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Efficient mitotic checkpoint signaling depends on
integrated activities of Bubl and the RZZ complex
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Abstract

Kinetochore localized Madl is essential for generating a “wait
anaphase” signal during mitosis, hereby ensuring accurate chromo-
some segregation. Inconsistent models for the function and quanti-
tative contribution of the two mammalian Madl kinetochore
receptors: Bubl and the Rod-Zw10-Zwilch (RZZ) complex exist. By
combining genome editing and RNAI, we achieve penetrant removal
of Bub1 and Rod in human cells, which reveals that efficient check-
point signaling depends on the integrated activities of these
proteins. Rod removal reduces the proximity of Bubl and Mad1, and
we can bypass the requirement for Rod by tethering Mad1 to kine-
tochores or increasing the strength of the Bub1-Madl interaction.
We find that Bubl has checkpoint functions independent of Madl
localization that are supported by low levels of Bubl suggesting a
catalytic function. In conclusion, our results support an integrated
model for the Mad1 receptors in which the primary role of RZZ is to
localize Mad1 at kinetochores to generate the Mad1-Bubl complex.
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Introduction

Accurate segregation of chromosomes during cell division depends
on a functional spindle assembly checkpoint (SAC) that in response
to improperly attached kinetochores generates a “wait anaphase”
signal (Musacchio, 2011; Lischetti & Nilsson, 2015). The generation
of this signal depends on the recruitment of checkpoint proteins to
the outer kinetochore, which facilitates the formation of the mitotic

checkpoint complex (MCC) composed of the checkpoint proteins
Mad2 and BubR1/Bub3 bound to Cdc20 (Sudakin et al, 2001; Chao
et al, 2012). The MCC is a potent inhibitor of the anaphase-
promoting complex/cyclosome (APC/C) in complex with its mitotic
co-activator Cdc20, and the presence of the MCC therefore delays
anaphase onset (Primorac & Musacchio, 2013; Izawa & Pines, 2015;
Alfieri et al, 2016; Yamaguchi et al, 2016).

How the kinetochore catalyzes MCC production is a major unre-
solved question in the field. Answering this requires dissection of
the molecular mechanisms of checkpoint protein recruitment to the
kinetochore and of the interactions between checkpoint proteins. It
is clear that phosphorylation of Met-Glu-Leu-Thr (MELT) repeats in
the outer kinetochore protein KNL1 by the checkpoint kinase Mps1
generates binding sites for the checkpoint complexes Bubl/Bub3
and BubR1/Bub3 (London et al, 2012; Shepperd et al, 2012;
Yamagishi et al, 2012; Primorac et al, 2013; Vleugel et al, 2013,
2015b; Zhang et al, 2014, 2016). Subsequent phosphorylation of
Bubl by Mpsl then facilitates an interaction between Madl and
Bubl a mechanism conserved from yeast to man (London & Biggins,
2014; Mora-Santos et al, 2016; Faesen et al, 2017; Ji et al, 2017;
Qian et al, 2017; Zhang et al, 2017). Madl is in a stable complex
with Mad2 and the recruitment of Madl/Mad2 to kinetochores is
essential because this complex catalyzes the first step in MCC forma-
tion by loading Mad2 onto Cdc20 (De Antoni et al, 2005; Faesen
et al, 2017; Ji et al, 2017). Indeed, the Kkinetochore levels of the
Madl/Mad2 complex have been shown to correlate with the
strength of the checkpoint signal (Collin et al, 2013; Dick & Gerlich,
2013). Bubl is the only Mad1 kinetochore receptor in yeast, but the
situation is more complex in higher eukaryotes as a three-subunit
complex composed of Rod, ZW10, and Zwilch (RZZ complex) contri-
butes to Madl1 localization (Basto et al, 2000; Buffin et al, 2005;
Kops et al, 2005; Gama et al, 2017; Mosalaganti et al, 2017). The
RZZ complex is able to polymerize, hereby generating the outer
corona of the kinetochore which recruits checkpoint proteins and
proteins regulating microtubule attachment (Pereira et al, 2018;
Rodriguez-Rodriguez et al, 2018; Sacristan et al, 2018). Genetic
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approaches in Drosophila melanogaster and HAP1 cells as well as
antibody injection in human cells have revealed that the RZZ
complex is required for checkpoint signaling (Basto et al, 2000;
Chan et al, 2000; Raaijmakers et al, 2018). However, an accurate
quantitative characterization is still missing and the limited effect of
Rod removal in non-transformed cells suggests a minor role of the
complex in checkpoint signaling (Sili6 et al, 2015). Furthermore, the
RZZ complex could have additional functions in the checkpoint
beyond Mad1 recruitment (Grohme et al, 2018). Bubl was identified
as an essential component of the checkpoint in budding yeast and
was subsequently shown to be important in multiple model organ-
isms (Hoyt et al, 1991; Roberts et al, 1994; Basto et al, 2000;
Vanoosthuyse et al, 2004; Meraldi & Sorger, 2005; Perera et al,
2007; Klebig et al, 2009). However, two recent studies using
CRISPR/Cas9-mediated Bubl gene deletion in HAP1 and RPE1 cells
revealed a minor role of Bubl in checkpoint signaling (Currie et al,
2018; Raaijmakers et al, 2018). These recent studies question a
conserved function for Bub1 in the SAC.

One reason for the reported discrepancies on the contribution of
the RZZ complex and Bubl to Madl localization and checkpoint
signaling could be differences between the large number of cell lines
and model systems used to study these proteins. Alternatively, since
very efficient depletion is needed to uncover the actual contribution
of certain checkpoint proteins (Meraldi & Sorger, 2005), a different
explanation could be that small variations in checkpoint protein
depletion efficiency strongly influence observed phenotypes.

The aim of this study was to quantitatively compare penetrant
Bubl and Rod depletions and dissect their functions on the molecu-
lar level, hereby clarifying their respective contributions and roles in
the checkpoint.

Results

RZZ-mediated localization of Mad1 is required for an efficient
response to unattached kinetochores

To investigate the precise role of the RZZ complex in SAC signaling,
we first identified a Rod RNAi oligo and established a depletion
protocol that efficiently depleted the RZZ component ZW10 to below
5% on kinetochores in HeLa cells and to ~1% as determined by
quantitative Western blot (Figs 1A, D and E, and 2A). We analyzed
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the strength of the checkpoint by time-lapse microscopy in the pres-
ence of nocodazole—a microtubule poison that generates unat-
tached kinetochores. Measuring the time from nuclear envelope
breakdown (NEBD) to mitotic exit provides a quantitative readout of
checkpoint activity and depletion of Rod clearly decreased the activ-
ity of the SAC (control-depleted cells mean arrest time = 790 min,
Rod-depleted cells = 220 min; Fig 1B and C). Importantly, co-trans-
fection with an RNAi-resistant Venus-Rod construct fully restored
the checkpoint response in Rod-depleted cells confirming that the
observed Rod RNAi phenotype was due to depletion of Rod (Fig 1C).
Analysis of Venus-Rod localization revealed that it localized to kine-
tochores immediately after NEBD consistent with a role in the check-
point (Fig 1B). A Rod construct lacking the N-terminal B-propeller
domain required for polymerization of RZZ was less efficient in
supporting checkpoint signaling (Gama et al, 2017; Fig 1C). Deple-
tion of Rod in RPE1 and U20S cells also decreased the duration of
the arrest in nocodazole (Fig 1F).

