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Two functionally distinct kinetochore pools of
BubR1 ensure accurate chromosome segregation

Gang Zhang', Blanca Lopez Mendez', Garry G. Sedgwick! & Jakob Nilsson'

The BubR1/Bub3 complex is an important regulator of chromosome segregation as it
facilitates proper kinetochore-microtubule interactions and is also an essential component of
the spindle assembly checkpoint (SAC). Whether BubR1/Bub3 localization to kinetochores in
human cells stimulates SAC signalling or only contributes to kinetochore-microtubule
interactions is debated. Here we show that two distinct pools of BubR1/Bub3 exist at
kinetochores and we uncouple these with defined BubR1/Bub3 mutants to address their
function. The major kinetochore pool of BubR1/Bub3 is dependent on direct Bubl/Bub3
binding and is required for chromosome alignment but not for the SAC. A distinct pool
of BubR1/Bub3 localizes by directly binding to phosphorylated MELT repeats on the
outer kinetochore protein KNL1. When we prevent the direct binding of BubR1/Bub3 to
KNL1 the checkpoint is weakened because BubR1/Bub3 is not incorporated into checkpoint
complexes efficiently. In conclusion, kinetochore localization supports both known functions
of BubR1/Bub3.
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he spindle assembly checkpoint (SAC) ensures accurate

chromosome segregation by delaying anaphase entry until

all chromosomes align at the metaphase plate!2. Anaphase
entry depends on the activity of the anaphase-promoting
complex/cyclosome (APC/C) bound to its co-activator Cdc20
and the SAC inhibits this complex in response to unattached
kinetochores by generating a diffusible inhibitor referred to
as the mitotic checkpoint complex (MCC)®. The MCC is
composed of three checkpoint proteins, Mad2 and BubR1/Bub3
(referring to the complex of BubRl and Bub3), bound stably
to Cdc20 and this complex has the ability to bind and
inhibit additional APC/C-Cdc20 complexes*~. All checkpoint
proteins accumulate and display rapid turnover at unattached
kinetochores, suggesting that the MCC is generated locally
there®~10, However, in addition to being an integral component
of the MCC, BubR1/Bub3 also facilitates proper kinetochore-
microtubule interactions by recruiting the PP2A-B56 protein
phosphatase to kinetochores!!™!°>. Whether BubR1/Bub3 only
localizes to kinetochores to ensure kinetochore-microtubule
interactions is debated due to conflicting results in the literature.

The checkpoint proteins Bubl and BubR1 both bind stably to
the Bub3 protein through a so-called GLEBS motif and this
interaction is required for their kinetochore localization'6~1?,
Bub1/Bub3 localizes by binding to one of multiple Met-Glu-Leu-
Thr (MELT) repeats in the outer kinetochore protein
KNL1 when the threonine residue is phosphorylated (MELTp)
by the checkpoint kinase Mps1 (refs 20-25). A conserved binding
pocket on Bub3 provides the main interaction with MELTp and
phosphorylation of an adjacent SHT motif can further
strengthen the interaction with Bub3 in human cells?®%’,
In addition, BubR1/Bub3 kinetochore localization depends on a
direct interaction between BubR1 and Bubl, which might be
because the affinity of BubR1/Bub3 for MELTp is not enough to
facilitate localization?®2°. Surprisingly, preventing BubR1/Bub3
kinetochore localization by blocking Bubl interaction increases
checkpoint strength, but prevents stable kinetochore-microtubule
attachment?®2°, This and the fact that overexpressed cytoplasmic
fragments of BubRl can partially support the SAC have led
to suggestions that BubR1/Bub3 kinetochore localization is
not important for the checkpoint but instead contributes to
checkpoint silencing through PP2A-B56 (refs 29-33). However,
mutation of the GLEBS motif in BubR1 that abolish Bub3
binding prevents BubR1 kinetochore localization and strongly
impairs checkpoint signalling. This could reflect a role of Bub3
bound to BubRl in the checkpoint independently of localizing
BubR1 to kinetochores®* or that the interaction of BubR1/Bub3
with kinetochores is not fully understood. Indeed, two kinetic
distinct pools of BubR1 have been observed in fluorescent
recovery after photobleaching experiments that are not readily
explained by current models’.

Here we set out to further investigate the function of
BubR1/Bub3 at kinetochores. We find that Bub3 localizes a pool
of BubR1 onto kinetochores by directly binding MELTp repeats
on KNLI1, and that this pool of BubR1/Bub3 stimulates SAC
signalling particularly when few unattached kinetochores are
present. Instead, the major Bubl-dependent pool of BubR1/Bub3
supports chromosome alignment but not checkpoint signalling.
We have thus uncovered two functionally distinct pools of BubR1
bound to KNL1 at kinetochores that combined ensures accurate
chromosome segregation.

