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to activate the mitotic checkpoint
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Abstract

Cyclin B:CDH is the master kinase regulator of mitosis. We show
here that, in addition to its kinase functions, mammalian Cyclin B
also scaffolds a localised signalling pathway to help preserve
genome stability. Cyclin B1 localises to an expanded region of the
outer kinetochore, known as the corona, where it scaffolds the
spindle assembly checkpoint (SAC) machinery by binding directly
to MADL. In vitro reconstitutions map the key binding interface to
a few acidic residues in the N-terminal region of MAD 1, and point
mutations in this sequence abolish MAD1 corona localisation and
weaken the SAC. Therefore, Cyclin Bis the long-sought-after scaf-
fold that links MAD 1 to the corona, and this specific pool of MAD1
is needed to generate a robust SAC response. Robustness arises
because Cyclin B:MADL localisation loses dependence on MP3
kinase after the corona has been established, ensuring that coro-
na-localised MADL can still be phosphorylated when MPS1 activity
is low. Therefore, this study explains how corona-MAD1 generates
a robust SAC signal, and it reveals a scaffolding role for the key
mitotic kinase, Cyclin B1:CDKL, which ultimately helps to inhibit its
own degradation.

Keywords Cyclin BL; kinetochore corona; MAD; RZZ complex; spindle assem-
bly checkpoint
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Introduction

During mitosis, all duplicated chromosomes must attach correctly to
microtubules so they can segregate properly when the cell divides.
This attachment is mediated via the kinetochore, which is a giant
molecular complex assembled on chromosomes at the centromere
(Musacchio & Desai, 2017). As well as attaching to microtubules,
the kinetochore must also regulate this process to ensure it occurs
correctly. One aspect of this regulation involves the activation of the

mitotic checkpoint, otherwise known as the spindle assembly check-
point (SAC), which blocks mitotic exit until all kinetochores have
attached to microtubules. The principle of the SAC is that each unat-
tached kinetochore acts as a factory to produce an inhibitor of
mitotic exit, known as the mitotic checkpoint complex or MCC (for
further molecular details, see Corbett, 2017). The generation of MCC
is so efficient that every single kinetochore signalling centre must
eventually be extinguished by microtubule attachment to allow the
cell to exit mitosis (Rieder et al, 1995; Dick & Gerlich, 2013).

This complicated inactivation process, known as SAC silencing,
requires the removal of catalysts that are needed at unattached kine-
tochores to generate the MCC (Etemad & Kops, 2016). Two key cata-
lysts in this regard are MAD1, which drives the first step in MCC
assembly, and MPS1, the kinase responsible for recruiting and phos-
phorylating MAD1 as well as other components needed for MCC
assembly. Kinetochore-microtubule attachment extinguishes these
activities because microtubules displace MPS1 from its binding site
on NDC80 (Hiruma et al, 2015; Jiet al, 2015) and at the same time
they provide a highway onto which dynein motors can travel to
strip MAD1 away from kinetochores (Howell et al, 2001; Wojcik
et al, 2001; Mische et al, 2008; Sivaram et al, 2009). Removal of
both MPS1 and MAD1 is essential for SAC silencing because if either
one is artificially tethered to kinetochores, then the SAC fails to
switch off and mitotic exit is blocked (Jelluma et al, 2010; Maldon-
ado & Kapoor, 2011).

One key unexplained aspect of the SAC concerns the kinetochore
binding sites for MAD1. MADL is recruited to kinetochores via an
established KNL1-BUB1 pathway and, in human cells, by an addi-
tional pathway involving the ROD/ZW10/Zwilch (RZZ) complex at
the kinetochore’s corona (a fibrous crescent that forms around kine-
tochores to aid the capture of microtubules) (Luo et al, 2018). How
exactly MADL is recruited to the corona and whether this pool of
MAD1 can signal to the SAC are unknown. It is crucial to resolve
these issues because it is ultimately the RZZ complex that is stripped
by dynein to shut down the SAC, implying that this pool of MAD1 is
important for MCC generation (Howell et al, 2001; Wojcik et al,
2001; Mischeet al, 2008; Sivaramet al, 2009). However, the corona
is positioned some distance away from MPS1 and the proposed cata-
lytic centre for MCC generation at the KNL1/MIS12/NDC80 (KMN)
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network. Therefore, it remains unclear how MAD1 could signal to
the SAC from the corona and it is difficult to resolve this issue with-
out knowledge of how MAD1 binds to this region.