Consistent with the reported role of the RZZ complex in recruit-
ment of Madl to kinetochores, analysis by immunofluorescence
revealed that Madl levels were reduced by 50% in Rod-depleted
cells (45 min after releasing from RO3306 into nocodazole) while all
other checkpoint proteins analyzed were not decreased (Figs 1D
and E, and EV1A). Importantly, the phosphorylation sites in Bubl
required for Bub1-Madl complex formation (Ji et al, 2017; Qian
et al, 2017; Zhang et al, 2017) were not affected by Rod depletion
arguing that the reduction in Madl levels upon Rod depletion was
not an indirect effect on Bub1l phosphorylation (Figs 1D and E, and
EV1A). Depletion of both Rod and Bubl efficiently removed Madl
from kinetochores in HeLa cells and resulted in a strong SAC defect
in HeLa, U20S, and RPEL1 cells (Fig 1F and G).

Given that low levels of Rod might be sufficient to support SAC
signaling, we wanted to address SAC strength upon penetrant
removal of Rod. To do this, we used CRISPR/Cas9 technology to
target Rod exon 2 in HeLa cells. We never obtained HeLa Rod null
clones suggesting that the RZZ complex is essential for viability of
HeLa cells. However, multiple clones had reduced levels of Rod
while all other SAC proteins or APC/C components analyzed were
not affected (Figs 2A and EV1B). We will refer to these cell lines as
Rod C throughout. During unperturbed mitosis, alignment of chro-
mosomes in the Rod C cell line was delayed shortly compared to the
parental HeLa cell line (Fig 2C and Table 1). However, despite the
delay in alignment, the cells waited with initiating anaphase until all

Figure 1. Rod is required for Mad1 localization and checkpoint response to unattached kinetochores.

A Schematic of Rod RNAi depletion and synchronization protocol.

B Representative still images of control, Rod-depleted cells, and Rod-depleted cells supplemented with RNAi-resistant Venus-Rod treated with nocodazole and time in

minutes indicated. Scale bar, 5 pm.

C Time from NEBD to mitotic exit for the indicated conditions with each circle representing a single cell analyzed and mean time indicated by red line and standard
error of mean shown. The number of cells counted and mean time indicated above. A Mann—-Whitney U-test was used for statistical analysis (ns: non-significant,
***%p < 0.0001). A representative result from at least three independent experiments is shown.

D Immunofluorescence analysis of ZW10 and Mad1 upon depletion of Rod. Scale bar, 5 pm.

E Quantification of kinetochore intensities of the indicated proteins in control- or Rod-depleted cells with the signal normalized to CREST levels and Bubl pSpT
normalized to Bubl. Bar indicates mean and standard error of mean is shown by line. At least 200 kinetochores from 10 cells were analyzed and representative result

from at least two independent experiments is shown.

F Time from NEBD to mitotic exit in control-depleted, Rod-depleted, Bubl-depleted, and Rod- and Bubl-co-depleted Hela, U20S, and RPE1 cells. Cells were treated
with nocodazole. (Mann-Whitney U-test, ns: non-significant, ****P < 0.0001). A representative result from at least three independent experiments is shown.

G Mad1 kinetochore levels in the indicated conditions normalized to level of CREST in Hela cells. Cells were fixed at 45 min after releasing from RO3306 arrest into
nocodazole. Bar indicates mean and standard error of mean is shown by line. At least 200 kinetochores from 10 cells were analyzed and representative result from at

least two independent experiments is shown.
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Figure 2. Penetrant Rod removal by combing CRISPR/Cas9 and RNAi.
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A Western blot analysis of whole-cell extract for the indicated conditions. Quantitative analysis of Rod levels using LI-COR technology is indicated below. The asterisk

indicates an unspecific band.

B Analysis of ZW10 and Mad1 kinetochore levels in the indicated cells and conditions. Kinetochore signal is normalized to CREST signal. Bar indicates mean and
standard error of mean is shown by line. At least 200 kinetochores from 10 cells were analyzed and representative result from at least two independent

experiments shown.

C Representative still images of unperturbed mitosis for parental cells, Rod C cells, and Rod CR cells with time in minutes indicated. CFP-Histone 3 was used here as

the chromosome marker. Scale bar, 5 pm.

D, E Time from NEBD to exit of indicated conditions with cells treated with nocodazole or taxol. Red circles represent cells still arrested in mitosis when the filming
stopped (Mann-Whitney U-test, ns: non-significant, ****P < 0.0001). Mean (red line) and standard error of mean (black bar) indicated. A representative result from

at least three independent experiments is shown.

chromosomes had congressed. When we depleted Rod by RNAIi in
the Rod C cell line (referred to as Rod CR), we observed more pene-
trant removal of Rod compared to parental HeLa cells treated with
Rod RNAi, while the effect on Mad1 kinetochore levels was subtle
(Fig 2A and B). Despite this small difference in Rod levels, the
defect in SAC signaling was more penetrant in Rod CR cells
compared to Rod RNAI cells (mean time in nocodazole t = 220 min
in Rod RNAIi, ¢t =90 min in Rod CR). Importantly, the defect in
checkpoint strength could be restored by exogenous expression of
Venus-Rod attesting to a specific removal of Rod (Fig 2D). Similarly,
in taxol-arrested cells we observed a clear requirement for Rod in
checkpoint signaling and Rod C cells clearly arrested less efficiently
in taxol consistent with this drug more readily unmasks perturba-
tions to SAC signaling (Collin et al, 2013; Fig 2E). In Rod CR cells,
we observed severe defects in chromosome alignment and cells exit-
ing with unaligned chromosomes consistent with a weakened
checkpoint response and the reported role of the RZZ complex in
chromosome alignment (Starr et al, 1998; Savoian et al, 2000;
Fig 2C and Table 1).

In conclusion, penetrant Rod removal reveals that checkpoint
signaling strongly depends on the RZZ complex.