Results

A Bubl-independent pool of BubR1/Bub3 exists at kinetochores.
We recently reported that a small region of Bubl spanning
residues 266-311 directly binds to BubR1 and facilitates the
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localization of BubR1/Bub3 to kinetochores?. Although RNA
interference (RNAi) depletion of Bubl by 95% strongly
reduces BubR1 kinetochore levels, we always observe ~25-35%
of BubRl remaining on kinetochores as also observed by
others2830 (Fig. la-e). Calibration of our BubRl and Bubl
antibodies by immunofluorescence using RNAi-treated cells
transfected with Venus-BubR1 or Bubl-Venus revealed that
our antibodies were equally sensitive in detecting BubR1 and
Bubl at kinetochores (Supplementary Fig. 1A,B). We also
measured the relative ratio of the two proteins in a mitotic
cell extract using immunoprecipitated Venus-BubR1 and
Bubl-Venus to normalize the respective antibodies to a green
fluorescent protein (GFP) antibody by Li-cor quantitative
western blotting. Using this approach, we detect very close to
1:1 protein levels of Bubl and BubR1 (Supplementary Fig. 1C,D),
which could be expected as the proteins arose by gene
duplication. Similar results were achieved when we knocked
out the Bubl gene in HeLa cells using a transient CRISPR/Cas9
knockout strategy. We observed a complete absence of Bubl at
kinetochores in 17% of the mitotic cells but these kinetochores
still maintained ~46% of BubRl (Fig. laf,g) (please note
that the rabbit BubR1 antibody used for this gives a slightly
higher level of BubR1 at kinetochores than the mouse monoclonal
used throughout). These results argue that the BubR1 remaining
at kinetochores after efficient Bubl depletion is localizing
independently of Bubl potentially explaining the two kinetically
different BubR1 pools observed by the Salmon lab®.

Localization of BubR1/Bub3 by direct binding to MELTp. To
determine how the Bubl-independent pool of BubR1/Bub3 is
localizing, we focused on the outer kinetochore protein KNLI
that is known to play an important role in localizing checkpoint
proteins. RNAi depletion of KNL1 by >90% reduced Bubl
kinetochore levels to the same extent as Bubl RNAi?° but in
contrast to Bubl RNAi, KNL1 RNAi almost fully abolished
BubR1 localization with only 5-10% remaining (Fig. 1h,i).
Inhibiting the Mpsl checkpoint kinase with reversine’®,
in a Bubl RNAi background, further reduced BubRl1
kinetochore levels from 25-35% to ~10% (Fig. 1ld.e).
Combined these experiments argue that Bubl-independent
localization of BubR1/Bub3 is still dependent on KNL1 and
Mpsl. The most obvious explanation is that the BubR1/Bub3
complex binds directly to MELTp motifs in KNLI and this
would be in agreement with the previous observations that a
KNL1 protein without active MELT rePeats does not support
BubR1/Bub3 kinetochore localization?%2",

To confirm that the BubR1/Bub3 complex is indeed able to
directly interact with MELTp, we reconstituted the complex by
co-expressing FLAG-BubR1 and untagged Bub3 in HEK293 cells
and following FLAG-affinity purification, the complex was
further purified by size-exclusion chromatography (Fig. 2a).
This purified complex contained <0.1% co-purified Bubl as
determined by quantitative western blot (Supplementary Fig. 1E).
On streptavidin beads, we immobilized a biotinylated peptide
encompassing MELT repeat 12 from KNL1 (Fig. 2b) in either
its unphosphorylated form or a form where the MDIT
was phosphorylated or one where both the MDIT and SYT
were phosphorylated. The beads were then incubated with
BubR1/Bub3 or with BubR1/Bub3 R202E/K222E (Bub3 R202E/
K222E referred to as Bub3 2E from hereon), where key
MELTp-interacting residues of Bub3 are mutated?s. BubR1/
Bub3 exclusively bound to the phosphorylated peptides, while
BubR1/Bub3 2E did not bind (Fig. 2¢; Supplementary Fig. 4).
When both the MDIT and SYT were phosphorylated, we
observed stronger binding. To test whether BubR1/Bub3 can
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Figure 1| A Bubl-independent pool of BubR1 at kinetochores. (a) Outline of the synchronization protocol used in this study. Left, RNAi and rescue
protocol; right, Bub1 CRISPR/Cas9 knockout protocol. (b) Hela cells were treated with a control RNAI oligo (luciferase) or an RNAI oligo targeting Bub1 for
48 h and arrested in mitosis using nocodazole for 2 h. Cells were fixed and stained with 4,6-diamidino-2-phenylindole (DAPI), CREST (centromere marker)
and Bub1 antibodies. (c,e,g,i) The kinetochore levels of Bubl, BubR1 and KNL1 were determined in the indicated conditions and normalized to CREST. An
unpaired t-test was used for statistical comparison of the different samples in e. (****P<0.0001). (d) Hela cells were treated similarly as in b except
reversine (0.5 uM) was added in one condition. (f) Hela cells were transfected with Cas9 protein with guide RNA against Bub1 gene for 96 h and treated
with nocodazole for 2 h. Cells were fixed and stained with DAPI, Bub1, CREST and BubR1 antibodies. (h) Hela cells were treated with RNAI oligos against
luciferase, KNL1 or BubR1 for 48 h and arrested by nocodazole for 2 h. Cells were fixed and stained with DAPI, KNL1, CREST and BubR1 antibodies. At least
160 individual kinetochores from eight cells were measured in each condition. The mean with s.e.m. is indicated. Scale bar, 5pm.
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Figure 2 | BubR1/Bub3 binds directly to phosphorylated MELT repeats. (a) Coomassie staining showing purified BubR1/Bub3 and BubR1/Bub3 2E (left),
and purified Bub1(1-553)/Bub3 (right) from HEK293 cells. * indicates co-purifying contaminant. (b) Schematic of KNL1 and the position of MELT 12, 16 and
18. (¢) Peptide-binding assay with purified BubR1/Bub3 and biotinylated MELT12 peptides was analysed by quantitative western blot with antibodies against
BubR1 or Bub3. (d) KNL1996-1,202 binding assay with purified BubR1/Bub3 analysed by quantitative western blot with antibodies against BubR1, Bub3 and
KNL1. (e f) Affinity measurement of BubR1/Bub3 (e) or Bub1(1-553)/Bub3 (f) to peptides (MELT12) with either unphosphorylated MDIT or single-
phosphorylated MDITp or double-phosphorylated MDITpSYTp using MicroScale Thermophoresis (MST). Fraction bound versus the concentration of three
MELT12 peptides are shown here. Data were derived from the ratio of the normalized time averaged (15s) fluorescence intensities at defined time points of
the MST traces (8 and —1s, respectively). Lines represent fits of the data points using the law of mass action. The number of independent repeats was
three for all measurements; error bars show the s.d. between these independent repeats. (g) Table showing Kp of BubR1/Bub3 and Bub1(1-553)/Bub3 for
the different MELT12 peptides (data shown in ef) and to single-phosphorylated MELT16 and 18. The Kp constants were obtained by fitting the fraction of
bound protein to the quadratic solution of the binding reaction equilibrium derived from the law of mass action.

