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A tripartite mechanism catalyzes Mad2—-Cdc20 assembly at
unattached kinetochores
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1Section of Cell & Developmental Biology, Division of Biological Sciences, UC San Diego

2Department of Cellular & Molecular Medicine, UC San Diego

SLudwig Institute for Cancer Research, San Diego Branch

Abstract

During cell division, kinetochores couple chromosomes to spindle microtubules. To protect against
chromosome gain or loss, kinetochores lacking microtubule attachment locally catalyze
association of the checkpoint proteins Cdc20 and Mad2, which is the key event in the formation of
a diffusible checkpoint complex that prevents mitotic exit. We elucidated the mechanism of
kinetochore-catalyzed Mad2—-Cdc20 assembly with a probe that specifically monitors this
assembly reaction at kinetochores in living cells. Catalysis occurred through a tripartite
mechanism that included localized delivery of Mad2 and Cdc20 substrates and two phospho-
dependent interactions that geometrically constrained their positions and primed Cdc20 for
interaction with Mad2. These results reveal how unattached kinetochores create a signal that
ensures genome integrity during cell division.

One Sentence Summary:

A tripartite mechanism explains how the kinetic barrier to mitotic checkpoint complex assembly is
overcome at kinetochores.

During cell division, the centromere regions of replicated chromosomes assemble
kinetochores, mechanical interfaces that couple sister chromatids to spindle microtubules
(1). Kinetochores also serve as signaling hubs that monitor their own attachment status;
when unattached, they delay anaphase onset by producing an inhibitor of the anaphase-
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promoting complex/cyclosome (APC/C), the E3 ubiquitin ligase that promotes exit from
mitosis (2). Prior work has shown that the essential role of kinetochores in APC/C inhibitor
production is to catalyze formation of a complex between the checkpoint proteins Mad2 and
Cdc20 (3). Once formed, the Mad2—-Cdc20 complex rapidly binds Mad3 (BubR1) and Bub3
in the cytosol to form the mitotic checkpoint complex that inhibits the APC/C. Central to
complex formation is the ability of Mad2 to adopt two conformational states: an open, free
form and a closed ligand-bound form (4, 5). The Mad2 ligands in checkpoint signaling are
Mad1, a dimeric coiled-coil protein with a folded C-terminal domain, and Cdc20 (4, 5). The
Mad1-Mad2 complex is present throughout the cell cycle whereas Mad2 assembly onto
Cdc20 is kinetically disfavored and requires catalysis by unattached kinetochores (Fig. 1A,
(6, 7)). In the current model of checkpoint signaling, a stable kinetochore-anchored complex
of Mad1 with closed Mad2 recruits an open conformer of Mad2 from the cytoplasm via
asymmetric dimerization; this open Mad2 is subsequently linked to Cdc20 (Fig. 1A; (4, 5)).
How kinetochores overcome the kinetic barrier to Mad2-Cdc20 association is not
understood. Reconstitutions have highlighted a role for Mad1 phosphorylation (6, 8) but it is
unclear how this phosphorylation acts, whether it is sufficient for catalysis in vivo, and why
catalysis occurs specifically at kinetochores.

The presence of two kinetochore-localized pools of Mad2 (9) has prevented selective
monitoring of the cycling pool that becomes linked to Cdc20, limiting efforts to unravel the
steps involved in Cdc20-Mad2 assembly at kinetochores. In an effort to in situ tag MAD-2
with green fluorescent protein (GFP) in C. elegans embryos, we fortuitously generated a C-
terminal MAD-2::GFP fusion that enables specific visualization of the cycling pool of Mad2
at kinetochores in living cells. MAD-2::GFP localization to unattached kinetochores was
compromised when it was the sole source of MAD-2 (Fig. 1B; and Fig. S1A). Embryos
expressing only MAD-2::GFP were defective in checkpoint signaling (10), which initially
suggested loss of MAD-2 function. However, MAD-2::GFP localized to kinetochores when
expressed together with untagged MAD-2 (Fig. 1B, and Fig. S1B), suggesting that
MAD-2::GFP can be recruited to kinetochores through dimerization with untagged MAD-2
bound to MAD-1. Consistent with this model, engineering MAD-1 to selectively disrupt
MAD-2 binding or disrupting the dimerization interface on MAD-2::GFP both eliminated
MAD-2::GFP kinetochore localization (Fig. 1C and D, Fig. S1C and Fig. S2). Thus
MAD-2::GFP, when expressed alongside untagged MAD-2, selectively monitors the MAD-2
that cycles through kinetochores during checkpoint signaling (Fig. S3).