We show here that the key mitotic kinase complex—Cyclin B1:
CDKZI—acts as the physical adaptor that links MAD1 to the corona.
MAD1 was recently shown to recruit Cyclin Bl to kinetochores
(Alfonso-Perezet al, 2019), and although we do see a partial reduc-
tion in kinetochore Cyclin B1 when MAD1 interaction is inhibited,
the most penetrant phenotype we observe is the complete loss of
corona MAD1. This unanticipated scaffolding function of Cyclin B1
is crucial for a robust SAC response, because it allows corona-
tethered MAD1 to respond to low level of kinetochore MPS1
activity. This study therefore reveals how the corona pool of MAD1
signals to the SAC and it explains why MPS1 inhibition and
dynein-mediated stripping of the corona are both essential for SAC
silencing.

Results

Cyclin B1:MADL1 interaction facilitates Cyclin B 1 and MAD1
localisation to unattached kinetochores

The Cyclin B:CDK1 kinase complex is a master regulator of mitosis
that is activated during G2 phase of the cell cycle to initiate mitotic
entry and degraded after chromosome alignment to induce mitotic
exit. Analysis of endogenously tagged Cyclin B1-EYFP localisation
in RPE1 cells suggested that its localisation was specifically regu-
lated during mitosis. In particular, Cyclin B1-positive foci appeared
after nuclear envelope breakdown and disappeared as mitosis
progressed (Fig 1A and Movie EV1). Immunofluorescence analysis
demonstrated that this localisation pattern reflects specific binding
to unattached kinetochores, which is reminiscent of the checkpoint
protein MAD1 (Fig 1B and C). In particular, Cyclin B1 depends on
MPS1 activity to be established at this location, but thereafter it
became largely insensitive to MPS1 inhibition (Fig 1D and E), as
also shown previously for MAD1 (Hewitt et al, 2010; Etemadet al,
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2019). Please note that in these and all subsequent quantifications,
the vertical bars in the graphs represent the 95% confidence inter-
vals, which can be used for statistical inference by eye (see Materi-
als and Methods for full details; Cumming, 2009). To probe for
MAD1 and Cyclin B1 association in cells, we recruited Lacl-MAD1
to a LacO array on chromosome 1 in U20S cells (Janickiet al,
2004). This was sufficient to co-recruit Cyclin B1 in a manner that
was dependent on a region between amino acids 4192 of MAD1
(Fig 1F and G). Therefore, these data are consistent with earlier
reports that Cyclin B1 localises to unattached kinetochores (Bentley
et al, 2007; Chenet al, 2008) in a manner that is dependent on the
N-terminus of MAD1 (Alfonso-Perez et al, 2019; Jackman et al,
2020).

To determine the function of Cyclin B1 at kinetochores, we
attempted to remove it from this location by knocking down
endogenous MADL1 and replacing it with a Cyclin B1-binding defec-
tive mutant. However, all of the siRNAs tested only mildly reduced
MADZ1 protein (results not shown). This may be due to the fact that
MADL1 is a very stable protein in cells because it takes over a week
to fully deplete MAD1 following genetic deletion (see Rodriguez-
Bravo et al, 2014). Therefore, to attempt to fully remove Cyclin B1
from kinetochores, we generated a MADX& knockout cell line that
retains only a MAD1b splice variant lacking exon 4 which encodes
the Cyclin B1 binding region (hereafter referred to as MADD cells;
Appendix Fig S1; Szeet al, 2008). Surprisingly, Cyclin B1 was
reduced but still present at unattached kinetochores in MADD cells
(Fig 1H and I). This was not due to residual interaction with MAD1b
because doxycycline-inducible knockout of both MADla and
MAD1b (McKinley & Cheeseman, 2017) completely removed MAD1
from unattached kinetochores but did not further reduce kineto-
chore Cyclin B1 (Fig 1J and K; note, the data shown are from
10 days of doxycycline treatment which is the minimum time it
takes to fully deplete endogenous MADL in this system). Therefore,
in contrast to a recent report (Alfonso-Perezet al, 2019), these data
demonstrate that MAD1 contributes to Cyclin B1 kinetochore locali-
sation, but it is not the only binding partner for Cyclin B1 at kineto-
chores. At least one other receptor exists that is sufficient to