bind phosphorylated KNLI protein, we used a purified
recombinant KNL1 fragment, which encompasses amino acids
996-1,202, that we have previously shown to be sufficient for
KNL1 functionality?®. This KNL1 fragment was first
phosphorylated by Mpsl kinase and then immobilized on beads
through a strep-tag. Purified BubR1/Bub3 bound to this KNL1
fragment only after treatment by Mpsl kinase (Fig. 2d).

We next wanted to quantitatively compare the ability of
BubR1/Bub3 and Bub1/Bub3 to bind MELTp repeats. For this, we
purified a FLAG-Bubl1(1-553)/Bub3 complex in parallel with
FLAG-BubR1/Bub3 (we could not obtain sufficient yields of the
full-length Bub1/Bub3 complex, but have recently shown that
Bubl 1-553 fully supports SAC signalling?®). To determine the
affinity of the complexes to MELTp repeats, we used MicroScale

4 NATURE COMMUNICATIONS | 7:12256 | DOI: 10.1038/ncomms12256 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications

ARTICLE

Thermophoresis (MST). Purified BubR1/Bub3 and Bub1(1-553)/
Bub3 complexes were fluorescently labelled with maleimide
chemistry for these measurements and tested for their ability to
bind phosphorylated MELT12, MELT16 and MELT18 peptides
(Fig. 2e-g; Supplementary Fig. 2). The binding of BubR1/Bub3 to
MELT12 was strongly dependent on phosphorylation and the
measured affinity was sensitive to the salt concentration in the
buffer as expected for an interaction depending on electrostatic
interactions with the phosphorylated threonine?® (Fig. 2e-g;
Supplementary Fig. 2C). We conducted the affinity measurements
at 50mM NaCl as this produced the best quality data for the
Bub1(1-553)/Bub3 complex. Under these conditions, both
complexes bound to phosphorylated MELT12 and MELT16,
but no binding was detected to phosphorylated MELT18.
BubR1/Bub3 displayed slightly higher affinity for MELTp
compared with Bub1(1-553)/Bub3 in these assays.

From this, we conclude that full-length BubR1/Bub3 can bind
directly to MELTp repeats with an affinity that is sufficient to
mediate physiological relevant interactions. The dynamics of
the BubR1/Bub3 and Bub1/Bub3 interactions with MELTp might
be different despite similar affinities and could explain the
observed differences in KNL1 binding observed in vivo®3. Thus,
BubR1/Bub3 binds MELTp repeats in KNLI independently of
Bubl and this facilitates kinetochore localization of 25-35% of
BubR1 as a KNL1 protein without active MELT repeats recruits
little BubR1/Bub3.

Functional dissection of the two BubR1 kinetochore pools. Our
data showed that two different pools of BubR1/Bub3 exist at
kinetochores, but whether this reflected distinct functions was not
clear. To determine this, we decided to separate the two pools
using BubR1/Bub3 mutants and characterized their functions as
described below.

Deletion analysis of a small fragment of BubRl, BubRl
350-483, that efficiently localizes to kinetochores®’ revealed that
the region from 440 to 460 was critical for BubR1 kinetochore
localization (Supplementary Fig. 3B). Deletion of residues
440-460 from full-length BubRl reduced its interaction with
Bubl almost a 100-fold based on quantitative western blot of
immunopurifications of BubRl complexes from nocodazole-
arrested cells. Bub3 binding was not affected showing that
residues 440-460 are specifically involved in Bubl binding
(Fig. 3a; Supplementary Fig. 3A). BubR1A440-460 was
phosphorylated on Ser670, a phosphorylation that stimulates B56
binding, and maintained its ability to bind PP2A-B56, although
the interaction was 50% reduced compared with BubR1 wild type
(WT; Fig. 3b)12. We reasoned that BubR1A440-460 would mimic
the Bubl-independent pool of BubRl. In immunofluorescence
analysis of cells depleted of endogenous BubR1 but supplemented
with short interfering RNA (siRNA)-resistant Venus-tagged
BubR1A440-460, BubR1A440-460 still localized to kinetochores
but this was insensitive to Bubl RNAi. This further confirms a
Bubl-independent pool of BubRl (Fig. 3c,d). To analyse
chromosome alignment, we depleted endogenous BubRl and
complemented with different RNAi-resistant BubR1 constructs.
Following release from a thymidine block, the cells were treated
with a proteasome inhibitor MG132 for 1h and chromosome
alignment was subsequently analysed by immunofluorescence.
While BubR1 WT supported alignment, BubR1A440-460-
complemented cells had severe chromosome alignment defects
likely due to the reduced kinetochore levels of PP2A-B56 (Fig. 3e).
In paralle, we generated another mutant BubR1-Bub3
2E (described in the next section), which mimics the
Bubl-dependent pool of BubR1. In contrast to BubR1A440-460,
this mutant almost fully supported chromosome alignment.

