 50 mM

imidazole was added to the high salt buffer. Proteins were
eluted by step elution using buffer A� supplemented with 400
mM imidazole or 30 mM reduced GSH, respectively. Eluates
were dialyzed in buffer A� and further purified via size exclu-
sion chromatography (Superdex 200 (GE Healthcare)) in the
same buffer. Protein cleavage with PreScission was carried out
overnight at 4 °C using 1 unit of protease per 0.1 mg of fusion
protein followed by affinity and size exclusion re-chromatogra-
phy. Purity and integrity of the purified proteins were con-
trolled with SDS-PAGE and LC-MS analysis.

Human BubR1 GLEBS peptides were synthesized at Biosyn-
tan using standard peptide chemistrymethods. TheC terminus
was in its amide form unless it was used for the attachment of
labels. Cysteine residues were replaced by norvaline in fluores-
cein (FAM)-labeled peptides to avoid FAM-induced oxidation
and cysteine dimerization at neutral pH. Peptide sequences are
available upon request.
Time-resolved Fluorescence Energy Transfer (TR-FRET)—

TR-FRETmeasurementswere carried out at room temperature
in black 384-well low volume plates (Greiner) in a total volume
of 5 �l. Each interaction was analyzed in at least two indepen-
dent experiments with three or more replicates. Bub3 was
diluted in 20 mM Tris/HCl, pH 8.0, supplemented with 250 mM

NaCl and 5 mM DTT (buffer A) and added to the assay mix at
final concentrations of 1 nM (His-Bub3) or 2.5 nM (GST-Bub3).
BubR1 variants and TR-FRET labels were co-diluted in 50 mM

Hepes, pH 7.5, supplemented with 0.01% BSA and 0.005% Tri-
ton X-100 (buffer B). For binding saturation experiments serial
dilutions of the BubR1 variants were used at the indicated final
concentrations. For competition experiments the concentra-
tions of labeled BubR1 were fixed at 2.5 or 5.0 nM, and a serial
dilution (in buffer B) of the unlabeled competitor was added to
the assay at the indicated concentrations. TR-FRET detection
reagents (all from Cisbio) were chosen depending on the tags
present in the interacting proteins. Their final concentration in
the assayswas the same as themolecules to be labeled. In exper-
iments involving His-Bub3 and GST-tagged BubR1 variants,
Eu3� cryptate/anti-His- and XL665/anti-GST antibody conju-
gates were, respectively, used as fluorescence donor and accep-
tor molecules. For assays with biotinylated BubR1 peptides,
XLent-streptavidin was the acceptor molecule. Whenever the
BubR1 GLEBS peptides were labeled with FAM as acceptor
molecule, Tb3� cryptate/anti-His- or anti-GST antibody con-
jugates were used as donor labels for Bub3. For binding satura-
tion experiments, 2.5 �l of Bub3 and 2.5 �l of BubR1 variants
with the corresponding detection reagents were mixed and
incubated for 60min beforemeasuring the fluorescence signals.
For competition assays 2 �l of Bub3 were preincubated 30 min
with 1 �l (unlabeled) of competitor BubR1 variants before the
addition of 2 �l of the labeled BubR1 tracers and further incu-
bation (at room temperature) for 120 min. TR-FRET signals
were acquired using aRUBYstarmicrotiter plate reader (BMG).
The fluorescence donor was excited at a wavelength of 337 nm.
For assays involving XL665 and XLent the acceptor (A)- and
donor (B)-channel filters were set to 665 and 620 nm, respec-
tively, whereas for experiments using FAM the A- and B-chan-
nel filters were set to 520 nm and 490 nm, respectively.
HTRF� ratio values were processed and analyzed using

GraphPad Prism (version 6.00 forWindows). Blank-subtracted
data from binding saturation and competition experiments
were, respectively, fitted to the “one-site steady state” model
assuming mass action binding at equilibrium with a small frac-
tion of ligand bound and the “one-site competitive binding (fit
Ki)” model based on the Cheng-Prusoff equation (23).
Surface Plasmon Resonance (SPR)—SPR interaction analyses

were performed at room temperature on Biacore 2000 and
T100 instruments (GE Healthcare). All assays involving immo-
bilized Bub3 were conducted on Ni-NTA sensor chips using
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0.01 M HEPES, pH 7.4, 0.15 M NaCl, 0.005% v/v Surfactant P20
(HBS-P�) as the capture/running buffer (all from GE Health-
care) at a flow rate of 5 �l/min. The ligand (50 nM His-Bub3 in
HBS-P�) was captured during 180 s on the activated surface
(see below) followed by a 60-s waiting time to allow baseline
stabilization before each analyte injection cycle. Analytes
(BubR1 GLEBS variants) were injected for 150 s, and dissocia-
tion in running buffer of the Bub3�BubR1 complexes was mon-
itored for 450 s followed by the surface regeneration step
described below. Seven increasing concentrations (the highest
depending on the affinity) of the BubR1 variants (diluted 2-fold)
and a buffer blank were analyzed in three or more independent
experiments. Surface conditioning was performed as described
elsewhere (24). Briefly, activation/regeneration was achieved
with subsequent injections (160 s and 60 s, respectively) of 500
mMEDTA (inHBS-P� buffer adjusted to pH8.3) and 1MNiCl2
(in HBS-P�, with pH readjusted to 7.4).
In a different experiment setup, 10 �M biotinylated BubR1

