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Abstract

The spindle assembly checkpoint inhibits anaphase until all
chromosomes have become attached to the mitotic spindle. A
complex between the checkpoint proteins Madl and Mad2
provides a platform for Mad2:Mad2 dimerization at unattached ki-
netochores, which enables Mad2 to delay anaphase. Here, we
show that mutations in Bubl and within the Madl C-terminal
domain impair the kinetochore localization of Madl:Mad2 and
abrogate checkpoint activity. Artificial kinetochore recruitment of
Mad1 in these mutants co-recruits Mad2; however, the checkpoint
remains non-functional. We identify specific mutations within the
C-terminal head of Mad1 that impair checkpoint activity without
affecting the kinetochore localization of Bubl, Madl or Mad2.
Hence, Madl potentially in conjunction with Bubl has a crucial
role in checkpoint signalling in addition to presenting Mad2.
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Introduction

Madl is part of the spindle assembly checkpoint, a conserved mito-
tic signalling pathway that protects genome integrity by monitoring
chromosome attachment to the mitotic spindle and delaying ana-
phase until all chromosomes have achieved proper attachment [1].
Mad1 forms a tetrameric complex with the checkpoint protein Mad2

[2]. At unattached kinetochores, Madl-bound Mad2 dimerizes with
soluble Mad2 to induce binding of the latter to Cdc20 [1,3], an
essential co-activator of the anaphase-promoting complex/cyclo-
some (APC/C) [4]. This enables binding of Mad3 (BubR1 in many
organisms) to Cdc20 to form the mitotic checkpoint complex (MCC),
which is a potent inhibitor of the APC/C [4-6]. In S. pombe, the kin-
ases Arkl and Mphl, as well as Bubl and Bub3, are required to bring
Madl:Mad2 to unattached kinetochores [7]. Similar dependencies
exist in other organisms [1]. Consistent with the important role of the
Mad1:Mad2 complex in initiating Cdc20 inhibition, preventing the
Mad1:Mad2 interaction abolishes checkpoint activity [8-11]. Hence,
Mad1 is important to present Mad2 at unattached kinetochores.

Madl has approximately 80 kDa; yet, the stretch that binds
Madz2 is <20 amino acids long. This raises the question whether the
remaining parts only have a structural role. The Mad1l part N-termi-
nal to the Mad2-binding site is predicted to form a long coiled-coil.
The structure of the C-terminal end of this coiled-coil (a1) together
with the Mad2-binding site bound to Mad2 as well as a C-terminal
helix (o2) indicated that ol mediates Madl dimerization [2].
Another structure of the C-terminal part following o2 showed
another intermolecular coiled-coil (23) and a globular head [12]
(see Figs 1A and 4A). The Madl C-terminus has repeatedly been
implicated in kinetochore binding [12-14]; some studies have
suggested a role for the N-terminus [15,16]. Budding yeast Mad1
interacts with Bubl, which requires a conserved motif (RLK, Arg-
Leu-Lys) in the Madl o3 helix [17] and a conserved stretch in Bubl
[18]. This interaction is important for checkpoint activity [17], and
in human cells, the RLK motif is required for kinetochore localiza-
tion of Madl [12]. Overall, these observations indicate that the
structured parts of Madl are required to bring the Madl:Mad2
complex to kinetochores to allow checkpoint signalling, potentially
through an interaction between Mad1l and Bubl.

Here, we show using fission yeast that the Madl C-terminus
promotes checkpoint activity in a way that is independent of its role
in bringing the Mad1:Mad2 complex to kinetochores.