To analyse the ability of BubR1 mutants to support checkpoint
signalling, we depleted endogenous BubR1 and complemented
with Venus-tagged siRNA-resistant BubRl1 WT and mutants
thereof. Using time-lapse microscopy, we measured the time from
mitotic entry to exit in the presence of a low dose of nocodazole, a
microtubule poison that strongly activates the SAC. In this assay,
BubR1A440-460 fully supported checkpoint signalling, revealing
that binding to Bub1 was not required for a functional checkpoint
similar to a recent report from the Musacchio lab?8 (Fig. 4a,b).
Instead, preventing the interaction with Bubl increased mitotic
duration by 80 min compared with WT BubR1. To avoid any
indirect effects from PP2A-B56 bound to BubR1, we mutated
Leu669 and Ile672 to Ala in BubR1 (BubR1 B56mut) and
BubR1A440-460, which abolishes B56 binding!2. Mutation of the
B56-binding site in BubR1 increased the time spent in mitosis by
100 min compared with BubRl1 WT in this assay. Interestingly,
mutation of the B56-binding site in BubR1A440-460 also
increased mitotic duration showing that the Bubl-independent
pool of BubR1 was sensitive to the SAC-silencing activity of
BubR1 bound PP2A-B56 (refs 32,33). Importantly, BubR1A440-
460 B56mut still arrested 150 min longer than BubR1 B56mut,
revealing a negative effect of the BubR1-Bubl interaction on the
SAC independently of PP2A-B56 (Fig. 4a,b).

Our results show that BubR1/Bub3 binding to Bub1 is required
for chromosome alignment, but has a negative effect on the SAC.

Kinetochore-localized BubR1/Bub3 stimulates SAC signalling.
From the above analysis, the Bubl-independent BubR1
mimicking mutant could still localize to kinetochores and fully
support the SAC. To test whether the kinetochore localization of
this mutant stimulated SAC signalling, we needed to specifically
prevent BubR1/Bub3 interaction with MELTp. We observed that
in-line fusion of Bub3 to the C terminus of BubR1 (referred to as
BubR1-Bub3) strongly reduced binding of endogenous Bub3 by
>90%, but not the kinetochore localization (Fig. 5a,b;
Supplementary Fig. 3C,D). The most likely explanation is that the
fused Bub3 efficiently binds to the GLEBS motif of BubR1 in cis
hereby displacing endogenous Bub3. Indeed, size-exclusion
chromatography revealed that a BubR1-Bub3 fusion protein
eluted at a molecular weight of ~400 kDa, while a similar fusion
protein with a mutated GLEBS (E412K/E413K referred to as
GLEBSmut) eluted at ~ 1,000 kDa (Fig. 5¢) supporting this idea.
Using such a fusion protein would allow us to specifically
interfere with MELTp interactions of Bub3 bound to BubR1 by
introducing the Bub3 R202E/K222E. We therefore generated
fusion protein BubR1-Bub3 and BubR1-Bub3 2E as well as
BubR1A440-460-Bub3 and BubR1A440-460-Bub3 2E, and
analysed their ability to support checkpoint signalling. We
depleted endogenous BubR1 and then complemented cells with
the different RNAi-resistant constructs and monitored mitotic
duration in taxol or nocodazole using time-lapse microscopy. In
taxol, the effect was marked in that BubR1A440-460-Bub3-
expressing cells arrested for 890 min, while BubR1A440-460-
Bub3 2E-expressing cells arrested for 290min (Fig. 5f). In
nocodazole, BubR1A440-460-Bub3 arrested for 590 min, while
BubR1A440-460-Bub3 2E arrested for 280 min, arguing for a
contribution of BubR1/Bub3 kinetochore localization under this
condition (Fig. 5d,e). BubR1-Bub3 2E and BubR1A440-460-
Bub3 2E supported checkpoint signalling better than BubR1-
GLEBSmut (median =100 min), but this is likely because some
endogenous Bub3 still binds the fusion protein (Fig. 5a,b).
Importantly, while BubR1A440-460-Bub3 still showed some
kinetochore localization, although less than BubR1-Bub3, this
was further reduced in BubR1A440-460-Bub3 2E (Fig. 5d;
Supplementary Fig. 3C,D). These experiments therefore show
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RNAi-resistant Venus-tagged BubR1T WT, BubR1A440-460, BubRT GLEBSmut or BubR1-Bub3 2E plasmid for 48 h. Cells were arrested in metaphase for 1h
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number of cells counted in each condition. Images on the right are representatives of chromosome alignment defects observed.

that BubR1/Bub3 needs to bind directly to MELTp of KNLI for ~BubR1-Bub3 2E to form MCC complexes by immunopurifying
efficient SAC signalling particular when few kinetochores are the fusion proteins from nocodazole-arrested cells. Indeed,
unattached. We analysed the ability of BubR1-Bub3 and mutating the MELTp-binding pocket of Bub3 in BubR1-Bub3
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Figure 4 | Time-lapse analysis of SAC proficiency of BubR1 mutants. (a) Hela cells were depleted of endogenous BubR1 by RNAi and supplemented with
RNAi-resistant Venus-tagged BubR1, BubR1 B56mut, BubR1A440-460 or BubR1A440-460 B56mut plasmid. Live-cell imaging was performed to record
the time cells spent in mitosis after a treatment with low dose of nocodazole. Representative still images are shown. Scale bar, 5 um. (b) Quantification of
the live-cell imaging results of a. n indicates the total number of cells counted. Median is the median time cells spent in mitosis which is indicated by the red
line in the plot. Each dot represents a single cell. A Mann-Whitney test was used for statistical comparison of the different samples. (***P<0.007;
**P<0.01; NS, not significant).