GLEBS peptides were captured on SA-coated chips (GE
Healthcare) following standard protocols (25), and the surface
was flooded with a 2-fold dilution of GST-Bub3 (0–100 nM,
6-point) using a single cycle kinetics protocol (26) with 120-s
association and 600-s dissociation times.
To obtain the kinetic and affinity parameters, double-refer-

enced kinetic and steady-state binding responses, respectively,
were fitted to a Langmuir 1:1 interaction model (BiacoreTM
Assay Handbook) and to a one-site specific binding model (see
below) using the BiaEvalTM analysis software (GE Healthcare).
Surface activities were calculated as described elsewhere (Bia-
coreTM Assay Handbook).
Isothermal TitrationCalorimetry (ITC)—ITCwas performed

at 25 °C in an ITC200 microcalorimeter (MicroCal, Inc., North-
ampton, MA). 7–10 �M concentrations of various BubR1 pep-
tides were titrated with 70–170 �MGST-Bub3 or cleaved Bub3
in 20 mM Tris/HCl, pH 8.0, 250 mM NaCl, 10% glycerol, 1 mM

tris(2-carboxyethyl)phosphine using injections of 2 �l within
4 s at 120-s intervals and 1000 rpm stirring speed. Reference
Power was set to 6 �cal/s and the filter period to 2 s. Data were
collected on high feedback mode. Analysis was performed with
a single binding sitemodel in theOriginMicroCal analysis soft-
ware (version 7 SR4,MicroCal, Inc.). Nomore than 10% of data
were excluded from analysis.
Thermal Shift Assay (TSA)—TSAs (a.k.a. differential scan-

ning fluorometry) were performed in a 7500 Real Time PCR
System (Applied Biosystems). Interactions were studied in
96-well Optical Reaction Plates (Applied Biosystems) in a final
volume of 10 �l per well. Test samples contained 0.5 �g of
His-Bub3, 5� Sypro Orange (Molecular Probes) and synthetic
BubR1 GLEBS peptides at 0, 1.25, 3.70, or 12.50 �M (molar
ratios of 1:0, 1:1, 1:3, and 1:10) in 50 mM Hepes, pH 7.5, 50 mM

KCl, and 0.005% Triton X-100. Negative control experiments
containing all reaction components except Bub3 were in-
cluded. Before the measurement the plates were sealed with
MicroAmpTM Optical Adhesive Film (Applied Biosystems).
Protein melting curves were recorded by increasing the tem-
perature from 20 °C to 90 °C at a ramp rate of 1% (1 °C/min),
whereas fluorescence signals were acquired simultaneously
using the filter recommended by the instrumentmanufacturer.

Raw temperature-dependent fluorescence signals corre-
sponding to the thermal denaturation of Bub3 were processed
with a Microsoft Excel macro that used a first-derivative algo-
rithm to calculate the temperature atwhich the upward slope of
the fluorescence versus temperature curve is the steepest (Tm).
Thermal stabilization (�Tm) was defined as the difference
between the Bub3Tm in the presence and absence of the BubR1
GLEBS interacting peptides. The data shown under “Results”
correspond to the average of two independent experiments,
each with three replicates.
Homology Model of Human BUB3—Primary-sequence com-

parisons between the Homo sapiens Bub3 (O43684) sequence
and the PDB database identified three template structures
(PDB codes 2I3T, 2I3S, and 4BL0) suitable for homology mod-
eling of the H. sapiens. Bub3 WD40 domain. Pairwise align-
ments between each template structure and the target sequence
were determined. 100 three-dimensional models of the WD40
domain were then generated from each template, and the
model with the best probability density function total was cho-
sen for further analysis. The stereo-chemical quality of each
model was confirmed. All calculations were carried out using
the Discovery Studio Suite 4.1 software suite (Accelrys).

Results

Human Bub3 Knockdown Abrogates the Spindle Assembly
Checkpoint, Promotes Apoptosis, and Inhibits the Proliferation
of Tumor Cells—In our first experiments we wanted to analyze
the effects of Bub3 genetic knockdown in several human tumor
and non-transformed cell lines. The aim of these studies was to
test whether the mitotic failures with severe chromosome seg-
regation defects and cell death previously observed in other
organisms or individual cell lines (4–7, 18, 27) could be trans-
lated to a broader panel of clinically relevant human cancer cell
lines. Furthermore, we wanted to know if this phenomenon
applies to all cell types equally or whether there might be a
“therapeutic window” between cancer and non-transformed
cells.
Several tumor cell lines (HeLa, PC3, MCF-7, U2-OS, MDA-

MB-231) and non-transformed cells (primary human fibro-
blasts, Hs68, MCF 10A) were transduced with lentiviruses
encoding shRNAs targeting Bub3, and changes in nuclear mor-
phology, proliferation rates, and apoptosis induction were
characterized. As exemplified by the U2-OS line, tumor cells
showed a large increase in the number of micronuclei upon
Bub3 silencing (Fig. 1A, upper panel). This phenotype points to
premature entry of these cells into anaphase with consequent
mitotic failures and chromosomemis-segregations. In contrast,
no changes were observed in the nuclear morphology of non-
transformed Hs68 human fibroblasts (Fig. 1A, lower panel).
Alterations in nuclear morphology were not obvious even after
long term knockdown (not shown). We also observed that
depletion of Bub3, but not the structurally related Rae1,
resulted in abrogation of the spindle assembly checkpoint, as
indicated by reduced MPM-2 phospho-antigen and cyclin B1
levels in nocodazole-treated cells as compared with untreated
control cells (Fig. 1B). These findings establish and validate the
link between the nuclear phenotype induced by Bub3 depletion
and a malfunctioning SAC for a variety of human cancer types.
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Because aneuploid tumor cells are highly dependent on SAC
function (for review, see Refs. 28 and 29) and, therefore, could
be more susceptible to SAC abrogation than non-trans-
formed cells, our findings encouraged us to evaluate the
effect of Bub3 knockdown on apoptosis induction and pro-
liferation in U2-OS and Hs68 cells. A significant anti-prolif-
erative effect on U2-OS tumor cells was observed after Bub3
depletion, whereas growth rates of non-transformed Hs68
cells were not significantly affected (Fig. 1C). Accordingly, a
significant apoptosis induction was measured in U2-OS cells
upon Bub3 depletion, whereas non-transformed Hs68 cells
remained unaffected (Fig. 1D). Similar effects were observed
in HeLa, MCF-7, or MDA-MB-231 tumor cells and primary
human fibroblasts or MCF10A non-transformed cells,
respectively (data not shown).
To exclude artifacts resulting from different population dou-