Friedrich Miescher Laboratory of the Max Planck Society, Tibingen, Germany

*Corresponding author. Tel: +1 540 231 7318; Fax: +1 540 231 2606; E-mail: silke.hauf@vt.edu
fCurrent address: Department of Biological Sciences and Virginia Bioinformatics Institute, Virginia Polytechnic Institute and State University, Blacksburg, VA, USA

Current address: Institute of Molecular Biology (IMB), Mainz, Germany
SCurrent address: Friedrich Miescher Institute, Basel, Switzerland

© 2014 The Authors. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License,

EMBO reports Vol 15| No 3| 2014

which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

291


http://dx.doi.org/10.1002/embr.201338101

EMBO reports

Madl C-terminus promotes checkpoint activity

Stephanie Heinrich et al

A Mad1 RLK B o Plo1-mCherry
motif mitotic spindle --..__ 80-C " (SPB)
1 580-582 676 ’
wild type
O Il I ]
| ol o2 o3 head |
N-terminal part C-terminal part ) SAQ—GFP %
RLK/AAA [ |
RLK/ALA [ |
- -Pib1-mCherr
1-600 l nda3-KM311 (SPB) y
1-526 16°C
Cc D kinetochore signal E
Madi- Plo1- Mad1/ ~ g0.8°C RLK/
30°C GFP mCherry Plo1 2 % 16°C  madi+ AAA
o —
. L © 40 O wt Mad2-GFP
wild type o2 %%% % o AAA Plo1-mCh
}é—g 20 1-600
o |rucana 2] 4 o 1526 Mad2-GFP..
L £ o
©) 10 2 4
+ | RLK/ALA 120 1020 %0 40 %0 RLK/
© 3 madi+ AAA
] o8
s L g 80 %§§ Mad3-GFP
1-600 8 % Plo1-mCh
é%‘ 40 % o wt
1-526 g 5 é O ALA Mad3-GFP . !
£ 0
0 10 20 30 40 50
Time after Plo1 appearance (min)
F nda3-KM311 (no spindle) RLK/ RLK/
madin  wt AAA  ALA 1-600 1-526
— al
£ 14 .g |(anti—GFP)
o )
2 12 ango - — — = C 2
§10- 2,
£ 8% H Mad1 IP
& 61 wt  AAA ALA wt 1-600 1-526
£ 41 |y A S Ty S .
= 0 ' ¢¢ ? “ “f (anti-GFP) (anti-Mad1)
) Q © |—-—--—-—-—- ||- |Mad2
& ¥ S S
& & & ® NN
& ¥
1 K kinetochore signal L
nda3-KM311 (no spindle
Bubf o ) Bubi-GFP Mad1-GFP o (o spindle)
e oem1 & __ 187 08
R @0@\‘\380 398 044 16°C o wt o wt % 16 M
- . - ;100 O cm1-mut . 801 o cm1-mut @141 o
S g 3 %0 5121 AKAAA
8 ® 40 $ 10
J Mad1- Plo1- Mad1/ & 60 3 £ g/
30 °C GFP mCherry Plo1 =) =30 )
5« £ 20 e °
bUb1+. . . E = q_) 41 °
o 20 o 10
[ % £ 2- E
bub1-. . ! ° o 0 10 20 30 Oo 10 20 80 " o
cm1-mut @ > S
Time after Plo1 appearance (min) Time after Plo1 appearance (min) \SéQ ‘o\p\ ,\,6‘
S &

292 EMBO reports Vol 15| No 3| 2014

© 2014 The Authors



Stephanie Heinrich et al

Mad1 C-terminus promotes checkpoint activity

EMBO reports

Figure 1. The Madl RLK motif and Bubl-cm1 are required for Madl kinetochore localization and checkpoint activity.

A Domain structure of Mad1; point mutations and truncations employed in this study.

B Schematic of fission yeast nuclei in prometaphase. Shown are the three chromosomes (light blue), the mitotic spindle (black) and kinetochores decorated with GFP-
tagged SAC components (green). Plol-mCherry (purple) is specifically recruited to spindle pole bodies (SPBs) in mitosis [37]. In interphase and early mitosis,
kinetochores cluster at SPBs. In the conditional nda3-KM311 tubulin mutant, microtubule formation is impaired at restrictive temperature (16°C) and spindle pole
bodies are unable to separate. Signals from the three chromosomes can typically not be microscopically resolved at early mitosis.

C Cells expressing plol+-mCherry, nda3-kM311 and the indicated Madl-GFP fusion proteins were grown at the permissive temperature for nda3-kM311 (30°C).
Representative nuclei of mitotic cells are shown; Plol was used as marker for mitosis (scale bar: 2 um; see Supplementary Fig S1A for a larger field of view).