impaired the interaction with Mad2, Cdc20 and the APC/C, Importantly, BubR1-Bub3 2E is still able to localize to
providing evidence that it is both the formation of the MCC and  kinetochores through the interaction with Bubl and this

its interaction with the APC/C that are impaired (Fig. 6). mutant supported chromosome alignment as mentioned above,
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Figure 5 | Kinetochore localization of the Bubl-independent pool of BubR1/Bub3 stimulates checkpoint signalling. (a) Cartoon of the internal binding
between Bub3 and GLEBS domain on BubR1 in the fusion protein BubR1-Bub3. Venus-tagged RNAi-resistant wild-type (WT) BubR1 or BubR1-Bub3 plasmid
was transfected into Hela cells together with RNAI oligos against BubR1 for 48 h. After nocodazole treatment, mitotic cells were collected and lysed.
Immunoprecipitation was performed against Venus tag by GFP-Trap beads. The presence of APC7, Bub3, Cdc20 and Mad2 was analysed by Li-cor
quantitative western blot. (b) Western blot results in a were quantified and plotted. The values from BubR1 WT were set to 1. (¢) Venus-tagged BubR1 WT
or BubR1-Bub3 or BubR1 GLEBSmut-Bub3 plasmid was transfected into Hela cells for 48 h. After nocodazole treatment, mitotic cells were collected and
lysed and extract separated on a Superose-6 column and the relevant fractions analysed by western blot. Migration of molecular weight standards
(670kDa) or calculated molecular weights based on a calibration curve is indicated on top. (d) Hela cells were co-transfected with BubR1 RNA: oligos and
Venus-tagged BubR1-Bub3, BubR1-Bub3 2E, BubR1A440-460-Bub3 or BubR1A440-460-Bub3 2E plasmid. Live-cell imaging was performed to record the
time cells spent in mitosis in the presence of low-dose nocodazole. Representative still images are shown. Scale bar, 5 um. (e) Quantification of the live-cell
imaging results of d. (f) Hela cells were co-transfected with BubR1 RNAI oligos and Venus-tagged BubR1A440-460-Bub3 or BubR1A440-460-Bub3 2E
plasmid. Live-cell imaging was performed to record the time cells spent in mitosis in the presence of taxol. Quantification of the live-cell imaging
results is shown. n indicates the total number of cells counted. The red line in the plot indicates median time cells spent in mitosis. A Mann-Whitney

test was used for statistical comparison of the different samples. (****P<0.0001). Note: the red dots in f represent the cells still arrested in mitosis

when filming stopped.

showing that the two pools of BubR1-Bub3 combined ensures
accurate chromosome segregation.

Discussion

Here we show that BubR1/Bub3 can localize independently of
Bubl to kinetochores by binding directly to MELTp repeats
on KNLI1. This conclusion is based on (1) a pool of BubR1
remains on kinetochores after efficient Bubl removal or deletion
of the Bubl interaction motif in BubR1, (2) reconstituted
full-length BubR1/Bub3 can bind MELTp repeats in vitro and
localization in vivo in the absence of Bubl still depends on
Mpsl and KNL1, (3) mutation of the MELT binding pocket of
Bub3 in the BubR1A440-460-Bub3 fusion protein impairs
kinetochore localization, (4) BubR1A440-460 B56mut further
enhances SAC due to its inability to dephosphorylate MELTp
and (5) a KNLI1 protein without MELT repeats is unable to

recruit BubR1 to kinetochores?®?!. The pool of BubR1/Bub3
localizing by directly binding to MELTp is required for
efficient SAC signalling, particularly when few kinetochores are
signalling, while the Bubl-dependent pool of BubR1/Bub3 is
required for chromosome alignment but this pool does not
interact with MELTp directly (Fig. 7). Whether the defect
in chromosome alignment upon preventing the Bubl-
BubR1 interaction is simply due to reduced levels of
BubR1/Bub3 at kinetochores or there is a specific function
of the Bubl-dependent BubR1/Bub3 pool is presently unclear.
Since both pools of BubR1 binds to PP2A-B56, it can be that
chromosome alignment only requires a certain amount of this
phosphatase at kinetochores, which in theory could be
provided by both pools of BubR1/Bub3. Alternatively,
chromosome alignment might require more stable association
of PP2A-B56 with kinetochores mediated by the Bub1l-dependent
pool of BubR1/Bub3.
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Figure 6 | Preventing direct BubR1-MELTp binding reduces MCC formation. (a) Hela cells were transfected with BubRT RNAI oligos together with
RNAi-resistant Venus-tagged BubR1-Bub3 or BubR1-Bub3 2E constructs for 48 h. After nocodazole treatment, mitotic cells were collected and lysed.
Immunoprecipitation was performed against the Venus tag by GFP-Trap beads. The presence of APC7, Bub3 and Cdc20 and Mad2 was analysed by Li-cor
quantitative western blot. (b) Western blot results were quantified and plotted. The signal from BubR1-Bub3 was set to 1.
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Figure 7 | Model for the regulation of chromosome segregation by
BubR1. The major population of BubR1/Bub3 depends on Bubl/Bub3 for
localization and is required for alignment of chromosomes. The minor pool
of BubR1/Bub3 interacts directly with phosphorylated MELT motifs on KNL1
and is required for SAC signalling and silencing. Bub3 bound to BubR1 is
required for the localization of both populations.