bling times in tumor and non-transformed cells, we conducted
long term knockdown experiments. Cells were transducedwith
lentiviruses encoding both shRNAs and antibiotic resistance.
After 3 weeks of selection, surviving cells were visualized with

crystal violet and analyzed for remaining Bub3 protein. In
U2-OS tumor cells the long term Bub3 knockdown resulted in
the outgrowth of individual clones. In contrast Hs68 cells pro-
duced a homogenous layer of cells (Fig. 1E).
Unexpectedly, analysis of both Bub3 mRNA and protein lev-

els after long term silencing showed that strong Bub3 mRNA
and protein depletion had been only achieved in survivingHs68
but not U2-OS cells. Hs68 cells endured selection with as little
as 20% residual Bub3mRNA and protein levels, whereas outliv-
ing U2-OS cells showed unchanged Bub3 protein levels (Fig.
1F). Of note, short term silencing of Bub3 resulted in a similarly
strong mRNA and protein depletion in both cell lines (not
shown), indicating that in the long term experiments those
U2-OS cells with a strong Bub3 knockdown are more prone to
die, whereas those with a weak knockdown are likely to form
the surviving clones. Taken together, our data show that tumor
cells are more sensitive toward Bub3 depletion than non-trans-
formed cells, suggesting that targeting human Bub3 interac-
tions in the mitotic checkpoint complex could be a valid ther-
apeutic strategy to tackle proliferative disorders.
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FIGURE 1. Effects of Bub3 knockdown on SAC signaling, apoptosis, and cancer cell proliferation. A, nuclear morphology of U2-OS (top) and Hs68
(bottom) cells after 6 days of Bub3 silencing. B, Western blots of Bub3 and mitotic markers MPM-2 and cyclin B1 in cell lysates from siRNA-transfected
HeLa cells 48 h after transfection with (�) and without (�) nocodazole (noc) treatment to induce mitotic arrest. HSP90 was used as a loading control. 20
�g of total protein were loaded on each lane. Molecularmassmarkers are indicated on the left hand side of the blots. C, proliferation curves of U2-OS (top)
and Hs68 (bottom) cells after shRNA-mediated knockdown of Bub3. Representative growth curve of three independent experiments; error bars, mean�
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Molecular mass markers are indicated on the left hand side of the blots.
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Specific Interactions of Bub3with Bub1 andBubR1Are Essen-
tial forMitotic Checkpoint Complex Integrity in HumanCells—
In the next step we focused on the interspecies conservation of
Bub3 interactions at theMCC. X-ray crystal structures of yeast
Bub3 in complex with GLEBS motif peptides from either
Mad3/BubR1 or Bub1 have identified essential interface inter-
actions, including, for example, salt bridges between Saccharo-
myces cerevisiae Bub3Arg-197 and Mad3Glu-337/Glu-382 or
Bub1Glu-233/Glu-337 (17). Sequence comparison (Fig. 2A andRef.
17) indicate that these key residues are conserved at a primary
sequence level. To assess whether these interactions are also
conserved at a tertiary structural level within the human Bub3
protein,we calculated a homologymodel of theH. sapiensBub3
WD40 protein domain (Fig. 2B). The model predicts that human

Bub3 adopts a canonical seven-bladed �-propeller fold, whereby
seven sets of four-stranded�-sheets are arranged around a central
pore. At the predicted GLEBS binding site of human Bub3, both
thearchitectureandsequence identity ishighlyconservedwith the
yeast Bub3 protein. Specifically, this suggests that contacts essen-
tial for the yeast Bub3/GLEBS interaction are also critical for the
human Bub3/GLEBS interaction.
To test this hypothesis we used our homologymodel to guide

the design of a human Bub3R183E mutant. The equivalent yeast
mutation (S. cerevisiae Bub3R197E) results in disruption of the
Bub3�Mad3/BubR1 complexes (17). V5-tagged forms of both
human wild type and R183E Bub3 proteins were expressed in
HeLa cells. Immunoprecipitation of Bub3 followed byWestern
blotting demonstrated the presence of endogenous BubR1 and
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Cdc20 in the IP eluates of cells transfected with the wild type
Bub3 but not in cells expressing the R183E mutant (Fig. 2C).
These results validated theBub3homologymodel andprovided
further explanation for the effects observed in the Bub3 knock-
down studies, suggesting that specific interactions of Bub3with
the Bub1/BubR1 GLEBS domains are essential to keep the
integrity of the MCC in human cells.
Subsequently we ectopically expressed and immunoprecipi-

tated V5-tagged human BubR1 GLEBS domain (amino acids
364–484) from HeLa cells. In agreement with a recent report
(18), we were able to detect endogenous Bub3 in the immuno-
precipitate.However, when the BubR1GLEBSdomainmutants
E409K or E413K were expressed with the same efficiency and
pulled down, Bub3 was absent from the immunoprecipitates
(Fig. 2D). From these studieswe concluded that specific binding
of BubR1 to Bub3 is required for the stability of the mitotic
checkpoint complex and, consequently, the spindle assembly
checkpoint and decided to focus further on the characteriza-
tion of this interaction at the molecular level.
The BubR1-GLEBS Domain Builds Tight, Long Lasting, and