Bubl is required for the checkpoint response to unattached
kinetochores in different cell lines

Based on our results on Rod, we reasoned that the reported dif-
ferences on the role of Bubl in the checkpoint might be caused by
small variations in protein levels remaining. We therefore decided
to investigate this using CRISPR/Cas9 to lower Bubl levels and
hereby sensitizing cells to Bubl RNAi depletion as we had done for
Rod. We targeted exon 2 and obtained multiple Bubl cell lines
(Bub1 C) that based on Western blot analysis appeared to be Bubl

knockout cell lines (Fig EV1C). Surprisingly, these cell lines had a
normal checkpoint response in nocodazole but a slightly weakened
response to taxol (Fig 3A and B). However, a number of observa-
tions argued that the Bub1 C cell lines still expressed residual levels
of Bubl sufficient to support checkpoint signaling. Firstly, when
Bubl C was exposed to several independent Bub1l RNAI oligos (re-
ferred to Bubl CR), we observed a clear impairment of the SAC
response in nocodazole that could be rescued by exogenous Bubl
but not Bubl1 lacking its Mad1l binding domain (Bub1ACDI; Figs 3A
and EV2A). Secondly, by immunofluorescence analysis of mitotic
Bubl C cells we observed very weak kinetochore staining with a
phospho-specific Bubl antibody and this staining disappeared upon
subsequent Bubl RNAIi depletion (Fig EV2B). Thirdly, mass spec-
trometry analysis of Bub3 or BubR1 mitotic purifications, which are
stable binding partners of Bubl, revealed multiple Bub1l peptides
present in Bubl C, although with reduced intensity compared to
parental cells (Figs 3C and D, and EV2C, Table EV1). Importantly,
in Bubl CR we only detected few low intensity peptides revealing
further reduction in Bub1 levels (Fig 3C and D, Table EV1). Contam-
ination between samples was excluded by mass spectrometry analy-
sis of purifications run in parallel but only treated with buffer
(Table EV1). We estimate that 4% Bubl1 are left in the Bubl C cell
lines based on Bubl peptide intensities in BubR1 purifications. As
expected, the level of MCC components in Bub3 and BubR1 purifica-
tions was not affected in agreement with an almost normal check-
point in Bubl C cells (Figs 3C and EV2C). MCC levels are also
normal in Bubl CR cells as we collected mitotic arrested cells
shortly after entry. Collectively, these results argue that very low
levels of Bubl are sufficient for generating a functional checkpoint
signal. Given that CRISPR/Cas9-mediated HAP1 and RPE1 Bubl KO
cells have been generated and reported to have an almost fully func-
tional checkpoint response (Currie et al, 2018; Raaijmakers et al,

Table 1. Analysis of mitotic timing and segregation errors during an unperturbed mitosis.

Condition NEBD-exit (min) Alignment delay (%) Missegregation at exit (%) n

Hela 40 5 5 42
Rod C 50 8 5 52
Rod CR 105 90 552 42
Bubl C 90 56 5 41
Bubl CR 85 100 100° 31
Rod CR + Bubl RNAj 35 100 100 14
Bubl CR + Rod RNAI 30 100 100 17

®Few unaligned chromosomes at exit.
®Large number of unaligned chromosomes at exit.

© 2019 The Authors
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Figure 3. Bubl is required for SAC signaling from unattached kinetochores.
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A, B Time from NEBD to exit in indicated conditions with cells treated with nocodazole or taxol. Red circles represent cells still arrested in mitosis when the filming
stopped (Mann-Whitney U-test, ns: non-significant, *P < 0.05, ****P < 0.0001). Mean (red line) and standard error of mean (black bar) indicated. A representative

result from at least three independent experiments is shown.

C Mass spectrometry analysis of BubR1 IPs from the indicated cell lines. Relative protein quantification values (MaxLFQ, log10) are plotted across conditions. Data
from analysis of three technical repeats of BubR1 purifications with standard deviation indicated.
D Estimated protein levels of Bubl in the indicated conditions relative to parental cell lines. In Bubl CR, we only detected few peptides from three purifications.

Standard deviation indicated.

E Representative still images of unperturbed mitosis for parental cells, Bubl C cells, and Bubl CR cells with time in minutes indicated. CFP-Histone 3 was used as the

chromosome marker. Scale bar, 5 pm.

2018), we investigated if these cells might also have residual Bubl
left accounting for the functional checkpoint. We therefore obtained
these cell lines and depleted Bub1 by 4 different RNAi oligos and
monitored checkpoint strength in nocodazole (Fig EV2A). Similar to
our HeLa Bubl C cell lines, we observed that Bubl depletion
impaired the SAC response in HAP1 and RPEl1 Bubl KO cells
suggesting that residual Bubl are left in these cell lines and this is
why they have a normal checkpoint response. This was further con-
firmed by mass spectrometry analysis of BubR1 purifications from
these cell lines that revealed multiple Bub1 peptides (Fig 3C and D,
and Table EV1). Interestingly, in both our HeLa Bubl C and in the
RPE1 and HAP1 Bubl KO cells we did not detect any peptides in the
very N-terminal part of Bubl, which is where the gRNAs are target-
ing (Fig EV3 and Table EV1). This might suggest that this part of
Bubl is missing in the cell lines.

Depletion of Bubl by RNAi in Bubl C cells allowed us to deter-
mine the contribution of Bubl to the SAC and its role in chromo-
some segregation. In both nocodazole- and taxol-arrested cells, the
checkpoint was strongly impaired although not fully abrogated
which is due to Rod-mediated recruitment of Madl (mean time in
nocodazole ¢t = 705 min in Bubl C, ¢t = 110 min in Bubl CR; mean
time in taxol t = 770 min in Bub1l C, t = 60 min in Bubl CR; Fig 3A
and B). In Bubl C cells, chromosome alignment was delayed, but
cells rarely entered anaphase with unaligned chromosomes due to a
functional checkpoint (Fig 3E and Table 1). However, the complete
removal of Bubl resulted in massive alignment problems and cells
exiting mitosis with many unaligned chromosomes suggesting a
near complete loss of checkpoint activity (Fig 3E and Table 1).
Although Bubl is known to be important for chromosome alignment
(Meraldi & Sorger, 2005), we are not aware of previous studies
reporting such a strong defect upon Bub1 removal.

In summary, we conclude that Bub1 is required for the efficient
response to unattached kinetochores in human cells and that 2-4%
of Bubl are sufficient for almost normal checkpoint activity.
Furthermore, our quantitative comparison of Rod and Bubl CR
phenotypes suggests that Rod and Bubl activities are integrated, as

Figure 4. Mad1 localization and kinetochore dynamics.

their combined individual contributions to SAC strength are consid-
erably lower than that of the control situation.