Figure 1. Cyclin B1:MADL interaction helps both proteins to localise to unattached kinetochores.

A Endogenous CyclinIBYFP localisation during mitosis live in RREells (still from Movie EY).

B, C

Immunofluorescence images (B) and quantifications (C) of relative Cydlian8 MALL levels at unattached and attached kinetochores in cells arrested in STLC.

Each dot represents a kinetochore, and data are frat kinetochore pairs 13 cells, max5 kinetochore pairs/cell).

D, E
reversine $00 nM), either before (D) or after (E) mitotic entry.

Quantification of relative kinetochore intensities of Cyclifh Bnhd MALL in nocodazole-arrested cells (noco) treated with the MP®hibitors, AZ3146(5 | M) or

F Immunofluorescence images of Lacl-MABNd Cyclin B in U20S cells containing a LacO arrays on chromosoie
G Live imaging of CyclinBmCherry (CycB-mCh) in LacO-QO0S cells transfected with Lacl-MAEFL (full length: aal-718) or various Lacl-MADtruncations (amino

acid numbers indicated).

H, | Immunofluorescence images (H) and quantifications (1) of Cyclingd®d MADL kinetochore levels in control (MADWT) or MADb HelLa cells (two independent

clones: @3and @4) treated with nocodazole.

Immunofluorescence images (J) and quantification (K) of Cydliar8l MADL kinetochore localisation in doxycycline-inducible MAB and MADLb knockouts

treated with or without dox for 10 days and then arrested in nocodazole. Cells were selected that had full MMABockout in the doxycycline treatment (this

constituted approximately30% of cells).

L Relative kinetochore volumes occupied by Cyclihdd MALL (relative to CENP-C) in nocodazole-arrested MilCand MADLb cells (calculated from experiments

shown in (H, ).

Data information: For all graphs, each dot represents a cell, except panel (C) where dots represent individual kinetochores. The horizontaltheegraphs indicate the
median, and vertical bars show th&3% confidence interval. Note, when these vertical bars do not overlap, the difference is considered statistically significant at a level
of at leastP < 0.05 (see Materials and Methods). All graphs display data that are relative to the controls, which are displayed on the left side of each graph and
normalised tol. The mean level of the normalised controls is indicated by the dotted lines. (D, E, | and L) S80mells from3 experiments, and K show40 cells from4

experiments. Scale bars 5| M.
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maintain substantial levels of Cyclin B1 on kinetochores in the
absence of MAD1.

Although inhibiting MAD1-Cyclin B1 interaction did not abolish
Cyclin B1 recruitment to kinetochores, it did cause a dramatic effect
on MAD1 localisation itself. As discussed earlier, MAD1 localises to
the kinetochores via two separate pathways in human cells: the
KNL1-BUB1 pathway at the outer kinetochore and the RZZ pathway
at the corona. Figure 1H shows that Cyclin B1 and MAD1 both bind
to the corona in wild-type cells, which is present as an expanded
region outside of CENP-C. However, when their interaction is
prevented in MAD1b cells, it is primarily MADL1 that is lost from the
corona, as evidenced by a large reduction in its kinetochore volume
(Fig 1L). Therefore, this suggested that Cyclin B1 may act as a scaf-
fold to recruit MADL to this region. Although MAD1 is well known
to bind the corona (Buffin et al, 2005; Kopset al, 2005; Caldaset al,
2015; Silio et al, 2015; Wynne & Funabiki, 2015; Qianet al, 2017,
Luo et al, 2018; Pereira et al, 2018; Rodriguez-Rodriguez et al,
2018; Sacristanet al, 2018; Zhanget al, 2019), an interaction with a
corona component has never been mappedn vitro . In fact, the only
established way to remove MAD1 from the corona is to deplete RZZ
subunits, which simply abolishes corona formation altogether
(Pereira et al, 2018; Rodriguez-Rodriguez et al, 2018; Sacristan
et al, 2018). Therefore, we next sought to explore whether Cyclin
B1 might be the receptor that directly recruits MAD1 to the corona.