Enthalpy-driven 1:1 Complexes with Bub3—The results from
the experiments described above demonstrated the relevance
and specificity of the interaction between Bub3 and the BubR1
GLEBS domain in cells. In the following step we quantified the
affinity of this binding event, a feature that to our knowledge
has not been yet described for the human proteins. To this end
we expressed and purified recombinant human full-length
Bub3 and a BubR1 GLEBS domain construct comprising the
same amino acid sequence used for the immunoprecipitation
studies (BubR1364–484). We also produced a double mutant of
the previous construct (BubR1364–484(E409K/E413K)) based on
the results obtained in cells with the respective single mutants.
Proteins were expressed in-frame with His or GST tags to
enable affinity chromatography purification and labeling with
fluorescent tags for interaction studies. We then characterized
the interaction with three orthogonal and complementary bio-
chemical and biophysical methods (TR-FRET, SPR, and ITC),
aiming to generate as much information as possible about this
binding event.
In the first experiments we labeled Bub3 with a TR-FRET do-

nor and titrated both BubR1364–484 and BubR1364–484(E409K/E413K)
labeled with the corresponding fluorescence acceptor (Fig. 3A).
Wemeasured specific bindingof thewild typewith aKDof 2.12�
0.29nM,whereas, consistentwith the results shown in theprevious
section, the introduction of the doublemutation completely abol-
ished binding. The specificity and high affinity of the binding was
again demonstrated in a competition assay in which labeled
BubR1364–484 was completely displaced by increasing concentra-
tions of the untagged protein with aKi of 0.67� 0.11 nM (Fig. 3B).
Likewise, the formation of Bub3 complexes with BubR1364–484
was inhibited with comparable efficiency (Ki 	 2.48 � 0.24 nM)
by an untagged BubR1392–425 synthetic peptide. This result
prompted us to test this BubR1392–425 peptide with N- or C-ter-
minal biotin tags and SA-Lent labels in saturation binding titra-
tions (not shown), which yielded similar KD values as the
BubR1364–484 protein (Table 1).
We next sought to confirm our TR-FRET observations

with an alternative orthogonal “label-free” SPR assay. Upon

injection of BubR1364–484 onto immobilized Bub3, the
resulting SPR sensorgrams show a concentration- and time-
dependent response unit increase, which is characteristic of
complex formation during the analyte injection phase (Fig.
3C). In the same experiment, BubR1 dissociation from Bub3
took place at a very slow rate, which is typical of a tight, long
half-life interaction. Global fit of this traces to a Langmuir
1:1 mode delivered an association rate for the interaction
(kon) of 1.37� 105� 3.2 M�1�s�1 and a dissociation rate (koff)

1.0� 10�5 s�1 (t1⁄2� 2 h). To rule out the possibility that the
high affinities measured with SPR were due to unspecific binding
of theGSTmoiety not corrected by the standard double referenc-
ing (30) used, we tested untagged synthetic BubR1392–425 and
BubR1392–425(E409K/E413K) peptides under the same experimental
conditions. In these experiments the double mutant peptide did
not showmeasurable binding toBub3up to a concentrations of 25
�M (data not shown), whereas the results for the “wild type”
BubR1392–425 peptide were quite similar to those obtained with
the 4-fold larger GLEBS peptide (see Fig. 5A, Table 1).
Further validation to our findings was provided by ITC. The

titration of BubR1392–425 with Bub3 (Fig. 3D, Table 1) demon-
strated that the interaction between human BubR1 and Bub3 is
stoichiometric (1:1) and enthalpy-driven. The �H of �17.8 �
0.2 suggests a network of favorable enthalpic interaction,
whereas the entropic contribution (�T�S) of 7.7 kcal�mol�1
may reflect a loss in entropy due to e.g. a reduction of peptide’s
conformational freedom upon binding to Bub3. The affinity
measured for the interaction (37 nM) was lower than the KD
detected with other methods. A possible explanation for this
discrepancy could be that the ITC measurements were con-
ducted at a higher ionic strength compared to the TR-FRET
and SPR experiments. Indeed, TR-FRET ratios for a FAM-
labeled peptide of the same sequence dropped slightly (1.6-
fold) when tested at 30 nM in a buffer containing 250 mM

NaCl, and the affinity of the BubR1364–484-Bub3 interaction
decreased in similar proportion in saturation binding exper-
iments conducted at increasing ionic strengths, with a max-
imum KD shift of 3-fold observed at 1.5 M NaCl (data not
shown). These results do not fully explain the 10-fold gap for
the ITC KD; therefore, we cannot exclude a more complex
binding mode (e.g. involving conformational changes),
which may in turn result in additional thermodynamic phe-
nomena reflected by the ITC measurements. This might be
also one of the reasons underlying the different FRET effi-
ciencies observed with various constructs and protein prep-
arations in TR-FRET experiments. Taken together, our
results demonstrate that the interaction between Bub3 and
the BubR1 GLEBS motif is of high affinity, has a long half-
life, and is thermodynamically characterized by a strong
enthalpy component.
The Bub3 Binding Affinity of BubR1 GLEBS Is Modulated by

Its N- and C-terminal Regions—Having shown that the GLEBS
domain of human BubR1 interacts very tightly with human
Bub3, we sought to characterize the relative contributions of
different regions of this motif toward the overall binding affin-
ity. Based on high levels of interspecies sequence conservation
within theGLEBS domains (Fig. 2A and Ref. 17) and our homo-
logy model, we synthesized four partially overlapping BubR1