Tethering of Mad1 to kinetochores bypasses the requirement
for Rod

As both Rod and Bubl are responsible for Mad1 kinetochore local-
ization and checkpoint activation, we wanted to address whether
Mad1 kinetochore localization is their only function or whether they
have additional roles in the checkpoint. To address this, we
analyzed checkpoint signaling in cells where Madl was artificially
tethered to kinetochores through fusion to KNL1 or Ndc80 and
analyzed checkpoint strength in Bub1 CR, Rod CR or by RNAi deple-
tion (Fig 4A and B). While the Ndc80-Madl or Mad1-KNLI fusion
completely bypassed the requirement for Rod in SAC signaling,
Bubl was still required. This result suggests that RZZ is mainly
required for Mad1 localization while Bub1 has additional checkpoint
functions. In agreement with the Madl-tethering experiments, we
observed cells exiting from nocodazole arrest with reduced but rela-
tively stable Venus-tagged Madl localized to kinetochores in cells
lacking Bub1 (Fig 4C). This was in contrast to the Mad1 localization
in cells lacking Rod where we observed continuously reduced levels
of Madl at kinetochores with the kinetochore signal disappearing
after approximately 1 h.

The inability of Madl to remain at kinetochores in cells lacking
Rod suggested that the RZZ complex might affect the turnover of
Madl at kinetochores. To test this, we analyzed the dynamics of
Venus-tagged Madl in unperturbed and nocodazole-treated cells
using fluorescence recovery after photobleaching (FRAP). We only
analyzed kinetochore pairs where we could continuously detect the
unbleached kinetochore of the pair to ensure that the pair of kineto-
chores remained in focus (Figs 4D, and EV4A and B). In both unper-
turbed cells and in nocodazole-treated cells, we could not detect any
effect on Madl dynamics upon removal of Rod arguing that the RZZ
complex mainly acts to localize Madl to kinetochores without
affecting its turnover (Fig 4E and F). Similarly, Madl dynamics was

A B Tethering of Madl (Madl 485-718) to Ndc80, KNL1 (Zhang et al, 2017), or Bubl 1-553ACD1 and the time from NEBD to exit was measured in each condition. Red
circles represent cells still arrested in mitosis when the filming stopped. Mean (red line) and standard error of mean (black bar) indicated (Mann—-Whitney U-test,
ns: non-significant, ****P < 0.0001). A representative result from at least three independent experiments is shown.

C Localization of Venus-tagged Madl in parental Hela cells, Bubl CR cells, and Rod CR cells in the presence of nocodazole. Scale bar, 5 um.

D Still images from FRAP experiments using Venus-tagged Mad1l in the indicated conditions. Image before bleach is shown and then time following bleach.
Arrowheads indicate kinetochore pairs. Scale bar, 5 um for whole-cell image and 1 um for the zoom in on kinetochores.

E Analysis of Rod levels in cells used for FRAP experiment.

F Venus-tagged Mad1 kinetochore intensity versus time from bleaching shortly after NEBD in unperturbed cells (left) or in cells arrested with nocodazole (right). Data

combined from three independent experiments and standard deviation indicated.
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Figure 5.

Increased Mad1-Bubl interaction bypasses the requirement for Rod.

Bubl and RZZ in checkpoint signaling  Gang Zhang et al

A Hela cell line stably expressing Mad1-BirA was depleted of Rod and synchronized in mitosis using thymidine and nocodazole. Biotin was added to media where
indicated and biotinylated proteins were purified and analyzed by Western blot with the indicated antibodies. Representative of two independent experiments.

B The duration from NEBD to exit in each indicated conditions was recorded by time-lapse microscopy. Mean (red line) and standard error of mean (black bar)
indicated (Mann-Whitney U-test, ****P < 0.0001). A representative result from at least three independent experiments is shown.

C Mitotic duration in the indicated conditions expressing Mad1-Bubl (Madl 485-718 fused to Bubl 1-553ACD1) fusion protein. The time from NEBD to exit is
indicated. Red circles represent cells still arrested in mitosis when the filming stopped. Mean (red line) and standard error of mean (black bar) indicated. (Mann—
Whitney U-test, ns: non-significant, ****P < 0.0001). A representative result from at least three independent experiments is shown.

D, E Cells depleted of Rod using RNAi and transfected with the indicated Bubl constructs. (D) Representative immunofluorescence images of cells stained for YFP and
Mad1 in each condition. Scale bar, 5 um. (E) Mad1 kinetochore levels were measured and normalized to Bubl (YFP) level. Bar indicates mean and standard error of
mean is shown by line. At least 200 kinetochores from 10 cells were analyzed and representative result from at least two independent experiments is shown.

not affected by the removal of Bub1l arguing that Mad1 dynamically
associates with both kinetochore receptors (Fig EV4C).

In summary, the experiments suggest that the main function of
the RZZ complex in the checkpoint is to localize Madl to kineto-
chores.

Increasing the interaction between Bubl and Mad1 bypasses the
requirement for Rod

Collectively, our data reveal a critical importance of the Madl-
Bubl1 interaction as well as RZZ-mediated Mad1l kinetochore local-
ization for SAC signaling. Given that our quantitative analysis of
Bubl CR and Rod CR cells indicated an integrated function of the
two checkpoint components, we hypothesized that RZZ localizes
Madl on kinetochores to facilitate the interaction between Bubl
and Mad1. To further investigate this, we first determined whether
the RZZ complex is required for the interaction between Madl and
Bubl using our recently established proximity-dependent ligation
assay (Zhang et al, 2017). In this assay, Madl is fused to the BirA*
biotin ligase resulting in biotinylation of proteins in proximity of
Madl upon addition of biotin to the cell culture. A point mutant
unable to bind Bubl in vitro fails to biotinylate Bub1 in this assay
showing that the assay reports on the Madl-Bubl interaction in
cells. If Rod and Bubl operate in separate pathways and localize
and interact with Madl independently of each other, then the
prediction would be that depletion of Rod should not affect the
proximity of Madl and Bubl. Strikingly, the removal of Rod
almost completely abolished biotinylation of Bubl in nocodazole-
arrested cells supporting a model in which Rod positively influ-
ences Madl-Bubl interaction (Fig SA). If the hypothesis that Rod
stimulates Mad1-Bubl interaction is correct, then we would predict
that increasing the strength of the Madl-Bubl interaction might
bypass the requirement for Rod in generating a checkpoint signal.
To test this directly, we sought of ways to artificially stimulate the
Mad1-Bubl interaction. Interestingly, plants and algae lack the
RZZ complex and one of their three Bubl like proteins contains
multiple repeats of the CD1 domain likely to increase the strength
of the Mad1-Bubl interaction (Di Fiore et al, 2016; van Hooff et al,
2017). To mimic this in human cells, we generated a Bubl
construct containing four repeats of the CD1 domain (Bubl
4XCD1). As a control, a similar construct but with the four CD1
domains lacking the phosphorylation sites (S459A, T461A) mediat-
ing Madl interaction was used (4XCD1 2A). Bub1-4XCD1 very effi-
ciently recruited Madl to kinetochores and supported efficient
checkpoint signaling in Rod CR cells while Bubl 4XCD1 2A or
Bubl 1-529 with only one CD1 did not (Fig 5B, D and E). In a
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complementary approach, Madl was fused directly to Bubl and
this also bypassed the requirement for Rod (Figs 4B and 5C). Bubl
CR complemented with Bubl 4xCD1 mounted a SAC response
similar to Bubl 1-529 despite recruiting four times more Madl to
kinetochores suggesting that additional factors are affecting SAC
strength (Fig 6A and B). To determine whether Bubl 4xCD1 had a
dominant effect on mitotic progression, we analyzed mitotic timing
and chromosome segregation in HeLa cells expressing this
construct but observed no effect (Fig 6C and D).