It is important to point out that Bub3 is required for the
localization of both pools of BubR1/Bub3 because Bub3 is
required for the interaction between BubR1 and Bubl (ref. 28),
explaining the checkpoint and chromosome alignment defects of
BubR1 mutants unable to bind Bub3. Our work thus provides a
clear explanation for previous conflicting results on the role of
BubR1/Bub3 at kinetochores with respect to SAC signalling. We
do not favour that Bub3 as part of the BubR1/Bub3 complex has a
major kinetochore-independent function downstream of MCC
formation and indeed in vitro experiments have shown that
BubR1 without Bub3 is a potent APC/C-Cdc20 inhibitor”-3438,

How does direct BubR1/Bub3 binding to MELTp on KNL1
enhance checkpoint signalling? We favour that KNL1 acts
to concentrate BubR1/Bub3 to bring it close to the site of
Mad2-Cdc20 complex formation to facilitate efficient MCC
formation at kinetochores. This could also explain the difference

we observe between taxol and nocodazole. In taxol-arrested cells,
few kinetochores are generating Mad2-Cdc20 complexes and
therefore efficient SAC signalling depends more strongly on
BubR1/Bub3 kinetochore localization. Because BubR1 mutants
unable to bind Bub3 still have checkpoint activity, although
strongly reduced, we do not envision that BubR1/Bub3
directly participates in the catalysis of Mad2-Cdc20 complexes.
Indeed, Mad2 readily binds Cdc20 in the absence of BubRl
(refs 5,37,39). The stimulating effect of concentrating BubR1/
Bub3 at kinetochores as part of the SAC might be bypassed by
overexpressing BubR1 (ref. 31) and not needed in yeast due to its
smaller size?041,

Why does BubR1/Bub3 binding to Bubl negatively influence
the checkpoint? Although our affinity measurements with
purified complexes and MELT peptides does not show major
differences in affinity between BubR1/Bub3 and Bubl(1-553)/
Bub3, we do not know the on and off rates of the complexes on
MELTp and this is likely different based on the fluorescent
recovery after photobleaching results from the Salmon lab. It is
possible that fast turnover of BubR1/Bub3 is needed for
incorporation into the MCC or MCC diffusion. Second, BubR1
bound to Bubl might not be able to incorporate into the MCC,
potentially due to a steric clash between Bubl and Cdc20 or
Mad2. Indeed, Bubl is absent from MCC complexes and mass
spectrometry analysis of Bubl complexes reveals the presence of
BubR1, but no other MCC components?®,

How is the distribution of BubR1 between the two kinetochore
pools determined? At present, we do not know and several
parameters need to be determined before we can address this.
It is for instance unclear what the ratio of MELTp repeats to
Bubl/Bub3 and BubR1/Bub3 is and whether there is any
regulation of the Bubl-BubR1 interaction.

Our work underscores the complexity of the SAC and the
multiple roles of BubRl in ensuring proper chromosome
alignment. It will be important in the future to understand if
functionally distinct kinetochore pools of other checkpoint proteins
exist and the role of these in generating the checkpoint signal.

Methods

Cell culture. HeLa cells (American Type Culture Collection) were cultivated in
DMEM medium (Invitrogen) supplemented with 10% fetal bovine serum and
antibiotics. Cells were synchronized with 2mM thymidine for 24 h before
co-transfection with siRNA oligos (100 nM as final concentration) and rescue
constructs by Lipofectamine 2000 (Life Technologies). RNAi oligos targeting Bubl
(5-GAGUGAUCACGAUUUCUAA-3'), KNL1 (5-UUUCGUGGAUCCUUAAU
CAGAUCUU-3'), BubR1 (5'-GAUGGUGAAUUGUGGAAUA-3" ) and
Luciferase (5-CGUACGCGGAAUACUUCGA-3' ) were used for RNAIi depletions.
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Twelve hours after the transfection, the cells were arrested again by thymidine for
another 24 h. The cells were released from thymidine and treated with nocodazole
(200 ngml ) for 2h when the majority of cells entered mitosis and fixed for
immunofluorescence or challenged with low dose of nocodazole (30 ngml ~1) or
taxol (200 nM) for live-cell imaging.

Cloning. BubR1 complemetary DNA (cDNA) was cloned into pcDNA5/FRT/TO
N-Venus vector by EcoRV and NotI sites with following PCR primers. Forward:
5'-TCGAGATATCGCGGCGGTGAAGAAG-3" and reverse: 5'-GACTGCG
GCCGCTCACTGAAAGAGCAAAGC-3'. Bub3 cDNA was cloned into pcDNA5/
FRT/TO N-Venus using EcoRV and NotlI sites with following PCR primers.
Forward: 5'-CGATGATATCACCATGACCGGTTCTAACGAGTTC-3' and
reverse: 5'-CATAGCGGCCGCGCTCAAGTACATGGTGACTTGGG-3'. For
making BubR1-Bub3 fusion constructs, BubR1 cDNA was inserted into
Venus-Bub3 construct using EcoRV with following PCR primers. Forward: 5'-TC
GAGATATCGCGGCGGTGAAGAAG-3' and reverse: 5-TCGAGATATCCTGA
AAGAGCAAAGC-3'. For generating BubR1A440-460 construct, the following
mutation primer was used. Forward: 5'-GTGCAGAGAAGAGAGCACAAGAA
AGAACAGG-3'. For making Bub3 R202E, the following mutation primer was
used. Forward: 5'-CTCTATTGAAGGCGAAGTGGCAGTTGAG-3'. For Bub3
K222E, the following mutation primer was used. Forward: 5'-GAAGTATGCCT
TCGAATGTCACAGACTA-3'.