Cyclin B1 directly scaffolds MAD 1 at the corona

We first assayed for direct MAD1 and Cyclin Bl interaction by
obtaining homogeneously purified recombinant full-length MBP-
MAD1:MAD2 (MBP stands for maltose-binding protein, an affinity
and stabilisation tag) and Cyclin B1:CDK1 complexes and testing
their interaction by size-exclusion chromatography (SEC), which
separates proteins based on size and shape. When combined stoi-
chiometrically with MBP-MAD1:MAD2, Cyclin B1:CDK1 underwent
a prominent shift in elution volume and co-eluted with MAD1:
MAD?2, indicative of a binding interaction (Fig 2A). Early elution of
MAD1:MAD2 from the SEC column reflects its high hydrodynamic
radius, typical of highly elongated structures rich in coiled coil. As
expected, the elution volume of MBP-MAD1:MAD2 was not affected
by the interaction with Cyclin B1:CDK1.

In the absence of Cyclin B1, CDK1 did not interact directly with
MAD1:MAD?2 (Fig 2B). However, Cyclin B1 on its own did interact
with MAD1:MAD2 (Fig 2C). Removal of residues 193 from MAD1
(MAD1P®3:MAD?2), which are outside of the predicted coiled-coil
domain of MAD1, abolished the interaction with Cyclin B1 (Fig 2D),
indicating that residues 1-93 of MAD1 are necessary for the interac-
tion. Importantly, the N-terminal region of MAD1 alone was also
sufficient to bind Cyclin B1:CDK1, as revealed by SEC experiments
with MBP-MAD1*®2.SNAP and Cyclin B1:CDK1 (Fig 2E). Like the
full-length MAD1:MAD2 complex, MBP-MAD1*°2.SNAP bound to
isolated Cyclin B1 but not to CDK1 (Fig EV1A and B). Therefore,
MADL1 binds directly to Cyclin B1:CDK1 through a region located in
the first 92 residues of MAD1.

To narrow this region down further, we performed additional
truncations of MAD1%°2, which led to the identification of a mini-
mal Cyclin B1:CDK1 binding site in residues 4362 of MAD1
(Fig EV1GF). To identify determinants of the interaction between
MAD1*%2 and Cyclin B1:CDK1, we extensively mutagenised
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residues in the MAD1*-%? segment and on Cyclin B1. Charge rever-
sals at three conserved negatively charged residues in MAD1—2
(E52K, E53K and E56K) abolished binding to Cyclin B1 (preprint:
Allan et al, 2019). When introduced into the full-length MAD1:
MAD?2 construct, the 3EK mutation was sufficient to severely impair
binding to Cyclin B1:CDK1 (Fig 2F). To identify potential binding
partners on Cyclin B1 for the MAD1 residues E52, E53 and E56, we
mutagenised various clusters of positively charged residues on the
surface of Cyclin B1, without however identifying a sufficiently
penetrant mutant (preprint: Allan et al, 2019). Collectively, these
results indicate that MAD1 and Cyclin B1:CDK1 interact directly,
and that the interaction is mediated primarily or exclusively by resi-
dues 4162 of MAD1 and by Cyclin B1. In addition, a conserved
acidic patch in this N-terminal region of MADL1 is essential for Cyclin
B1 interaction (Fig 2G).

To assess the effect of inhibiting Cyclin B1:MADL interaction in
cells, we generated doxycycline-inducible vsv-tagged MAD1-WT or
MAD1-3EK Hela cells and used these to create MAD1 knockouts via
CRISPR/Cas9 (with a gRNA targeting exon 3 to knockout MADa
and MAD1b; Fig 3A). MADL1 localisation was then assessed in noco-
dazole-arrested cells, which demonstrated that MAD1-WT and
MAD1-3EK displayed a similar localisation pattern in early prometa-
phase, but only the MAD1-WT was able to localise to the corona
when it formed in late prometaphase (Fig 3B). This can be seen in
the kinetochore volume analysis which demonstrates that MAD1
and ZW10 kinetochore volumes increase in late prometaphase as the
corona forms in MAD1-WT cells (Fig 3C and D). However, in
MAD1-3EK cells, although ZW10 expands in late prometaphase,
MAD1 volumes actually decrease. This represents a total drop in
kinetochore MAD1-3EK levels (Fig 3B and E), which is consistent
with the fact that the BUB1-dependent pool of MAD1 is reduced by
PP2A as mitosis progresses (Qiaret al, 2017). Therefore, a MAD1-
3EK mutant, which is unable to bind directly to Cyclin B1, is also
unable to localise to the corona in nocodazole-arrested cells. This
confirms that Cyclin B1 is the scaffold that recruits MADL1 to this
region of the kinetochore in human cells. When the corona pool is
removed in MAD1-3EK cells, MAD1 kinetochore recruitment is
reduced soon after nuclear envelope breakdown (mirroring the local-
isation and phosphorylation of its other kinetochore receptor, BUB1)
(Nijenhuis et al, 2014; Qianet al, 2017). Note that we also generated
YFP-tagged MADL1 cells to visualise its localisation live. However,
YFP-MAD1-WT and YFP-MAD1-3EK were both absent from the coro-
na, which suggests that a large N-terminal tag affects MAD1 localisa-
tion to this region (Fig EV2). This may be why removing the N-
terminus of MAD1 was not reported to affect GFP/mCherry-MAD1
kinetochore localisation in previous studies (Rodriguez-Bravo et al,
2014; Alfonso-Perez et al, 2019) and why removal of the RZZ
complex does not affect the kinetochore turnover of venus-MAD1
(Zhang et al, 2019). It is also important to note that the N-terminal
vsv-tag on MAD1 is not detected at the corona by immunofluores-
cence (results not shown), suggesting that this region may be buried
in an interaction interface.

Corona-localised MAD1 generates a robust SAC response
The ability of Cyclin B1 to recruit MAD1 to the corona could allow

Cyclin B1 to generate the signal that inhibits its own degradation.
However, it is unclear whether corona-localised MAD1 can signal

a8 2020The Authors
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A Elution profiles and SB®AGE for SEC runs on the indicated column of the Cyclin®HK complex (blue profile), MBP-MAEMAL (red) and their combination
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Elution profiles and SD®AGE for SEC runs on the indicated column of CRiHue), MBP-MADMAL (red) and their combination (green).

Elution profiles and SB®AGE for SEC runs on the indicated column of Cyclin(®ue), MBP-MADMAL® (red) and their combination (green).

Elution profiles and SB$AGE for SEC runs of the Cyclit®DK complex (blue), MBP-MAD°*MAL2 (green) and their combination (red).

Elution profiles and SB®AGE for SEC runs of the CyclittBDK complex (blue), MBP-MAB °%SNAP (red) and their combination (green).

Elution profiles and SB$AGE for SEC runs of Cyclit:BDK (blue), MBP-MAD=XMADR (B5X, B3 and B6K mutations; red) and their combination (green). In
(A-D), individual potential binding partners were combined at a concentration®f M.

Alignment of the N-terminal region of CyclinBthat contains the MALL-binding region. Numbering refers to the human MADsequence. *conserved, negatively
charged residues in MAD(E5XK, BX and B6K) required for MAD:Cyclin B interaction.
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