Altogether our results support a model where the role of the
RZZ complex in the SAC is to localize Madl at kinetochores
allowing for a functional checkpoint generating Madl-Bubl inter-
action.

A distinct region of Bubl stimulates RZZ localization
to kinetochores

To further understand the interplay between the RZZ complex and
Bubl1 in the SAC, we explored the reported role of Bubl in localiz-
ing the RZZ complex to kinetochores (Caldas et al, 2015; Zhang
et al, 2015), which we reconfirmed in live cell assays (Fig 7A).
From previous work, it was unclear if the ability of Bub1 to stimu-
late RZZ localization was simply due to Bubl-mediated recruit-
ment of Madl or a separate function of Bubl. To test this, we
determined whether the Madl binding and RZZ recruitment activi-
ties of Bubl can be uncoupled. We first analyzed RZZ localization
in two Bubl mutants, Bubl S459A/T461A (Bubl 2A) and I471D,
unable to bind Madl (Zhang et al, 2017). In both of the Bubl
mutants, RZZ localization, as determined by kinetochore levels of
ZW10, was normal while Madl levels were reduced by 20-30%
(Figs 7B-D, and EV4D and E). This argues that Madl binding to
Bubl is unlikely to account for the function of Bubl in stimulating
recruitment of RZZ. Interestingly, the Bubl MFQ/RKK mutant, also
unable to bind Madl, strongly reduced Bubl-dependent recruit-
ment of RZZ suggesting that a distinct region of CD1 contributes
to RZZ localization (Fig 7B-D). Furthermore, the region down-
stream of CD1, amino acids 485-521, was required for RZZ local-
ization which shows that these residues together with CD1
stimulate RZZ localization (Fig 7C and D). Indeed, fusing the kine-
tochore targeting domain of Bubl to a region encompassing CD1
and the downstream region was sufficient for RZZ recruitment
(Fig 7E and F).

In conclusion, Bubl stimulation of RZZ localization is indepen-
dent of the Bub1-Mad1 interaction, but the region in Bub1 responsi-
ble for RZZ localization is partly overlapping with the Madl
interaction domain.

© 2019 The Authors
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Figure 6. Analysis of Bubl 4xCD1 in Bubl CR and parental cells.

A Bubl CR cells complemented with the indicated Bubl constructs and time from NEBD to exit in nocodazole measured by time-lapse microscopy. Mean (red line)
and standard error of mean (black bar) indicated (Mann—Whitney U-test, ns: non-significant, ****P < 0.0001). A representative result from at least three
independent experiments is shown.

B Kinetochore levels of Madl in Bubl CR cells complemented with the indicated YFP tagged Bubl constructs. Mad1l levels are normalized to YFP signal. Bar indicates
mean and standard error of mean is shown by line. At least 200 kinetochores from 10 cells were analyzed and representative result from at least two independent
experiments shown.

C,D Hela cells transfected with the indicated Bubl constructs and time from NEBD to exit determined during an unperturbed mitosis. (C) Still images of unperturbed
mitosis of Hela cells transfected with Venus-Bubl 4xCD1. CFP-Histone 3 was used as the chromosome marker (the middle panel), and Venus-Bubl 4xCD1 was
shown in the bottom panel. Scale bar, 5 um. (D) The time from NEBD to exit was analyzed in each condition. Mean (red line) and standard error of mean (black
bar) indicated (Mann-Whitney U-test, ns: non-significant). A representative result from at least three independent experiments is shown.
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Figure 7. Bub1l recruitment of RZZ to kinetochores.

The EMBO Journal

A Localization of Venus-Rod during unperturbed mitosis in control-depleted or Bubl-depleted cells.
B Primary structure of Bubl with sequence of CD1 shown and residues mutated in red. Schematic of fusion constructs used in panels (E and F).
C Hela cells were depleted of Bubl using RNAi and complemented with indicated Venus-Bubl constructs. Immunofluorescence images were shown for Bubl and

ZW10 localization.

D Quantification of Bubl and ZW10 kinetochore levels normalized to CREST in the indicated conditions.
E,F Asin (C and D) but with the indicated Bubl fusion proteins (Student’s t-test used for statistical comparison, ns: non-significant, ****p < 0.0001).

Data information: Bar indicates mean and standard error of mean is shown by line. At least 200 kinetochores from 10 cells were analyzed and representative result from

at least two independent experiments is shown. Scale bars, 5 pm.

Discussion

By integrating CRISPR/Cas9 and RNAIi depletion, we obtain pene-
trant depletion of two essential checkpoint proteins to reveal their
contribution to checkpoint signaling. This approach avoids issues
such as adaption during selection or that residual protein sufficient
to support function remains. This can be a general approach to
obtain penetrant depletion of essential genes if lower protein levels
are sufficient for viability. We provide evidence that reported RPE1
and HAP1 Bubl knockout cells express residual levels of Bubl,
explaining why the response to unattached kinetochores is not
strongly affected in these cells (Currie et al, 2018; Raaijmakers et al,
2018). Our results show that both Bubl and Rod are required for
efficient checkpoint signaling in human cells and we do not favor
that there is a fundamental difference between transformed or
untransformed cells in checkpoint architecture. These observations
are consistent with recent work from the Jallepalli laboratory
(Rodriguez-Rodriguez et al, 2018).

It is evident from our work that very penetrant depletion of Bub1
and Rod is needed to reveal their contribution to checkpoint signal-
ing. The Mad1-tethering experiments support that the main function
of the RZZ complex is to localize Madl to kinetochores. Although
the RZZ complex is less efficient in inducing a SAC arrest in the
absence of Bubl, it is capable of delaying mitosis approximately
threefold likely through RZZ-mediated Madl localization. This is
consistent with our mass spectrometry analysis of BubR1 purifica-
tions from mitotic Bubl CR cells that reveal similar MCC levels as
controls. At present, we cannot rule out that undetectable amounts
of Bub1 remaining in Bub1 CR are responsible for the delay seen in
these cells. However, we do not favor this because all the mitotic
timings are tightly clustered around 110 min in nocodazole which is
very similar to that obtained when dominant negative versions of
Bub1 are expressed (Zhang et al, 2017). Why RZZ in the absence of
Bubl cannot maintain a prolonged SAC arrest despite MCC genera-
tion is unclear to us but could possible reflect a change in SAC
silencing activities with time.

Our analysis of Bubl C cells shows that in HeLa cells Bub1 levels
have to be reduced below 4% to have a penetrant effect on the SAC
suggesting that Bub1 has a catalytic role. What could this catalytic
function be? The ability of Bub1 to bind Cdc20 has been suggested
to be an important determinant for MCC production (Di Fiore et al,
2015; Faesen et al, 2017; Ji et al, 2017). However, our previous
work and analysis in Bubl CR (Bubl 1-529, Fig 6A) shows that
Cdc20 binding is insufficient to explain the function of Bub1l beyond
Mad1 kinetochore recruitment (Zhang et al, 2015, 2017). Another
contributing factor could be that binding of Bub1 to Mad1 increases
the catalytic efficiency of the Madl/Mad2 complex consistent with
the fact that the Bubl CD1 domain is still required when Madl is

© 2019 The Authors

tethered to kinetochores in fission yeast (Heinrich et al, 2014). Bub1l
could also act to position Madl close to KNL1 allowing for efficient
MCC generation, and this proximity to KNL1 is not achieved in
Mad1-tethering experiments after Bubl depletion. Recent estab-
lished in vitro reconstitution systems and our Bubl C cell lines will
be important tools to further explore the function of Bubl (Faesen
et al, 2017; Jiet al, 2017).

We propose that the function of Bubl in Madl recruitment is
twofold and highly integrated with the RZZ complex. The central
Madl binding region of Bubl stimulates RZZ localization, hereby
ensuring efficient Mad1l kinetochore localization. It is important to
point out that Bub1 only stimulates RZZ recruitment, and if sufficient
time is provided, then in the absence of Bubl the RZZ complex will
localize and generate a fibrous corona that can recruit Mad1l (Caldas
et al, 2015; Vleugel et al, 2015a). The stimulation of RZZ localization
by Bubl might act to facilitate its own interaction with Madl as
suggested by our BiolD experiment and the observation that
increased Bub1-Mad1 interaction bypasses the requirement for Rod.
Since Bubl and Madl are present at nanomolar concentrations at
kinetochores, while measured affinities are in the micromolar range,
it is possible that RZZ, by increasing the local concentration of
Madl1, allows for more efficient Bubl-Madl complex formation
(Simonetta et al, 2009; Ji et al, 2017; Zhang et al, 2017).

We favor that the amount of Mad1-Bub1 complex at kinetochores
is an important determinant of SAC strength, but our experiments
with Bub1 4xCD1 also suggest that additional parameters control the
overall strength of the checkpoint. The amount of Madl-Bubl
complex likely changes over time as the amount of MCC that needs
to be produced for establishing and maintaining the SAC have dif-
ferent thresholds during mitosis. An initial high level of Bubl phos-
phorylation might ensure that a large fraction of Madl is bound to
Bubl at early stages of mitosis to ensure a high level of MCC produc-
tion to establish the checkpoint (Qian et al, 2017). During check-
point maintenance, less Madl-Bubl is needed to maintain MCC
levels and the bulk of Mad1 is bound to RZZ, but Bubl is still needed
for efficient SAC signaling as shown by our Mad1-tethering results.

In conclusion, our work reveals that the overall conceptual archi-
tecture of the checkpoint is conserved from yeast to man and likely
the unique requirement for RZZ in mammalian cells reflects the
weak affinity of Mad1 for Bubl.

Materials and Methods
Cell culture and RNAI

HeLa, U20S, RPE1, and HAP1 cells were cultivated respectively in
DMEM or DMEM F12 HAM or IMDM medium (Invitrogen)
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supplemented with 10% fetal bovine serum and antibiotics. For
Bubl or Rod RNAi and rescue experiments, two times of RNAi
were performed using Lipofectamine 2000 or RNAi Max (Invitro-
gen) according to manufactures instructions. The first Bubl RNAI
was performed 48 h before filming or fixation with the second at
24 h before in the presence of thymidine (2.5 mM). The first Rod
RNAi was performed 96 h before filming or fixation with the
second at 48 h before. Thymidine was used afterward to synchro-
nize cells. Plasmid co-transfection was done in the first transfec-
tion for Bubl and in the second transfection for Rod. For Bubl
and Rod co-depletion, the first Bubl RNAi was performed at the
same time as the second Rod RNAI at 48 h before filming or fixa-
tion. RNAi oligos targeting Bubl (5 GAGUGAUCACGAUUUCUAA
3’) or luciferase (5 CGUACGCGGAAUACUUCGA 3'; Sigma) or Rod
(5 GGAAUGAUAUUGAGCUGCUAACAAA 3'; Thermofisher) were
used for RNAi depletions. Ambion silencer select RNAi oligos
against Bubl: Bubl #2 (5 GAGUCAAAUAUGGAACGAALt 3'), Bubl
#3 (5" GGCCCUACGUAAUAGGCUALt 3'), Bubl #4 (5 GGAUUACC
ACAGCCUAAAALt 3').

Immunofluorescence and quantification

This was done essentially as described in Zhang and Nilsson
(2018). Cells growing on coverslips were synchronized with a
double thymidine block followed by RO3306 (10 nM) block. After
washing with PBS, the cells were treated with nocodazole (200 ng/
ml) for 45 min and fixed with 4% paraformaldehyde in PHEM
buffer (60 mM PIPES, 25 mM HEPES, pH 6.9, 10 mM EGTA, 4 mM
MgS0,) 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), Bubl
pSpT (home made, 1:200), Rod (gift from Gordon Chan), CREST
(Antibodies Incorporated, 15-234, 1:400), BubR1 (homemade),
Cdc20 (Millipore, MAB3775, 1:200), ZW10 (Abcam, ab21582,
1:200), Madl (Santa Cruz, sc65494, 1:200). All the fluorescent
secondary antibodies are Alexa Fluor Dyes (Invitrogen, 1:1,000). Z-
stacks 200 nm apart were recorded on a Deltavision Elite micro-
scope (GE Healthcare) using a 100x oil objective followed by
deconvolution using Softworx prior to quantification. Protein inten-
sity on Kkinetochores 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 back-
ground from neighboring areas and averaged. The combined inten-
sity was normalized against the combined CREST fluorescent
intensity. At least 200 kinetochores from 10 cells were measured
per condition. At least two independent experiments were
performed for each immunofluorescence assay, and representative
experiment is shown in figures.