D The same strains as in (C) were analysed at the restrictive temperature for nda3-kM311 (16°C), which prevents microtubule formation. Cells were followed by live-
cell microscopy and the Mad1-GFP signals were quantified at the kinetochore as cells entered mitosis (a.u. = arbitrary units; error bars = s.d.; n > 20 cells).

E Cells expressing plol+-mCherry, nda3-KM311, the indicated GFP fusion proteins and either wild-type Madl (madl+) or madl-RLK/AAA were imaged at 16°C.

Representative nuclei of mitotic cells are shown. Scale bar: 2 um.

F  Cells expressing plol+-mCherry and nda3-kM311 and the indicated mutations or truncations in madl were analysed by live-cell imaging at 16°C. The time that each
cell spent in prometaphase was determined by the localized Plol-mCherry signal at SPBs (circle). Cells that had not yet exited mitosis when filming stopped are

indicated by triangles.

G Immunoblotting of cell extracts using anti-GFP (to detect the Mad1-GFP fusion proteins) and anti-Cdc2 (loading control) antibodies. A dilution series was loaded for

each strain to compare intensities.

H Anti-Madl immunoprecipitations of the indicated strains were analysed for the presence of Madl and Mad2 using anti-GFP (left), anti-Mad1 (right) and anti-Mad2

antibodies. Input and flow through are shown in Supplementary Fig S1C.

| Domain structure of Bubl (TPR: tetratricopeptide repeats; Bub3 binding: Bub3-binding motif, also called GLEBS; cm1: conserved motif 1; kinase: kinase domain).

] Cells expressing mad1+-GFP, plol+-mCherry, nda3-KM311 and either wild-type Bubl (bubl+) or the Bubl-cml-mutant (bubl-cm1-mut) were imaged at 30°C as in (C).
Representative nuclei of mitotic cells are shown (scale bar: 2 um; see Supplementary Fig S1H for a larger field of view). The Bubl-cm1 mutant contains aa changes
S381A, T383A and T386A (alignment in Supplementary Fig S1E). The cellular abundance of wild-type and mutant Bub1-GFP was similar (Supplementary Fig S1F).

K Bubl-GFP or Madl-GFP signals were quantified at the kinetochore as in (D) (a.u. = arbitrary units; error bars = s.d.; n > 24 cells for Bub1-GFP, n > 18 cells for

Mad1-GFP).
L Checkpoint function of the indicated strains was analysed as in (F).

Source data are available online for this figure.

Results and Discussion

Mad1-RLK motif and Bubl-conserved motif 1 are required for
kinetochore localization of Mad1 and checkpoint activity

To assess potential roles of Madl apart from Mad2-binding, we
focused on the RLK motif (amino acid (aa) 580-582) within o3 [17].
When we mutated all motif residues to alanine in S. pombe, kineto-
chore localization of Madl and Mad2 was impaired (Fig 1A, C-E),
whereas localization to the nuclear envelope stayed intact (Supple-
mentary Fig S1IA and D). Checkpoint activity was lost in the Madl-
RLK/AAA mutant (Fig 1F), although kinetochore localization of
Arkl, Bubl, Bub3 and Mad3 was preserved (Fig 1E, Supplementary
Fig S1B) and although Mad1-RLK/AAA was present at normal levels
(Fig 1G) and the Madl:Mad2 interaction was intact (Fig 1H). This
suggests that the failure to bring Mad1:Mad2 to kinetochores causes
the checkpoint defect. A similar loss of Mad1 localization and check-
point activity occurred when only the outward-facing amino acids R
and K of the RLK motif were mutated or when the C-terminus was
truncated (Fig 1). The latter supports results from budding yeast
[19]. Like RLK/AAA, the RLK/ALA mutation preserved Mad2 inter-
action, whereas truncation of the C-terminus led to a gradual loss of
this interaction (Fig 1H). Although the Mad1l C-terminus was neces-
sary for kinetochore binding (Fig 1C and D), it did not seem suffi-
cient (Supplementary Fig S2). In contrast to the C-terminus, the
Madl N-terminus was required for nuclear envelope localization,
but was at least partly dispensable for kinetochore localization
(Supplementary Fig S2).