BubR1-Bub3 Interactions in the Human SAC

11258 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291•NUMBER 21•MAY 20, 2016



peptides, BubR1392–425, BubR1400–425, BubR1392–419, and
BubR1400–419 (sequence numbering from H. sapiens BubR1,
gene ID 701, see Fig. 2A) with and without N-terminal FAM
labels (Fig. 4A) to allow us to compare and characterize the
respective binding contributions and importance of three dis-
tinct regions of theGLEBsmotif in TR-FRET binding and com-
petition assays. The data shown in Fig. 4 and Table 1 revealed
the effects of the mutations on the respective peptide affinities.
Removing the N terminus of the GLEBS peptide resulted in a
600-fold affinity loss in the binding saturation assay (GST-Bub3
versus BubR1400–425), whereas deleting the C terminus
decreased the KD by nearly 300-fold (GST-Bub3 versus
BubR1392–419). Deletion of both N and C termini (GST-Bub3
versus BubR1400–419) had strong antagonistic effects on the
affinity of the interaction, with a decrease in KD of nearly 6000-
fold (Fig. 4B). The overall results obtained from the titration of
the labeled peptides were confirmed in homo- and heterogene-
ous competition experiments in which the interaction of the
fluorescein-labeled BubR1392–425 and Bub3 was outcompeted

by the untagged BubR1 variants withKi values similar to theKD
values previously calculated in saturation binding experiments
(Fig. 4C and Table 1).
To rule out artifacts produced by the labeling of the peptides

and Bub3 with fluorescent dyes, bulky affinity tags, and con-
jugated antibodies, we devised a differential scanning fluo-
rometry assay to study the effects of the same peptides with-
out label on the thermal unfolding of a Bub3 protein bearing
only a hexahistidine tag (Fig. 4D). BubR1392–425 binding to
Bub3 results in a significant concentration-dependent ther-
mal stabilization of the protein: �Tm shifts of 6, 13, and 16 °C
were observed for Bub3:BubR1 molar ratios of 1:1, 1:3, and
1:10.We observed similar effects with the BubR1392–419 pro-
tein, albeit more attenuated (0, 3, and 7 °C, respectively). For
the peptides BubR1400–425 and BubR1400–419, no stabiliza-
tion was observed.
Our findings combinedwith the results for the E409K/E413K

mutant suggest that the contacts established by these amino
acids are necessary, but not sufficient, for the establishment of
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tight Bub3�BubR1 complexes. In addition to the “core” region of
the GLEBS peptide (amino acids 400–419), the N-terminal
region (amino acids 392–400) with its Glu-394 salt bridge
makes an important contribution to the binding, followed by
the C-terminal part (amino acids 419–425). Interestingly, the
point mutation E394K resulted only in a 10-fold decrease (KD 	
44.6 � 5.15 nM, Ki 	 92.6 � 17.5 nM) of the binding affinity,
suggesting that other contacts within this region are contribut-
ing to the binding energy. Along these lines, the binding of a
BubR1397–425 was 10-fold weaker than the E394K mutant and
similar to the BubR1400–425 peptide (data not shown).
Kinetics and Thermodynamics Components of Bub3 Binding by

BubR1GLEBSMutants—Thedistinct contributions of theBubR1
GLEBS variants to the binding affinity motivated us to further
characterize the molecular mechanism by which they recognize
Bub3. To this end we performed a detailed analysis of the dynam-
ics and energetics of the interactions using SPR and ITC.
Binding kinetics analysis of the interaction of BubR1

GLEBS variants with Bub3 (Fig. 5A, Table 1) revealed some
differences in the equilibration dynamics (kon). BubR1392–425
and BubR1392–419 associate faster than all peptides bearing
deletions or point mutations in the N-terminal part. The only
exception to this trend was the BubR1400–419, which showed
diffusion-controlled association rates. For the dissociation
rates, major differences among the variants studied were
observed. The N-terminal part of the GLEBS peptide has an
important contribution to the long t1⁄2 of the interaction, as its
deletion (BubR1400–425) results in a 500-fold decrease in koff
compared with BubR1392–425. In contrast, the C-terminal dele-
tion (BubR1392–419) shows only a 30-fold decrease compared
with BubR1392–425. Surprisingly, the peptide core bearing Glu-
409 and Glu-413 is not responsible for the slow dissociation
kinetics; in fact, BubR1400–419 was the only variant showing a
transient binding to Bub3, and the kinetic parameters for this
interaction could not be determined accurately by the Biacore
instrument. Interestingly, the contribution of the N-terminal
sequence to the long residence time does not seem to be medi-
ated by interactions via Glu-394, as a BubR1392–425(E394K)
mutant showed the second smallest koff of all variants. Further-
more, a BubR1397–425 peptide displayed the same koff but,
intriguingly, this variant displayed a 10-fold decrease in kon and
affinity compared with BubR1392–425(E394K). This suggests that
1) the residues surrounding Glu-394 play an important role in
the association kinetics, and 2) the contacts established by the
BubR1 residues Met-397, Tyr-398, and Cys-399 are extremely
important for the long half-life of the interaction. All in all,
these data show that the high affinity of the BubR1 GLBS frag-
ment for Bub3 is kinetically driven by a very small koff, which
was estimated to be
1� 10�5 s�1.
From the thermodynamics perspective, BubR1392–425 bind-

ing to Bub3 is, as discussed above, an enthalpy-driven event,
and this is also the case for BubR1392–419 and BubR1400–425
(Fig. 5B, Table 1). Interestingly the entropic contribution of the
C-terminally deleted peptide is similar to the one of the full-
length peptide, whereas removing the N-terminal part results
in a 10-fold drop in �T�S, suggesting that binding of this
region may be associated to conformational changes in Bub3.
Again, BubR1400–419 stands out for its differentmode of action:T
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with a �H and a �T�S of �2.7 � 0.2 and �5.6 kcal�mol�1,
respectively. The low binding enthalpy of this peptide fragment
indicates the hydrogen bonds established by its amino acids
contribute only aminor part of the enthalpic interactionsmade
by the extended fragment BubR1392–425. Also for these vari-
ants, the stoichiometry was 1:1, and the overall affinity ranking
obtained with ITC is in agreement with those measured with
TR-FRET and SPR.
Effects of the Inhibition of the Human BubR1�Bub3 Interac-

tion by theGLEBSDomain inVitro and inCells—Having exten-
sively characterized the interaction of human Bub3 and the