Immunofluorescence and quantification. Cells growing on coverslips were
washed once with PBS and fixed with 4% paraformaldehyde in PHEM buffer

(60 mM PIPES, 25 mM HEPES, pH 6.9, 10mM EGTA and 4 mM MgSO,) for

20 min at room temperature. Fixed cells were extracted with 0.5% Triton X-100 in
PHEM buffer for 10 min. The antibodies used for cell staining include Bubl
(Abcam, ab54893, 1:400), BubR1 (made in house, 1:400), CREST (Antibodies
Incorporated, 15-234, 1:400), GFP (Abcam, ab290, 1:400) and KNLI (made in
house, 1:200). All the fluorescent secondary antibodies are Alexa Fluor Dyes
(Invitrogen, 1:1000). Z-stacks 200 nm apart was recorded on a Deltavision Elite
microscope (GE Healthcare), using a x 100 oil objective followed by deconvolution
using Softworx before quantification. Protein intensity on kinetochores was
quantified by drawing a circle closely along the rod-like CREST staining covering
the interested outer kinetochore protein staining on both ends. The intensity values
from the peak three continuous stacks were subtracted of the background from
neighbouring areas and averaged. The combined intensity was normalized against
the combined CREST fluorescent intensity.

Bub1 knockout by CRISPR/Cas9. Pre-designed DNA primers for Bubl guide
RNA template assembly were purchased from GeneArt (Thermo Fisher) with
forward primer IVT-TAATACGACTCACTATAGTACAAGGGCAATGACC-T1
and reverse primer IVT-TTCTAGCTCTAAAACAGAGGGTCATTGCCCTTG
T-T1. Guide RNA was synthesized according to the instruction using the GeneArt
Precision gRNA Synthesis kit (Thermo Fisher). An amount of 625 ng of guide RNA
and 2,500 ng of Cas9 nuclease (GeneArt Platinum Cas9 Nuclease, Thermo Fisher)
were transfected into 4.5 x 10° HeLa cells by Lipofectamine CRISPRMAX
transfection reagent. Twenty-four hours later, the cells were split into a six-well
plate with coverslips inside. Ninety-six hours after transfection, nocodazole

(200 ngml ~ 1)-treated cells were fixed and immunofluorescence was performed as
described above.

Expression and purification of proteins. Ten 15-cm dishes were each seeded
with 6 x 10® HEK293 cells and the next day each transfected with 15 jig
3 x FLAG-BubR1 or 15pug 3 x FLAG-Bub1(1-553)-expressing plasmid and
15 pg untagged Bub3-expressing plasmid using lipofectamine 2000 (Invitrogen).
Forty-eight hours after transfection, the cells were collected by trypsination and
cells washed in cold PBS with 1 mM phenylmethyl sulphonyl fluoride. The cells
were resuspended in 5ml buffer A (350 mM NaCl, 50 mM TriseHCl (pH 8.0),
0.05% NP-40 and protease inhibitor cocktail (Roche)) and lysed using a nitrogen
cavitation bomb. Lysate was clarified by centrifugation and then incubated with
300 pl FLAG-affinity resin (Sigma-Aldrich) for 90 min at 4 °C. The FLAG resin was
washed with 20 ml buffer A and proteins eluted with three times 300 pl buffer A
containing 500 ngml ~! 3 x FLAG peptide (Sigma). The eluates were pooled and
concentrated to 500 pl and loaded on a Superdex 200 10/300 GL column equili-
brated with buffer B (150 mM NaCl, 25 mM HEPESeKOH (pH 7.8), 5% glycerol
and 0.5mM TCEP) and peak fractions eluting at ~500kDa pooled and con-
centrated using a vivaspin-4 concentration device. Proteins were stored at — 80 °C.
His-Strep-KNLI1 (996-1,202) was expressed in the Escherichia coli strain
BL21(DE3) at 18 °C overnight and purified on a HisTrap column and subsequently
on Strep-Tactin column. Finally, the protein was run on a Superdex 75 column in
150 mM NaCl, 50 mM NaP (pH 7.5), 10% glycerol and 0.5 mM TCEP, which
resulted in a pure preparation eluting at the expected position.

MELT peptides. The following peptides were purchased from biosyntan and
checked by mass spectrometry to ensure they had the correct mass and were pure:
MELT12: Btn-PEG2-C-PEG2-EDDKND-Nle-DI-T-KSYTIEIN-amide

10

MELT12p: Btn-PEG2-C-PEG2-EDDKND-Nle-DI-Tp-KSYTIEIN-amide

MELT12pp: Btn-PEG2-C-PEG2-EDDKND-Nle-DI-Tp-KSYTpIEIN-amide

MELT16p: ENHKND-NIe-DI-Tp-QSC-NIe-VEIDY-amide

MELT18p: TDNYSDLEV-Tp-DSHTVFID-amide

Note: in MELT16, an extra Y was added to the c-terminal end for the
quantification.