The RLK motif has been implicated in binding to Bubl in bud-
ding yeast [17,18], which involves a region of Bubl that contains
the “conserved motif 1” (cm1; [20]). Indeed, mutation of Bubl-cm1
phenocopied Mad1-RLK mutants (Fig 1I-L). Bubl itself (Fig 1K) as

© 2014 The Authors

well as Bub3 and Mad3 (Supplementary Fig S1I) still localized to
kinetochores, but Madl and Mad2 were strongly reduced (Fig 1J
and K, Supplementary Fig S1I) and cells lacked checkpoint activity
(Fig 1L). We conclude that the C-terminus of Madl (with the RLK
motif) and Bubl-cm1 are involved in recruiting Madl to kinetoch-
ores and both regions are important for checkpoint function.

The Mad1 RLK motif and Bubl-cm1 promote checkpoint activity
independently of their role in Mad1 kinetochore localization

Since Bubl and Madl have been observed to interact in budding
yeast [17], it is conceivable that Bub1 and Mad1 interact through cm1
and RLK motif and that this interaction is required for Madl
kinetochore localization and checkpoint activity. Surprisingly, we
were unable to detect an interaction between these two proteins
when immunoprecipitating either of them from cells with an active
checkpoint (Supplementary Fig S3A and B), similar to the situation in
human cells [12]. To test whether the loss of checkpoint activity in the
Mad1-RLK/AAA or Bubl-cml mutant (Fig 1F and L) is at all related to
the loss of Mad1 from kinetochores, we tested checkpoint activity after
artificially recruiting Madl to kinetochores through fusion to the
kinetochore protein Mis12 (Fig 2). Although the levels of tethered
Madl at unattached kinetochores were slightly lower than for wild-
type Mad1 (Fig 2E and F), the checkpoint was functional at least in a
large fraction of the cells (Fig 2B and D). Tethering of Mad1-RLK/
AAA, however, did not provide checkpoint activity (Fig 2B), even
though Mad2 was co-recruited to the kinetochore at similar levels as
in tethered wild-type Mad1 (Fig 2F). Similarly, artificially recruiting
Madl in either bubl4 or bubl-cml cells did not restore the check-
point (Fig 2D and E). This suggests that Bubl-cm1 and the Madl
C-terminus have an additional role within the spindle assembly
checkpoint, apart from recruiting Mad1 and Mad2 to kinetochores.

EMBO reports Vol 15| No 3 | 2014
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Figure 2. The Madl RLK motif and Bubl-cm1 have a role in signalling beyond their role in Mad1 kinetochore localization.

A Representative images of cells expressing nda3-KM311 and the indicated GFP fusion proteins. Cells were imaged at the permissive temperature for nda3-KM311
(30°C). Fusion to the kinetochore protein Mis12 artificially tethers Mad1 to the kinetochore. Some constructs were expressed from the inducible nmt81 promoter,
P(nmt81); the endogenous mad1 gene was deleted in these strains. Scale bar: 10 um.

B Checkpoint function of cells expressing plol+-mCherry, nda3-KM311 and the indicated Mad1-GFP fusion proteins [same strains as in (A)] was analysed at 16°C as in
Fig 1F.

C Immunoblotting of cell extracts using anti-GFP and anti-Cdc2 (loading control) antibodies. Strains are the same as in (A) and (B). The asterisk indicates a cross-
reaction of the antibody.

D Checkpoint function of cells expressing plol+-mCherry, nda3-KM311 and the indicated bub1 variants and Mad1-GFP fusion proteins was analysed as in Fig 1F.

E Representative nuclei of mitotic cells of the strains analysed in (D). Scale bar: 2 pm.

F Mad1-GFP (from cells in (B)) or Mad2-mCherry signals were quantified at the kinetochore as cells entered mitosis (a.u. = arbitrary units; error bars = s.d,; n > 20

cells). Representative nuclei are shown on the right. (Scale bar: 2 um; see Supplementary Fig S3C for a larger field of view).