BubR1 GLEBS motif, we next asked whether other structural
elements in BubR1 also contribute significantly to the recog-
nition between the proteins. To address this question,
we expressed recombinant full-length BubR1 (BubR1FL) in-
frame with a GST tag and performed TR-FRET saturation
binding and competition experiments (Fig. 6, A and B) sim-
ilar to those shown above for the GLEBS domain. Under
these conditions, BubR1FL interacted with Bub3 with similar
affinity (1.19 � 0.4 nM; Fig. 6A) as the GLEBS fragment
(2.12� 0.3 nM; Fig. 3A). Moreover, the binding of full-length
BubR1 and Bub3 was outcompeted by untagged BubR1364–384
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FIGURE 4.Characterization of the structural determinants for the high affinity interaction between human Bub3 and BubR1 GLEBS motif. A, tridimen-
sional representationof thebindingmodepredicted for theBubR1GLEBSvariants studied.B, TR-FRET saturationbindingcurves corresponding to the titrations
of FAM-labeled BubR1392–425 (black), BubR1400–425 (green), BubR1392–419 (blue), and BubR1400–419 (red) on 2.5 nM GST-Bub3 labeled with an anti-GST Tb3�
conjugate antibody. Fitting of the data to a one-site specific bindingmodel (lines) generated the KD values shown in Table 1. C, inhibition curves resulting from
the titration of untaggedBubR1392–425 (black), BubR1400–425 (green), BubR1392–419 (blue), andBubR1400–419 (red) at the concentration indicated in amix of 3 nM
FAM-BubR1392–425 and2.5 nMofGST-Bub3 labeled as described above. Fittingof thedata to a competitive bindingmodel (lines) resulted in the Ki values shown
in Table 1.D, TSA thermal denaturation curves corresponding toHis-Bub3alone (gray) and in combinationwith 10-foldmolar excess of untaggedBubR1392–425

(black), BubR1400–425 (green), BubR1392–419 (blue), and BubR1400–419 (red). Analysis of these melting curves with a first derivative method delivered the
corresponding Tm values that were used to calculate the shifts (�Tm) shown in Table 1. RFU, relative fluorescence units.
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with a Ki of 3.33� 0.6 nM (Fig. 6B). This is in a similar order of
magnitude to the KD of the interaction and means that the
saturation binding experiment was not biased by unspecific
binding of the fluorescent labeling or by titration of the detec-
tion system. Similar results were obtained when an unlabeled
BubR1392–425 peptide was used as a competitor in the same
experiments (data not shown).
These findings showed that the affinity of full-length BubR1

for Bub3 is predominantly determined by its GLEBS motif and
encouraged us to ask whether it would be possible to inhibit the
SAC by inhibiting the endogenous human Bub3 and BubR1
interaction in living cells. To address this question we trans-
fected cultured humanU2-OS cells with DNA plasmids encod-
ing either the V5-tagged BubR1 GLEBS domain (amino acids

364–484) WT or two point mutants thereof (E409K and
E413K, respectively). Fluorescence microscopy analysis of
these cells (Fig. 6C) showed that although nocodazole treat-
ment resulted in prometaphase arrest phenotype (many
rounded cells) upon transfection with the mutant GLEBS
(shown for the mutant E413K; similar results with E409K, not
shown), only a few of these rounded cells were observed after
transfection with the wild type GLEBS domain (SAC inhibition
phenotype). A similar effect was observed upon the expression
of WT and mutated human BubR150–486, respectively (not
shown). Furthermore, the human BubR1 fragments could also
be replaced by theirmurine counterparts (not shown).We tried
to further narrowdown the size of theGLEBSpeptides required
for Bub3 inhibition in cells but (in contrast to previous reports

FIGURE 5. Kinetics and thermodynamics parameters for the interaction of human Bub3 and BubR1 GLEBS variants. A, SPR sensorgrams corre-
sponding to the titration of untagged BubR1392–425 (black), BubR1400–425 (green), BubR1392–419 (blue), and BubR1400–419 (red) peptides at the indicated
concentrations, on a Ni-NTA sensor chip coated with His-tagged Bub3. Red dotted lines represent the theoretical Rmax of a 1:1 interaction, assuming
100% binding activity of both interaction partners. Fitting of the kinetic traces to Langmuir 1:1 interaction model delivered the parameters specified in
Table 1. To obtain the equilibrium KD eq values (Table 1), steady state response units were plotted versus the concentrations of BubR1 and fitted to a
single site binding model. B, ITC titrations of BubR1 peptides with Bub3 at 25 °C. Clockwise, 7 �M BubR1392–425 was titrated with 70 �M GST-Bub3 (fit
shown in black), 7 �M BubR1400–425 was titrated with 70 �M GST-Bub3 (fit shown in green), 10 �M BubR1392–419 was titrated with 170 �M GST-Bub3 (fit
shown in blue), and 7 �M BubR1400–419 was titrated with 70 �M GST-Bub3 (fit shown in red). Data were fitted to a single-site binding model to obtain
thermodynamic parameters shown in Table 1.
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on murine BubR1-GLEBS; Ref. 31) failed to express a shorter
human BubR1 version, possibly due tomisfolding and degrada-
tion of the short fragment.
These results demonstrate that Bub3 binding to BubR1 is

essential for correct SAC signaling in human cells and suggest
that disrupting this interaction with appropriate, cell-permea-
ble biological or chemical agents could also be a strategy to
inhibit the SAC.

Discussion

The SAC plays an indispensable role for the cell to ensure
faithful distribution of daughter chromosomes during mitosis.
It has been suggested that SACweakening or abrogation results
in polyploidy or aneuploidy and could promote tumorigenesis.
Indeed, most tumor cells display certain levels of chromosomal
instability. On the other hand, mutations inmitotic checkpoint
genes are not frequent in tumors, and the proteins are often
even up-regulated in tumors. Therefore, it has been proposed
that the SAC might represent an attractive target for targeted
tumor therapy, and drug discovery projects for SAC inhibitors
have been initiated, e.g.Mps1 inhibitors (1, 32, 33).
Our results further support the SAC and more specifically

Bub3 as a target for tumor therapy. Bub3 depletion results in
reduced proliferation and induction of apoptosis in several
tumor cell lines, whereas Hs68 and primary human fibroblasts
are virtually unaffected. Intriguingly, Hs68 and primary fibro-
blasts survive long term knockdown of Bub3 and are viable with
as little as 20% remaining Bub3 levels. On the contrary, long
term knockdown of Bub3 in several tumor cells resulted in the
outgrowth of few surviving and clonally outgrowing cells.
Determination of the remaining Bub3 protein levels in tumor
cell lines showed unaltered or even slightly increased Bub3 pro-
tein levels as compared with control shRNAs. The slight
increase of Bub3 protein might be caused by the high rate of
proliferation of the clonal cells. These results suggest that
tumor cells with an efficient Bub3 knockdown were lost during
the course of the experiment, whereas the only surviving cells
were those that expressed the resistance marker but did not
show a strong Bub3 knockdown. These results are in line with
the observation that a functional SAC seems to be essential for
tumor cells, and expression levels for Mps1 frequently are
increased in tumors (34–37).
Bub3�/�mice are not viable beyond day 6.5–7.5 post coitus

(5, 6), indicating that residual Bub3 levels are essential for cell
survival. On the other hand, Bub3�/� haplo-insufficiency only
results in aneuploidy. Spontaneous tumor formation is not
accelerated; however, these animals are more susceptible to
chemical carcinogenesis (19). Finally, aneuploidy progresses
with age and is accelerated in Bub3�/�/Rae1�/� dual haplo-
insufficient animals (20). A similar phenotype was observed
with gradual BubR1 reduction, resulting in progressively more
aneuploidy and senescence in mouse embryonic fibroblasts, an
early aging phenotype in mice and increased sensitivity toward
chemical carcinogenesis (7, 38). Taken together, these pub-
lished results and our results suggest that non-transformed
cells can copewith somedegree of SAC impairment. Additional
stress like carcinogen exposure, higher rates of proliferation,
increased replicative stress, or existing aneuploidy could over-

burden theweakened checkpoint, resulting in tumor formation
in checkpoint-impaired animals and death of tumor cell. Col-
lectively, we conclude an increased sensitivity of tumor cells as
compared with non-transformed cells, further supporting the
SAC as a valid and selective target for cancer therapy.
It has previously been shown that the amino acids Arg-197 in

yeast Bub3 and Glu-409 and Glu-413 in human BubR1 are crit-
ical residues for the interaction between these proteins (16–18,
39). With our homology model we predicted S. cerevisiae
Bub3Arg-197 to be equivalent to human Bub3Arg-183. Using
immunoprecipitation experiments, we could re-confirm the
relevance of these residues in a human setting as single point
mutations (switching Glu to Lys and Arg to Glu, respectively)
completely abolished the interaction between Bub3 and BubR1
after transfection of the respective-tagged constructs into cells.
Next we conducted a detailed quantitative analysis of the

interaction between human Bub3 and BubR1. To our knowl-
edge this is the first time affinity measurements are made
using the two full-length proteins. Comparison of the KD
values measured for BubR1FL with those of BubR1364–484 and
BubR1392–425 suggests that BubR1392–425 is theminimum frag-
ment required to achieve maximum binding efficiency of
BubR1 to Bub3. The affinitiesmeasuredwith differentmethods
for all three variants were surprisingly high, pointing to a much
tighter interaction in humans as compared with S. cerevisiae,
where ITC measurements of Bub3 binding to Mad3 (the yeast
homologue of BubR1) and Bub1 peptides yielded KD values in
the lowmicromolar range (17). Interestingly, Bub3 is not essen-
tial for SAC activity in yeast (40, 41), and high affinity binding
interaction of Mad3 and Bub3 might not be required for high
fidelity of SAC function.
Of note, our KD values obtained from kinetic measurements

were 10-fold lower than the same parameter estimated with
steady state methods, suggesting that the interaction could be
even tighter. Unfortunately the accuracy of the SPR kinetic
parameters is limited by the assay configuration (non-cova-
lently captured target) and, potentially, mass transport effects
(42). Otherwise, one could argue that due to the slow kinetics of
the interaction, the steady state KD values are underestimated
because equilibrium is not achieved for all concentrations
tested in the time of the respective experiments. This was obvi-
ously the case for the SPR steady state analysis of full-length and
N-terminal-deleted GLEBS peptides.
Besides defining the amino acids 392–425 of theGLEBSpep-

tide as the minimal Bub3 binding fragment in BubR1, we have
been able to link the affinity, kinetics, and thermodynamics of
the interaction to defined structural features in this motif. For
instance, one interesting observation fromour study is the non-
diffusion controlled kinetics of the association between BubR1
GLEBS (BubR1364–484) and Bub3. Similar findings have been
reported for the interaction of two other MCC components:
O-MAD2 and CDC20 (43). This implies that (as kon is a con-
centration-dependent, second order rate constant) achieving
full recruitment in a biologically relevant time frame requires at
least one of the proteins to be in concentrations far above the
KD of the interaction. Alternatively accessory proteinswould be
necessary to modulate the kinetics of this binding event.
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With regard to the dissociation kinetics, the half-life of the
BubR1�Bub3 complexes exceeds by far the duration of mitosis,
indicating that they are de facto irreversible until degradation
by theAPC/C takes place. This tight interaction is in agreement
with recent size exclusion chromatography studies in which
both humanproteins co-elute in the same fraction as long as the
GLEBSmotif of BubR1 is present (39). To permit fine-tuning or
shutdown of the activated SAC, it is tempting to postulate addi-
tional means of weakening of the complex, e.g. by the interac-
tion with MCC components, by additional regulatory proteins
or post-translationalmodifications. Also noteworthy is that our
results indicate that the contacts established by the conserved
Met-397, Tyr-398, and Cys-399 are more relevant for the dis-
sociation rate of the interactions than those made by Glu-409
and Glu-413. Interestingly, in lower organisms such as Dro-
sophila melanogaster and S. cerevisiae with shorter mitosis
times than H. sapiens, the degree of conservation of Met-397
and Cys-399 is the lowest, whereas Glu-409 and Glu-413 are
conserved through all species.
The thermodynamic analysis of the binding of humanBubR1

to Bub3 points also to a 1:1 stoichiometry of the interaction,
with a nanomolar affinity. The substantial binding enthalpy is a
frequently observed property of high affinity linear peptides
interacting with protein domains (for example, see Refs.
44–46) and is consistent with a net increase in non-covalent
bond formation associated with the ordering of the peptide
upon protein engagement. The use of thermal shift assays to
characterize protein-protein interactions is becoming an inter-
esting topic (47, 48), and here we show a further example of the
potential of the method.
Based on our results, a hypothesis about the possible mech-

anism of molecular recognition between BubR1 and Bub3
could be elaborated; for instance, the fact that Glu-409 and
Glu-413 are indispensable for the binding of the 33-amino acid
GLEBS peptide contrasts with the observation that a 19-amino
acid truncated version of it retains only a small fraction of the
binding affinity.More interesting, the binding of this peptide to
Bub3 is diffusion-controlled and, with both enthalpic and
entropic contributions, probably driven by the establishment of
theGlu-409 andGlu-413 salt bridges and hydrophobic contacts
in the funnel region. This could be the first step of the cooper-
ative recognition between the two molecules followed by small
rearrangements in Bub3 loop regions, which might be required
to accommodate theC-terminal part of the peptide. This step is
not diffusion-controlled but is relatively fast and, in contrast to
the first, has a relatively short half-life. Finally, several impor-
tant contacts must bemade between the N-terminal part of the
BubR1 peptide and another loop of Bub3, which in addition
may go throughmore important conformational changes. This
anchoring step takes place at a high entropy cost but is com-
pensated by an even higher enthalpy contribution and would
be to a great extent responsible for the long half-life of the
BubR1�Bub3 interaction.
In future work it would be interesting to investigate the

kinetics and thermodynamics of the interaction of the full-
length proteins as well as in the presence of other members of
the MCC. In this direction, recently published work reported

interesting results in which Bub1�Bub3�MELT trimolecular
complexes were measured using ITC (15).
In this study we were able to “therapeutically” override the

SAC in cancer cells despite the presence of endogenous Bub1
and BubR1.We speculate that we blocked most of the intracel-
lular Bub3 by overexpression of BubR1 GLEBS, thus abolishing
all Bub3 funnel interactions. Therefore, we are not able to dis-
tinguish between the individual contributions of Bub1 and
BubR1 to the observed phenotype. Subsequent studies will fur-
ther elucidate the individual roles of Bub1 and BubR1. In any
case these results confirmed in human cells earlier observations
with murine counterparts (31, 49), indicating that blockage of
the interaction between Bub3 and their binding partners Bub1
and BubR1 is sufficient for checkpoint inhibition. The latter is
in line with very recent publications (18, 39) showing that
expression of wild type, but not mutated or truncated BubR1
GLEBS, could rescue the SAC in BubR1-depleted cells,
although the p53 statusmight influence the SAC response (50).
From a chemical biology and drug discovery standpoint, our

results combined with structural information could be of rele-
vance for the identification of “hot spots” (51) or “hot segments”
(52) for the Bub3�BubR1 protein-protein interaction, which in
turn could lead to the design of small molecule inhibitors tar-
geting it. The biochemical and biophysical assays described in
this work can be useful for this purpose aswell as for the screen-
ing of chemical libraries. To date, several examples of small
molecules binding to WD40 proteins have been described, e.g.
targeting G��, WDR5, or CDC20 (53–58), meaning that such
an endeavor could be rewarding in the case of Bub3. Of note,
the first small molecule inhibitor targeting the WDR5-MLL
protein-protein interaction by blocking the funnel of theWD40
protein WDR5 has been recently published (54, 55) indicating
that this might be a generally applicable principle. Along these
lines, here we have devised a cellular system to investigate the
feasibility and biological effects of putative Bub3 inhibitors in
human tumor cells.Without potent and specific compounds at
hand, we were able to validate this assay by overexpressing a
BubR1 GLEBS.
Altogether, our results alongwithmultiple reports of a weak-

ened SAC in tumor cells and an increased dependence of tumor
cells on a functional SAC (1, 28, 29, 32, 33) support the SAC and
its components (in this case Bub3) as promising targets for can-
cer therapy. Until small molecule Bub3 inhibitors become
available, alternative strategies based on the GLEBS
sequence, such as cell penetrating therapeutic peptides (59)
or gene therapy approaches, could be envisioned. Ideally the
present work will inspire further studies on the BubR1�Bub3
interaction and the development of novel cancer therapeu-
tics targeting the SAC.
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