MST measurements. MST experiments were performed on a NanoTemper
Monolith NT.115 instrument with blue/red channels. Both complexes,
BubR1/Bub3 and Bub1(1-553)/Bub3, were labelled using the Monolith NT Protein
Labeling kit RED-MALEIMIDE (NanoTemper Technologies GmbH) according to
the supplied protocol. The labelling efficiency was ~90% and 75%, respectively,
and it was estimated by independent measurements of the protein concentration
combining spectroscopic measurements and a NT-647 red dye calibration curve in
the corresponding MST interaction buffer. Samples were prepared in MST buffer
(50 mM HEPES (pH 7.8), 200 mM NaCl, 0.5 mM TCEP, 0.05% Tween 20 or
50 mM Tris (pH 7.8), 50 mM NaCl, 0.5 mM TCEP and 0.05% Tween 20), loaded
into premium coated capillaries and measurements were performed at 40% MST
power. Laser off/on times were 5 and 30, respectively. The fluorescently labelled
BubR1/Bub3 and Bubl(1-553)/Bub3 were used at concentrations of 25 and
12.5 nM, respectively, at 40% light-emitting diode power for all peptides except for
the double-phosphorylated MELT12 peptide in MST buffer 50 mM Tris (pH 7.8),
50mM NaCl, 0.5 mM TCEP and 0.05% Tween 20 that were performed at 4 nM
concentration of the labelled proteins and 80% light-emitting diode power. The
fluorescently labelled protein complexes were mixed with equivalent volumes
(10 pl) of a twofold serial dilution of the different peptides starting at concentra-
tions between 10 and 20 times the calculated Kp. The fraction of bound protein was
derived from the averaged (1 s averaged) normalized fluorescence signals at t=28s
of the labelled complexes at different ligand concentrations. The Kp, constants were
obtained by fitting the fraction of bound protein to the quadratic solution of the
binding reaction equilibrium derived from the law of mass action (Equations 1
and 2), with the Kp, being the single free parameter. The number of independent
repeats was three for all measurements and error bars show the s.d. between these
independent repeats.

For the binding event of L to P, the mass action law states:

_ CLCP _ (CL() - CLP)(CPO - CLP)

K
P Cip Crp

(1)

with

Kp: dissociation constant

Cy: free ligand concentration

Cp: free protein concentration

Crp: bound complex concentration

Cio: total concentration of the ligand and
Cpo: total concentration of the protein.
The fraction of bound protein yields:

Cr _ Co+Co+Kp— \/(CLQ + Cpo +Kp)? — 4CioCro

X =
Cpo 2CPO

Immunoprecipitation and protein binding assay. An amount of 2.5-7 ug of
plasmid was transfected into HeLa cells in a 15-cm dish 48 h before collection.
Nocodazole (200 ng ml ~!)-arrested mitotic cells were shaken off the plates and
lysed in lysis buffer containing 10 mM TriseHCI, pH 7.4, 150 mM NaCl, 0.5 mM
EDTA and 0.5% NP-40 with both protease and phosphatase inhibitors (Roche).
After centrifugation at 17,000g for 10 min, the supernatant was applied to 20 ul of
GFP-Trap beads (Chromotek) and shaken at 4 °C for 2 h. After three times of
washing with 0.5 ml lysis buffer, the bound protein was eluted by boiling in 50 ul
2 x LDS loading buffer. Western blot was performed afterwards. The antibodies
used for western blot include BubR1 (made in house, 1:1,000), Bubl (Abcam,
ab54893, 1:1,000), Bub3 (BD Transduction Lab, 611730, 1:500), GFP (Abcam,
ab290, 1:2,000), APC7 (Bethyl, A302-551A, 1:2,000), Cdc20 (Santa Cruz, sc-13162,
1:1,000), Mad2 (Bethyl, A300-301A, 1:1,000) and KNL1 (made in house, 1:400).
For peptide-binding assays, 10 pg of peptide was diluted in 200 pl of PBS and
applied to 30 pl of streptavidin beads (Thermo Scientific), which have been pre-
washed with PBST (PBS with 0.1% Triton X-100). The mixture was shaken at room
temperature for 1h and the peptide-beads complex was resuspended in 0.5 ml
binding buffer (50 mM TriseHCl, pH 7.4, 150 mM NaCl and 0.3% Triton X-100
supplemented with both protease and phosphatase inhibitors). An amount of 2 pug of
recombinant protein was applied to the peptide-beads complex and shaken at room
temperature for 1 h. After four times of washing with binding buffer, bound protein
was eluted by 50 pl of 2 x LDS buffer. Western blot was performed afterwards.
For BubR1/Bub3 and KNL1 recombinant protein binding assay, 0.4 ug of Mpsl
protein (Invitrogen) was mixed with 8 g of strep-tagged KNLI (996-1,202)
recombinant protein in 100 pl of reaction buffer containing 50 mM TriseHCI, pH 7.4,
10 mM MgCl,, 0.5 mM dithiothreitol and 0.1 mM ATP. The mixture was incubated at
30°C for 30 min for the phosphorylation reaction. Afterwards, the mixture was
applied to 25 pl of Strep-Tactin beads (Qiagen), which was washed and resuspended
in the binding buffer as used in peptide-binding assay. The whole mixture was shaken
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at room temperature for 1h. After three times of washing, the beads were
resuspended in 500 pl of binding buffer with 2 ug of the recombinant BubR1/Bub3
complex and shaken at room temperature for 1h, followed by four times of washing.
A volume of 25l of elution buffer containing 100 mM TriseHCI, pH 8.0, 150 mM
NaCl and 2.5mM desthiobiotin was applied to the beads and the mixture was shaken
at room temperature for 15 min. The eluted material was used for western blot
analysis. Full scans of western blots are shown in Supplementary Fig. 3.

Live-cell imaging. Live-cell imaging was performed on a Deltavision Elite system
usinga x 40 oil objective (GE Healthcare). Cells were transfected in a six-well plate
and re-seeded in six-well Ibidi dishes (Ibidi) 1 day before the filming. Growth
media was changed to Leibovitz’s L-15 (Life technologies) before filming. Low dose
of nocodazole (30 ngml ~ 1y or taxol (200 nM) was added into L-15 medium before
filming started. Appropriate channels were recorded for 18-22h and data were
analysed using Softworx (GE Healthcare). Statistical analysis was carried out using
Prism software.

Data availability. The authors declare that all data supporting the findings
of this study are available within the article and its Supplementary Information
files.
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