Source data are available online for this figure.

Mutations in the C-terminus of Mad1 abolish checkpoint
signalling although kinetochore localization of Bubl, Mad1l and
Mad2 is intact

If Bubl and Madl have an additional role in the checkpoint, unre-
lated to Mad1 kinetochore localization, it should be possible to iden-
tify separation-of-function mutants that preserve Kkinetochore
localization but are deficient in checkpoint signalling. We screened
for such mutations in the structured and conserved C-terminus of
Madl. An initial screen narrowed down the region of interest to the

EMBO reports Vol 15| No 3 | 2014

very C-terminus (Supplementary Fig S4A). We noticed a conserved,
negatively charged surface patch on “top” of the Madl “head,”
which we either mutated (EDD/QNN) or which we removed by
truncating the protein before the last o helix (Ahelix) (Fig 3A). Both
mutants maintained Mad1 kinetochore localization (Fig 3B and C),
but strongly or entirely lost checkpoint activity (Fig 3D), despite
being present at similar levels as wild-type Madl (Fig 3E). Both
immunoprecipitation (Fig 3F) and co-recruitment to the kinetochore
(Fig 3G, Supplementary Fig S4C) demonstrated that the interaction
of Madl with Mad2 was largely preserved. In addition, Bubl1 still

© 2014 The Authors
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Figure 3. The top of the globular C-terminal head of Mad1 is required for checkpoint signalling, but not for kinetochore localization of Mad1:Mad2.

A

Position of the head mutations in Madl. The inset shows a homology model of the C-terminus of Schizosaccharomyces pombe Madl (aa 562-676) based on the
crystal structure of the dimeric H. sapiens Madl C-terminal domain (PDB code: 4ZDO, [12]). (black: RLK motif (aa 580-582); blue: last helix of the C-terminal head (aa
662-676); purple: aa E670/D673/D676).

Cells expressing plol+-mCherry, nda3-kM311 and the indicated Mad1-GFP fusion proteins were imaged as in Fig 1C. Representative nuclei of mitotic cells are shown
(scale bar: 2 um; see Supplementary Fig S4B for a larger field of view).

The same strains as in (B) were analysed at the restrictive temperature for nda3-kM311 (16°C) as in Fig 1D. Mad1-GFP signals were quantified at the kinetochore as
cells entered mitosis (a.u. = arbitrary units; error bars = s.d.; n > 22 cells).

Checkpoint function of the indicated strains was analysed at 16°C as in Fig 1F.

Immunoblotting of cell extracts using anti-GFP and anti-Cdc2 (loading control) antibodies. A dilution series was loaded for each strain to compare intensities.
Strains are the same as in (D).

Anti-Madl immunoprecipitations of the indicated strains were analysed for the presence of Madl and Mad2 using anti-GFP and anti-Mad2 antibodies. Input and
flow through of the immunoprecipitation are shown in Supplementary Fig S4D.

Cells expressing nda3-kM311, the indicated mad1-GFP constructs and either mad2+-mCherry or mad2-R133A-mCherry were followed by live-cell imaging at 16°C. The
Mad2-mCherry/Mad1-GFP ratio at kinetochores was determined as cells entered mitosis (a.u. = arbitrary units; error bars = s.d.). Mad1l-wt + Mad2-wt: n = 13;
Madl-wt + Mad2-R133A: n = 21; Mad1-QNN + Mad2-wt: n = 16; Mad1-QNN + Mad2-R133A: n = 14; Madl-Ahelix + Mad2-wt: n = 10; Mad1-Ahelix + Mad2-
R133A: n = 8; statistical analysis in Supplementary Fig S4E. Representative images for Mad1-GFP and Mad2-mCherry localization in Supplementary Fig S4C.

Strains were followed by live-cell imaging as in (G) and Fig 2F. The Mad2-mCherry/Mad1-GFP ratio at kinetochores was determined as cells entered mitosis
(a.u. = arbitrary units; error bars = s.d,; n > 14 cells; statistical analysis in Supplementary Fig S4F). Representative nuclei are shown on the right (scale bar: 2 pm).