CRISPR/Cas9-mediated gene knockout

GeneArt Platinum Cas9 Nuclease (Thermofisher) with synthesized
gRNA was used for gene editing. Pre-designed DNA primers for
gRNA template assembly were purchased (Thermofisher) with
forward primer IVT-TAATACGACTCACTATAGTACAAGGGCAATG
ACC and reverse primer IVT-TTCTAGCTCTAAAACAGAGGGTCA
TTGCCCTTGT for Bubl; with forward primer IVT-TAATACGACTC
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ACTATAGCTTTTCTTGAACCGAC and reverse primer IVT-TTCT
AGCTCTAAAACGAGTGTCGGTTCAAGAAAA for Rod. Guide RNA
was synthesized according to the instruction from GeneArt Precision
gRNA Synthesis Kit (Thermofisher). 625 ng of gRNA and 2,500 ng
of Cas9 nuclease (GeneArt Platinum Cas9 Nuclease, Thermofisher)
were transfected into 4.5 x 10° HeLa cells by Lipofectamine
CRISPRMAX transfection reagent. Twenty-four hours later, the
cells were diluted and re-cultivated for single colony isolation.
20-100 single colonies were isolated and amplified followed by
examination of the kinetochore signals of interested protein by
immunofluorescence. The ones with reduced signals compared to the
parental HeLa cells were maintained for further characterization.

Cloning

Rod cDNA was purchased from Kazusa DNA Res Inst (ORK05777).
The internal BamHI site was eliminated by Gibson Assembly, and
the cDNA was cloned into pcDNAS/FRT/TO N-Venus vector by
BamHI and Notl sites. Venus-Bubl 1-430 and its variants were
cloned into the same vector by Kpnl and NotlI sites. 4xCD1 WT or
2A DNA was synthesized by GeneArt (Thermofisher) and cloned
into Venus-Bubl 1-430 construct. Details will be provided upon
request.

Live cell imaging

Live cell imaging was performed on a Deltavision Elite system using
a 40x oil objective (GE Healthcare). Cells were transfected in 6-well
plate and re-seeded in 8-well Ibidi dishes (Ibidi) 1 day before the
filming. Growth media was changed to Leibovitz’s L-15 (Life Tech-
nologies) before filming started. Appropriate channels were
recorded for 18-24 h, and data were analyzed using Softworx (GE
Healthcare). Statistical analysis was done using Prism software. At
least three repeats were performed for each live cell imaging experi-
ment, and a representative experiment is shown. For nocodazole
treatment, 30 ng/ml of nocodazole was applied to cells just before
filming. For taxol treatment, 100 nM of taxol was applied to cells
before filming.

Western blot analysis of cell lines

Mitotic cells induced by nocodazole (200 ng/ml) were collected
and lysed in lysis buffer containing 10 mM Tris pH 7.5, 150 mM
NaCl, 0.5 mM EDTA, and 0.5% NP-40. After centrifugation at
18,000 g for 10 min, the supernatant was applied to SDS-PAGE
followed by Western blot with interested antibodies. The antibod-
ies used in this study include APC4 (homemade; Sedgwick et al,
2013), APC7 (Bethyl, A302-551A, 1:2,000), Bubl (abcam,
ab54893, 1:1,000, and sheep anti-Bubl from Stephen Taylor
1:1,000; Taylor et al, 2001), Bub3 (BD Transduction Lab), BubR1
(homemade; Zhang et al, 2016), Cdc20 (Santa Cruz, scl3162,
1:1,000; Hein & Nilsson, 2014), GAPDH (Santa Cruz, sc25778,
1:2,000), H3S10p (Milipore 06-570), Madl (Sigma, M8069,
1:1,000; Fava et al, 2011), Mad2 (Bethyl, A300-301A, 1:1,000),
and Rod (gift from Reto Gassmann; Gama et al, 2017). Fluorescent
labeled secondary antibodies (1:5,000, LI-COR Biosciences) were
used for quantitative analysis by LI-COR Odyssey imaging system
(LI-COR Biosciences).
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Purification of biotinylated protein complexes

This was done essentially as in Zhang et al (2017). Stable HeLa cell
lines expressing the Madl BirA fusion protein were exposed to
0.1 ng/ml doxycycline for 18 h to obtain near endogenous Madl
expression levels. Cells were arrested in mitosis by a double thymi-
dine block and subsequent nocodazole (150 ng/ml) treatment for
12 h. Biotinylation of proximity interactors was induced by the addi-
tion of a final concentration of 25 puM of biotin simultaneously with
the addition of nocodazole. Rod siRNA knockdown was performed
as described above. Mitotic cells were collected and washed three
times in PBS before lysed in RIPA buffer (50 mM Tris pH 7.5,
150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.25% Na-deoxycho-
late, 0.1% SDS) containing protease inhibitors (Roche). Cell lysate
was clarified by centrifugation and incubated overnight at 4°C with
High Capacity Streptavidin Resin (Thermo Scientific). Streptavidin
beads were washed once with RIPA buffer followed by two washes
with water containing 2% SDS and a final wash with RIPA buffer.
Biotinylated proteins were eluted from the streptavidin beads with
2x Laemmli LDS sample buffer containing 1 mM of biotin before
separated on 4-12% Bis-Tris NuPage gels (Life Technologies). After
separation, proteins were examined by Western blot using following
antibodies: Cyclin B1 (554177, 1:1,000, BD Pharmingen), H3 pS10
(06-570, 1:1,000, Millipore), GAPDH (sc-25778, 1:500, Santa Cruz
Biotech.), Bubl (ab54893, 1:1,000, abcam), Knll (produced in
house, 1:1,000; Zhang et al, 2016), Rod (1:2,000, gift from Reto
Gassmann).

FRAP analysis of Mad1

For Fluorescence Recovery After Photobleaching (FRAP) measure-
ments, HeLa, RodC, or BublC cells were cultured in DMEM
medium supplemented with 10% fetal bovine serum, double
transfected with control, Rod RNAi, or Bubl RNAIi oligos respec-
tively as described above, and co-transfected with Venus-Madl or
Mad1-Venus. The day before filming, cells were seeded in 35 mm
glass-bottomed dishes (14 mm, No. 1.5, MatTek Corporation) in
the presence of thymidine. Cells were then released in the
absence or presence of 3.3 uM Nocodazole for 7-11 h before
starting the live cell imaging. Time-lapse imaging was performed
at 37°C using a Plan-Apochromat 63x/1.4NA with differential
interference contrast oil objective mounted on an inverted Zeiss
Axio Observer Z1 microscope (Marianas Imaging Workstation
from Intelligent Imaging and Innovations Inc., Denver, CO, USA),
equipped with a CSU-X1 spinning-disk confocal head (Yokogawa
Corporation of America). Images were acquired using an iXon
Ultra 888 EM-CCD camera (Andor Technology). After identifi-
cation of kinetochore pairs in prometaphase cells, one of the two
kinetochores was photobleached with 4 laser pulses using 100%
power of the argon laser, and the fluorescence recovery was
recorded for 30 s at 500 ms intervals, after 2-6 prebleached
images were acquired. RodC and RodCR cells were imaged using
100 ms exposure time of 40% laser power, whereas Bub1CR cells
were imaged with 200 ms exposure time. For FRAP calculations,
the fluorescence intensity of the bleached area was normalized
using the intensity of the whole cell, after background correction.
Then, a full-scale normalization was done and the mean values
were plotted and used for exponential curve fitting using
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GraphPad Prism 7.01 to determine the half-life and the efficiency
of the recovery.