The cycling pool of Mad2 localizes to kinetochores through asymmetric dimerization with
Mad2 stably bound to Mad1, and then undergoes conformational conversion to a closed
Cdc20-bound state (3, 11). To test which of these events is required to observe kinetochore
localized MAD-2::GFP, we generated a locked-open mutant that exhibits normal
dimerization but cannot undergo open-to-closed conversion (Fig. 2A, and Fig. S2A and B).
Locked-open MAD-2::GFP was not detected at kinetochores, indicating that stable binding
of cycling MAD-2 at kinetochores depends not only dimerization with untagged MAD-2,
but also conversion of MAD-2 to its CDC-20-bound closed form. Supporting this model,
both CDC-20’s MAD-2-interaction motif (10) and the ABBA motif of BUB-1 that recruits
CDC-20 to kinetochores (12, 13) were required for MAD-2::GFP kinetochore localization
(Fig. 2B and C, and Fig. S4A). These results indicate that the MAD-2::GFP probe reveals
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MAD-2-CDC-20 complex formation at kinetochores. Consistent with this idea, locked-open
MAD-2::GFP dominantly inhibited checkpoint signaling in the presence of untagged
MAD-2 (Fig. S2C).

If MAD-2::GFP monitors the rate-limiting step of mitotic checkpoint complex assembly—
formation of the MAD-2-CDC-20 complex at kinetochores—-MAD-2::GFP localization
should be unaffected by removal of MAD-3 (Fig. S4B and C). In fact, MAD-3 depletion
increased MAD-2::GFP signal at kinetochores (Fig. 2D), indicating that capture by MAD-3
may aid release of MAD-2::GFP-CDC-20 complexes from kinetochores.

Adjacent to its Cdc20-binding ABBA motif, Bubl contains a conserved motif (CM1) that,
when phosphorylated, mediates an interaction with the Mad1 C-terminus ((8, 14, 15); Fig.
S5A). Although Mad1-Mad? kinetochore localization depends on phosphorylated BUB-1
CM1 in some species (14-16), its importance in the checkpoint signaling is independent of
Mad1-Mad2 localization (16), suggesting a second, more conserved function. In C. elegans,
mutating BUB-1 CM1 had no effect on MAD-1 kinetochore localization and only a mild
effect on CDC-20 localization but eliminated the MAD-2::GFP signal at kinetochores and
fully inhibited checkpoint signaling (Fig. 3A to C, and Fig. S5B to D). Consistent with
phosphorylation being key to CM1 function in MAD-2-CDC-20 assembly, mutation of a
single conserved threonine (Thr407) in CM1 eliminated MAD-2::GFP signal at kinetochores
and inhibited checkpoint signaling (Fig. S5E and F). Phosphorylated CM1 interacts with the
Mad1l C-terminus (8, 15) and deletion of the MAD-1 C-terminus also eliminated MAD-2—
CDC-20 assembly at kinetochores without perturbing MAD-1 localization or MAD-1-
MAD-2 complex formation (Fig. S6). Thus, delivering MAD-2 and CDC-20 to
kinetochores, via their respective docking sites on the MAD-1-MAD-2 complex and
BUB-1, appears insufficient to catalyze complex formation; instead phosphorylation of the
BUB-1 CM1 motif and its subsequent interaction with the MAD-1 C-terminus are also
required. Consistent with the idea that physical proximity of BUB-1’s MAD-1 and CDC-20
binding motifs are critical to mediate MAD-2—-CDC-20 assembly, bub-1 alleles with separate
mutations in CM1 and ABBA failed to complement one another (Fig. 3D).

The above data highlight a critical role for the BUB-1 ABBA and CM1 motifs in recruiting
and positioning CDC-20 for assembly with MAD-2. However, they do not address why
MAD-2-CDC-20 association is disfavored in the cytoplasm, and how kinetochores
overcome this barrier. Phosphorylation of the Madl C-terminus facilitates interaction with
the N-terminal region of Cdc20 and promotes Mad2—-Cdc20 complex formation in vitro (8).
In humans Mad1 is phosphorylated by Mps1, but C. elegans lacks Mps1, and its checkpoint
function is provided by Polo-like kinase 1 (PLK-1) (17). Phosphorylation by PLK-1 of the
MAD-1 C-terminus promoted its interaction with the CDC-20 N-terminus in vitro (Fig. 4A,
and Fig. S7A and B). This interaction was not required to recruit CDC-20 to kinetochores,
as CDC-20 localized normally in the absence of the MAD-1 C-terminus (Fig. 4B). In
solution, the motif in the Cdc20 N-terminus that interacts with Mad?2 is masked, potentially
by an interaction with its C-terminal WD40 domain (Fig. S7C; (18, 19)). By interacting with
its N-terminus, phosphorylated Madl may expose Cdc20’s Mad?2 interaction motif and, in
conjunction with the local concentration and positioning mechanisms described above, drive
its assembly onto Mad2 at kinetochores. This idea was tested using MAD-1 mutants that
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prevent its phosphorylation-stimulated interaction with the CDC-20 N-terminus; three
residues on the MAD-1 RWD domain were targeted for this purpose (Fig. 4C, and Fig. STA
and 7D (20)). The MAD-1 RWD mutant did not exhibit phosphorylation-dependent binding
to the CDC-20 N-terminus in vitro; when introduced in vivo, it eliminated formation of the
MAD-2::CDC-20 complex at kinetochores and was deficient in checkpoint signaling (Fig.
4D, and Fig. STE to G). One of the critical phosphorylation sites that mediates interaction
with Cdc20 in human Madl (Thr716) (6, 8) is not conserved outside of vertebrates (Fig.
S8A). Analysis of 6 putative phosphosites in the C. elegans MAD-1 C-terminus indicated
that one conserved residue (Thr653) was important for MAD-2-CDC-20 association at
kinetochores and for checkpoint signaling (Fig. S7F and G, and Fig. S8). These data support
a model in which phosphorylation of Mad1 at kinetochores promotes an interaction with
Cdc20 that exposes its Mad?2 interaction motif (6, 8, 21).