Source data are available online for this figure.
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localized to kinetochores (Supplementary Fig S4G). Hence, in these
Madl mutants Bubl, Madl and Mad2 are at kinetochores; yet,
checkpoint signalling is strongly impaired.

The C-terminal part of Mad1l (a3 and head) has been proposed to
fold back onto Madl-02 [2], which would bring the Madl head in
close vicinity to Mad2. Because Mad1-bound Mad2 needs to dimer-
ize with additional Mad2 to support checkpoint function [3,21], we
suspected that the Madl C-terminal head promotes this dimeriza-
tion. As in human cells [22], the Mad2/Mad]1 ratio at kinetochores
is reduced in a dimerization-deficient Mad2 mutant (Mad2-R133A
[23]; Fig 3G), presumably because Mad2 cannot be recruited to the
kinetochore through Mad2:Mad2 dimerization, but only through
binding to Madl. In both the Mad1-EDD/QNN and -Ahelix mutant,
the Mad2/Mad]1 ratio at kinetochores was similar to Mad1l wild-type
cells, and in both mutants, there was less Mad2 relative to Mad1 at
kinetochores when the Mad2-R133A mutant was expressed instead
of wild-type Mad2 (Fig 3G). This strongly indicates that Mad2
dimerization is intact. Similarly, the Mad2/Mad]1 ratio after artifi-
cially tethering Mad1-RLK/AAA was more similar to wild-type than
to Mad2-R133A-expressing cells (Fig 3H). Hence, the Madl C-termi-
nal head and the RLK motif promote checkpoint function, but seem-
ingly not through facilitating Mad2 dimerization.

Our data indicate that the C-terminal head of Madl has a previ-
ously unrecognized role in checkpoint signalling, which is neither
related to the requirement for the C-terminus to bring Mad1 to kinet-
ochores (Fig 1) nor related to the role of Madl in recruiting Mad2,
either directly or through Mad2:Mad2 dimerization (Figs 2 and 3).
Since very similar findings have been made in human cells [11], this
function of Mad1 is probably conserved across eukaryotes. Current
models for the spindle assembly checkpoint mainly see Madl as a
passive platform for presenting Mad2 at kinetochores. Our findings
revise this picture and make Mad1 an active player in checkpoint sig-
nalling. How the Mad1 C-terminus promotes checkpoint activity and
how Bubl fits into the picture remains unclear (Fig 4). Our finding
that the very C-terminal Mad1 head is required for checkpoint activ-
ity without being required for any of the known Madl functions
provides a basis to elucidate the molecular mechanism. How the
head is arranged with respect to the remainder of the molecule is still
unclear (Fig 4). In any case, we suspect that the head, like similar
folds in other kinetochore proteins [24-27], mediates a protein—
protein interaction (Fig 4B). The interacting partner could be Mad2
or another (checkpoint) protein. Although we find Mad2 dimerization
apparently intact in the Mad1-EDD/QNN, Madl-Ahelix or Madl-
RLK/AAA mutant (Fig 3), it remains possible that these regions are
involved in promoting the conformational change of Mad2 that is
required for binding of free Mad2 to Cdc20 [28,29] (Fig 4B). It would
be interesting to perform cross-linking experiments to determine
which arrangement the Madl C-terminus takes in vivo and which
proteins the different regions interact with (Fig 4B).

Materials and Methods

Schizosaccharomyces pombe strains
Strains are listed in Supplementary Table 1. For the amino acid (aa)

numbering of Madl, note that we corrected the annotation of the
start codon, which shifted by 13 aa (Supplementary Information).
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Figure 4. Mad1 C-terminus and Bubl-cm1 promote checkpoint
signalling independently of their role in Mad1:Mad2 kinetochore
recruitment.

A Schematic of the Madl and Bubl proteins with suggested functions for
the Mad1-RLK motif, the Madl C-terminal head and Bubl-cm1.

B It is unknown how Madl o3 and head arrange with respect to o2. A
straight conformation is shown in (A), folding back [2] is shown in (B). How
the Mad1 C-terminus promotes checkpoint signalling remains unclear.
Findings and ideas are indicated by black arrows and discussed in the text.

In general, mutants were integrated into the endogenous locus
using PCR-based gene targeting [30] and replaced the wild-type
allele. P(nmt81)-(misl2-)madl-(AAA)-GFP constructs were inte-
grated into the leul locus using the pDUAL system [31], and the
endogenous madl + gene was deleted. Schizosaccharomyces pombe
strains with the following mutations or modifications have been
described: nda3-KM311 [32], madl+-GFP<kanR, mad2+-
GFP<kanR, mad3 +-GFP<kanR, plol +-mCherry, arkl +-GFP [7],
bubl +-GFP<kanR [33], bub3+-GFP<kanR [10], madlA::ura4 +
[34], bublA::ura4 + [35].

© 2014 The Authors
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Culture conditions

For live-cell imaging, cells were grown at 30°C in either rich med-
ium (YEA) or Edinburgh minimal medium (EMM) containing the
necessary supplements. Madl constructs expressed from P(nmt81)
at the leul locus were cultured for 19 h in EMM without thiamine to
induce expression, then washed three times with EMM containing
16 uM thiamine and resuspended in EMM containing 16 pM thia-
mine before shifting to 16°C for imaging.

Live-cell imaging to assess checkpoint functionality

Live-cell imaging was performed on a DeltaVision microscope
(Applied Precision/GE Healthcare) as previously described [7].

Quantification of GFP and mCherry signals in the nucleus and at
the kinetochore

To determine the intensity of checkpoint protein-GFP or -mCherry
signals at the kinetochores, mitotic cells were identified by the
appearance of localized Plo1-mCherry signal at SPBs, or by localized
Mad1-GFP or Mad2-mCherry signal at kinetochores. In cells express-
ing constitutive kinetochore-tethered Madl (Mis12-Mad1) and lack-
ing a fluorescent tag on Plol (so that entry into mitosis could not be
judged), signals were measured for 50 min before the kinetochores
unclustered. The unclustering (Supplementary Fig S2D) indicates
that the cell is in mitosis. An area was placed around kinetochores
(for checkpoint protein-GFP or -mCherry strains) or SPBs (for Plo1-
mCherry strains; because kinetochores cluster at the SPB in early
mitosis, this captures the signal at kinetochores). The GFP or
mCherry signal in this area was traced over time. To determine sig-
nal intensity at the kinetochore, the total signal intensity per area of
a similarly sized region in the nucleoplasm was subtracted from the
total signal intensity per area around the kinetochore.

Fluorescence microscopy of asynchronous cell cultures

Images of living cells were acquired with a CoolSnap EZ (Roper)
camera using a 63 x /1.4 Plan Apochromat oil objective on a Zeiss
Axiolmager microscope and were processed with MetaMorph soft-
ware (Molecular Devices Corporation). Typically, a Z-stack of about
3 um thickness, with single planes spaced by 0.3 um, was acquired
and subsequently projected. Shown are sum intensity projections of
the Z-stack for checkpoint proteins and maximum intensity projec-
tions of the Z-stack for Plol.

Immunoprecipitation

Immunoprecipitation was performed as previously described [10]
using rabbit anti-Madl [10] or mouse anti-GFP (Roche,
11814460001) antibodies and protein A-coated magnetic beads
(Dynabeads, Invitrogen 10002D).

Cell extracts, SDS-PAGE and immunoblotting

Protein extraction was performed as previously described [7]. Mouse

anti-GFP (Roche, 11814460001), rabbit anti-Mad1 [10], rabbit anti-
Mad2 [36], mouse anti-HA (Roche, 12CAS5) or rabbit anti-Cdc2
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(Santa Cruz, SC-53) were used as primary antibodies. Secondary
antibodies were anti-mouse or anti-rabbit HRP conjugates (Dianova,
115-035-003, 111-035-003) and were read out using chemilumines-
cence.

Supplementary information for this article is available online:
http://embor.embopress.org
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