Purification of Bub3 and BubR1 complexes

Parental HeLa cells, Bubl C clone 1 and clone 2, were transfected
with Venus-Bub3 plasmid, and additional parental cells were trans-
fected with a plasmid expressing Venus alone as a control. Follow-
ing 24 h of thymidine (2.5 mM) arrest, the cells were released
into nocodazole (200 ng/ml) and collected by mitotic shake-off after
15 h.

The cells were lysed in GFP-trap lysis buffer (10 mM Tris,
150 mM NaCl, 0.5% NP-40, 1 mM DTT) supplemented with
protease and phosphatase inhibitors (Roche). Cell lysates were
cleared by spinning for 15 min at 19,500 g. 10 mg of supernatant
was applied to 10 ul GFP-trap (Chromotek) beads and was incu-
bated for 90 min at 4°C with constant rotation. After three times of
washes with 500 pl lysis buffer and one time with 1 ml PBS, the
beads were frozen at —20°C and analyzed by mass spectrometry
afterward.

Bubl C clone 2, HAP1, and RPE1 BUB1 KO cells were arrested
with thymidine (2.5 mM) for 24 h and then released into nocoda-
zole (200 ng/ml) and mitotic cells collected by shake-off. For the
comparative analysis of Bubl C and Bubl CR, we released cells
from thymidine into RO3306 to synchronize cells in G2 and then
release them into nocodazole for approximately 2 h before harvest-
ing. This was to avoid Bubl CR cells escaping the nocodazole-
induced arrest. Cells were lysed in lysis buffer (10 mM Tris,
150 mM NaCl, 0.5% NP-40, 1 mM DTT) supplemented with
protease and phosphatase inhibitors and cleared for 15 min at
13,500 rpm. Protein concentrations were measured and immunopre-
cipitations were set up with 10 mg of lysate for HeLa cells and 8 mg
of lysate for HAP1 and RPE1 cells and incubated with 25 pl BubR1
antibody-Protein G beads. Immunoprecipitations were incubated for
70 min at 4°C with constant rotation. Beads were washed three
times with 500 ul lysis buffer and two times with PBS. The washed
beads were frozen at —20°C and analyzed by mass spectrometry
afterward.

Affinity purification and mass spectrometry (AP-MS)

Elution from GFP-trap beads was carried out by a partial on-
bead digest. Briefly, 100 ul of elution buffer (2 M urea, 2 mM
DTT, 20 pg/ml trypsin, 50 mM Tris, pH 7.5) was added and
incubated at 37°C for 30 min at 210 g. Supernatants were trans-
ferred into new tubes, alkylated with 25 mM CAA, and further
digested over night at room temperature (1,400 rpm). Digestion
was stopped the next day by adding 1% trifluoroacetic acid
(TFA). Peptides were desalted and purified with styrenedivinyl-
benzene-reversed phase sulfonate (SDB-RPS) StageTips. Briefly,
StageTips with two layers of SDB-RPS were prepared with 100 pl
of wash buffer (0.2% TFA in H,0). Peptides were directly loaded
on top and centrifuged for 5 min at 500 g. After one further
wash with 150 ul of wash buffer, peptides were eluted with
S50 ul of elution buffer (80% ACN and 1% ammonia) and
vacuum-dried. Dried peptides were finally reconstituted in 2%
acetonitrile (ACN) and 0.1% TFA in water and kept at —20°C
until MS analysis.
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Liquid chromatography-mass spectrometry (LC-MS) analysis

This was done essentially as in Doll et al (2017). Nanoflow LC-
MS/MS analysis of tryptic peptides was conducted on a quadru-
pole Orbitrap mass spectrometer (Q Exactive HF-X, Thermo
Fisher Scientific, Rockford, IL, USA; Kelstrup et al, 2018)
coupled to an EASYnLC 1200 ultra-high-pressure system
(Thermo Fisher Scientific) via a nano-electrospray ion source.
About 0.5 pg of peptides was loaded on a 50 cm HPLC column
(75 pm inner diameter, New Objective, USA; in-house packed
using ReproSil-Pur C18-AQ 1.9 um silica beads; Dr Maisch
GmbH, Germany). Peptides were separated using a linear gradi-
ent from 2 to 20% B in 55 min and stepped up to 40% in
40 min followed by a 5 min wash at 98% B at 350 nl/min
where solvent A was 0.1% formic acid in water and solvent B
was 80% acetonitrile and 0.1% formic acid in water. The total
duration of the run was 100 min. Column temperature was kept
at 60°C by an in-house-developed oven. The mass spectrometer
was operated in “top-15” data-dependent mode, collecting MS
spectra in the Orbitrap mass analyzer (60,000 resolution, 300-—
1,650 m/z range) with an automatic gain control (AGC) target
of 3E6 and a maximum ion injection time of 25 ms. The most
intense ions from the full scan were isolated with an isolation
width of 1.4 m/z. Following higher-energy collisional dissocia-
tion (HCD) with a normalized collision energy (NCE) of 27,
MS/MS spectra were collected in the Orbitrap (15,000 resolu-
tion) with an AGC target of 1ES and a maximum ion injection
time of 28 ms. Precursor dynamic exclusion was enabled with a
duration of 30 s.

Raw file processing and bioinformatic analyses

This was done essentially as in Coscia et al (2018). MS raw files
were processed with the MaxQuant software (Cox & Mann,
2008; version 1.5.0.38). The integrated Andromeda search engine
(Cox et al, 2011) was used for peptide and protein identification
at an FDR of <1%. The human UniProtKB database (October
2017) was used as forward database and the automatically
generated reverse database for the decoy search. “Trypsin” was
set as the enzyme specificity. We required a minimum number
of 7 amino acids for the peptide identification process. Proteins
that could not be discriminated by wunique peptides were
assigned to the same protein group (Cox & Mann, 2008). Label-
free protein quantification was performed using the MaxLFQ
(Cox et al, 2014) algorithm. Protein ratios were determined
based on median peptide ratios, and only common peptides
were used for pair-wise ratio calculations. The “match-between-
runs” feature of MaxQuant was enabled to transfer peptide iden-
tifications across runs based on high mass accuracy and normal-
ized retention times. Prior to data analysis, proteins, which were
found as reverse hits or only identified by site-modification,
were filtered out.

All statistical and bioinformatic analyses were performed
using Perseus (Tyanova etal, 2016) or the R framework
(https://www.r-project.org/). For peptide alignment onto the
primary BUB1 protein sequence, we use the Open-pFIND soft-
ware for raw file analysis and data visualization (Chi et al,
2018).
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Data Availability

The mass spectrometry data from this publication have been depos-
ited to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org/cgi/GetDataset) via the PRIDE partner reposi-
tory with the dataset identifier PXD012235.

Expanded View for this article is available online.
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