Visualization of kinetochore-localized Mad2—-Cdc20 assembly, together with component
engineering, reveals how the spindle checkpoint signal is generated at unattached
kinetochores (Fig. 4E). Localized signal generation involves three steps: 1) delivery of
Cdc20 (by the Bubl ABBA motif) and Mad?2 (through dimerization with the Mad1-Mad2
template); 2) positioning of Cdc20 by interaction of the Bubl CM1 motif with the Mad1 C-
terminus; 3) unfurling of the Cdc20 N-terminus by interaction with phosphorylated Mad1,
exposing its Mad? interaction motif. The requisite multipartite interaction network explains
the specific assembly of Mad2—-Cdc20 signaling complexes at unattached kinetochores.
Within this network, Bub1 plays a key “matchmaker” role, mediating Cdc20 recruitment
(via the ABBA motif) and positioning (via the CM1 motif interacting with Mad1) at
unattached kinetochores. Catalysis additionally requires phosphorylation of Mad1, which
likely serves to unfurl Cdc20 and expose its Mad2 interaction motif. Thus, the simultaneous
interaction of Cdc20 with Bub1 and Mad1 is critical for overcoming the kinetic barrier to its
association with Mad2. Our conclusions are in broad agreement with those from a
biochemical reconstitution of the spindle checkpoint using purified components (21). These
two studies address the long-standing question of how kinetochores direct localized
production of signaling complexes that act as critical guardians of the genome during cell
division.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: A probethat selectively visualizes the cycling pool of Mad2 at kinetochores.
(A) Schematic of spindle checkpoint signaling. “O” and “C” indicate open and closed Mad2

conformers, respectively. See text for details. (B) Localization of MAD-2::GFP on its own
(/ef?) or in the presence of untagged MAD-2 (righ?) on monopolar spindles in 2-cell C.
elegans embryos (see Fig. S1A for experimental details); all subsequent localization analysis
of MAD-2::GFP was on monopolar spindles in the presence of untagged MAD-2. (C,D)
MAD-2::GFP localization following introduction of structure-guided mutations in MAD-1’s
MAD-2 interaction motif (MIM) (C) and in MAD-2’s dimerization interface (D). In this and
all subsequent figures, /7in graphs is number of embryos imaged and quantified. error bars
are 95% ClI, p-values (asterisks) are from Mann-Whitney tests. Scale bars, 2 um.
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Figure 2: MAD-2::GFP reveals complex formation with CDC-20 at the kinetochorein living
cells.

(A) (/eff) Schematic of a locked-open version of MAD-2, which exhibits normal
dimerization but is unable to bind ligands, including CDC-20 (Fig. S2A). (right)
Comparison of wildtype and locked-open MAD-2::GFP localization; data for wildtype is the
same as in Fig. 1D. (B) MAD-2::GFP localization in the presence of wildtype or MAD-2
interaction motif-mutant (MIMMUty CDC-20. (C) (fop) Schematic of BUB-1, whose ABBA
motif binds to the CDC-20 WD40 domain. (bottom) GFP::CDC-20 and MAD-2::GFP
localization in the presence of wildtype or ABBA-mutant BUB-1. (D) MAD-2::GFP
localization following RNAi-mediated depletion of MAD-3. Scale bars, 2 um.
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(A) (/efy) Schematic of Bubl conserved motif (CM1), when phosphorylated, mediating an
interaction with the C-terminus of Mad1. (righf) Checkpoint signaling analysis, conducted
by comparing mitotic duration in 2-cell embryos with bipolar (grey dashed line) versus
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Figure 4: Phospho-regulated interaction of Mad1 and Cdc20 promotes Cdc20 association with
Mad2.

(A) Coomassie-stained protein gel showing PLK-1 phosphorylation-promoted interaction of
the MAD-1 C-terminus with the CDC-20 N-terminus. (B) CDC-20 localization in wild-type
versus ACT MAD-1. (C) & (D) CDC-20 interaction (C), analyzed as in (A), and
MAD-2::GFP localization (D) for wildtype versus RWD-mutant MAD-1. For details on
residues mutated, see Fig. S7D. Scale bars, 2 um. (E) Model of the tripartite mechanism that
catalyzes localized Mad2-Cdc20 assembly at the kinetochore.

Science. Author manuscript; available in PMC 2021 July 01.



	Abstract
	One Sentence Summary:
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:



