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Abstract
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The maintenance of genome stability in mitosis is coordinated by the spindle assembly checkpoint
(SAC) through its effector the mitotic checkpoint complex (MCC), an APC/C inhibitor 1,2.
Unattached kinetochores control MCC assembly by catalysing a change in topology of the β-sheet
of Mad2, an MCC subunit, generating the active closed Mad2 conformer (C-Mad2) 3–5.
Disassembly of free MCC, required for SAC inactivation and chromosome segregation, is an ATPdependent process driven by the AAA+ ATPase TRIP13. In combination with the SAC antagonist
p31comet (ref. 6), TRIP13 remodels C-Mad2 into inactive open Mad2 (O-Mad2) 7–10. Here, we
present a mechanism to explain how TRIP13-p31comet disassembles the MCC. Cryo-EM
structures of the TRIP13-p31comet:C-Mad2-Cdc20 complex reveal that p31comet recruits C-Mad2
to a defined site on the TRIP13 hexameric ring, positioning the C-Mad2 N-terminus (Mad2NT) to
insert into the axial pore of TRIP13, and distorting the TRIP13 ring to initiate remodelling.
Molecular modelling suggests that by gripping Mad2NT within its axial pore, TRIP13 couples
sequential ATP-driven translocation of its hexameric ring along Mad2NT to push upwards on, and
simultaneously rotate, the globular domains of the p31comet:C-Mad2 complex. This unwinds a
region of the αA helix of C-Mad2 required for stabilizing the C-Mad2 β-sheet, thus destabilizing
C-Mad2 in favour of O-Mad2 and dissociating Mad2 from p31comet. Our study provides insights
into how specific substrates are recruited to AAA+ ATPases through adaptor proteins and suggests
a model of how translocation through the axial pore of AAA+ ATPases is coupled to protein
remodelling.
To investigate MCC disassembly catalysed by the joint action of p31comet and TRIP13, the
two proteins were incubated with ATP and either free MCC or MCC in complex with the
APC/C (APC/CMCC). p31comet and TRIP13 catalysed formation of O-Mad2 from the MCC
much more effectively than from APC/CMCC (Extended Data Fig. 1a, lanes 5-6, 7-8 and
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Extended Data Figs 1b and 2a). Release of O-Mad2 from APC/CMCC does not require the
APC/C subunit Apc15 (Extended Data Fig. 1a, lanes 1-2 and 5-6), consistent with TRIP13p31comet and the APC/C mediating independent SAC silencing pathways 8,9,11–16. The
TRIP13 catalytic mutant (TRIP13E253Q) 17 is defective in generating O-Mad2 (Extended
Data Fig. 1a, lanes 3-4, 9-10 and Extended Data Fig. 1b). On incubation with the MCC and
p31comet, a TRIP13E253Q hexamer formed a complex with p31comet, Cdc20 and Mad2 in a
1:1:1:1 stoichiometry, agreeing with 17,18 (Extended Data Fig. 1c). p31comet but not
TRIP13 interacts with the free MCC and APC/CMCC (Extended Data Fig. 1b,d). The
substrate of the TRIP13 ATPase reaction is the p31comet:C-Mad2:Cdc20 complex (p31substrate) which forms a tight complex with TRIP13E253Q (Extended Data Fig. 1e).
We then determined the cryo-EM structure of the TRIP13E253Q-p31-substrate complex with
ATPγS (Extended data Fig. 1e). Refinement of the EM dataset yielded a 3D reconstruction
at 4.5 Å resolution, extending to 4.3 Å for focussed refinement of TRIP13 monomers A-D
(Extended Data Fig. 3 and Extended Data Table 1). 3D classification revealed three
structural classes (Extended Data Fig. 4). Class 1 is the unliganded apo TRIP13 hexamer
with classes 2 and 3 belonging to two distinct conformational states of the TRIP13E253Qp31-substrate complex. TRIP13 in class 2 represents the basal state whereas class 3 presents
structural rearrangements in TRIP13, suggestive of an activated state. An atomic model for
apo TRIP13 was built into the overall EM density map, guided by the crystal structure of a
TRIP13 monomer 18 (Fig. 1a and Extended Data Fig. 3c,d and Extended Data Table 1). In
the cryo-EM structure, TRIP13 forms a closed hexameric ring featuring a central pore,
whereas in the crystal structure adjacent subunits assemble into a helical filament 18 (Fig.
1a, Extended Data Fig. 5a). The TRIP13 cryo-EM structure also differs from the flat closed
ring of the C. elegans TRIP13 ortholog PCH2 17 (Fig. 1a and Extended Data Fig. 5a).
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Our cryo-EM structure shows that with ATPγS the TRIP13 ring adopts a compact
conformation with a convex top surface and concave lower surface (Fig. 1a and Extended
Data Fig. 5a). Monomers A to E form a right-handed spiral. Monomer F, structurally distinct
from its counterparts due to the separation of its large and small AAA+ domains, although
less pronounced than that of the open subunits of PCH2 (ref. 17) (Extended Data Fig. 5b),
forms a seam in the hexameric ring bridging monomers A and E (Fig. 1a and Extended Data
Fig. 5a,b). Clear EM density is visible for ATPγS at monomers A to E (Extended Data Fig.
3e). Pore loops-1 that in the PCH2 flat ring conformation occlude the central pore, undergo a
rotation upwards (Extended Data Fig. 5c) such that Trp221 and Phe222 of monomer A are
exposed on the surface.
To build the basal state TRIP13E253Q-p31-substrate model (class 2 of the 3D classification,
(Extended Data Fig. 4c)) the crystal structure of the p31comet:C-Mad2 dimer 19 was docked
into the large EM density feature above the convex face of TRIP13 (Fig. 1b and Extended
Data Fig. 3c,d). The p31comet:C-Mad2 dimer undergoes little conformational change except
for a structural rearrangement of Mad2NT (Extended Data Fig. 6a,b). The conformation of
the TRIP13 ring is essentially identical to apo TRIP13 (Extended Data Fig. 4b). The main
contact between the p31-substrate and TRIP13 involves a conserved basic surface on
p31comet opposite the C-Mad2 interface (Figs 1b and 2a,b and Supplementary Video 1).
Strikingly, p31comet positions C-Mad2 so that Mad2NT, extending from the start of the αA
Nature. Author manuscript; available in PMC 2019 January 04.
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helix, is precisely located to enter the TRIP13 pore (Figs 1b and 3a and Extended Data Fig.
3d,f). Notably, structural elements of C-Mad2 that are remodelled on conversion to O-Mad2
- the β8’-β8” hairpin and safety belt (Extended Data Fig. 6b,c) - form no direct contacts to
TRIP13.
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TRIP13 interacts with p31comet through a conserved and negatively charged surface on
monomers D and E. Monomer D interacts with the safety belt of p31comet, with monomer E
contacting conserved basic residues of the extended p31comet α3-4 loop (Figs 1b and 2b and
Extended Data Fig. 7a-c), consistent with 17,18,20. Combined deletion of seven basic
residues of the α3-4 loop severely ablated TRIP13-catalysed Mad2 remodelling, without
disrupting complex assembly (Fig. 2c and Extended Data Figs 2c and 7d).
In the TRIP13-substrate complex, C-Mad2 interacts tightly with p31comet through the Mad2
dimerization interface 19,21–23 and entraps the Mad2-binding motif (MBM) of Cdc20
under its safety belt (Fig. 1b). No other density for Cdc20 was visible (Extended Data Fig.
3c,d). In agreement with 18, the 109-117 loop of C-Mad2 interacts with pore loop-1 of TRIP
monomer A. Mad2NT adopts a fully extended conformation with residues 2-9 inserting midway into the narrow pore at the centre of TRIP13 (Figs 1b and 3a and Extended Data Fig.
3d,f and Supplementary Video 1). In this configuration, the conserved TRIP13 pore loop-1
Trp221 and Phe222 of monomers B to D embrace residues 2 to 7 Mad2NT (Fig. 3a and
Extended Data Fig. 3f). Trp221 and Phe222 are responsible for Mad2 processing 17. Pore
loop-1 of monomer E is too low in the TRIP13 spiral to contact Mad2NT (Fig. 3a), whereas
that of monomer F is disordered.

Europe PMC Funders Author Manuscripts

Monomer A of TRIP13 also interacts with Mad2NT through the underlying acidic pore
loop-2 (Fig. 3a), contributing a key specificity determinant for Mad2NT. The region of
Mad2NT that forms intimate contacts to conserved pore loop residues of monomers A to D is
hydrophobic and basic (L3QLSR7) (Fig. 3a). Although EM density for side chains of
Mad2NT and pore loops-2 is incomplete, it is indicative of interactions between Arg7 of
Mad2NT and Glu269 and Asp272 of pore loop-2 of monomer A, with Leu3 and Leu5 of
Mad2NT contacting the Phe222 side chains of pore loops-1 of monomers C and B,
respectively.
Importantly, the Mad2NT Φ3QLSR7 motif is conserved in Mad2 homologues and other
TRIP13 HORMA-domain proteins substrates (ref. 18) (Extended Data Fig. 8c). To test the
importance of the Mad2NT LSR sequence, we compared the efficacy of O-Mad2 release
from a C-Mad2:Cdc20 complex incorporating either wild type C-Mad2 or a mutant with
LSR replaced by LEE. Release of O-Mad2 was reduced in the LEE mutant (Fig. 3b, lanes
3-4, 7-8 and Extended Data Fig. 2c), showing that a positively charged segment in Mad2NT
is important for TRIP13 function. A TRIP13 mutant with either Ala or Arg substitutions of
Glu269 and Asp272 was completely defective in Mad2 remodelling (Fig. 3c and Extended
Data Fig. 2c). Removal of the first seven residues of Mad2 severely impaired O-Mad2
release (Fig. 2b, lanes 3-4, 5-6 and Extended Data Fig. 2b), however, deleting up to nine
residues from the Mad2 N-terminus did not affect complex assembly (Extended Data Fig.
7d). These findings agree with a previous study that deletion of the first five residues of
Mad2 (ΔN5-Mad2) abolished both TRIP13’s ability to convert C-Mad2 to O-Mad2, and the
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substrate-dependent stimulation of TRIP13 ATPase activity 18. In cells, whereas wild type
Mad2 is in the open state 18,20, the ΔN5-Mad2 mutant exists 50% in the closed state and
impairs SAC silencing 18. Deleting the first ten residues resulted in no cellular O-Mad2, and
caused a more severe mitotic defect 18.
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AAA+ ATPases are molecular motors that convert the chemical energy of ATP hydrolysis
into mechanical energy 24. To explore how TRIP13 ATPase activity induces conformational
changes in C-Mad2 we modelled the likely structure of the TRIP13:p31-substrate complex
after the first cycle of catalysis (Fig. 4b and Extended Data Fig. 9e and Supplementary
Video2). The largest structural change involves the seam monomer F and neighbouring
monomer E. Monomer F adopts an active (ATP-bound) conformation, translates ~12 Å to
the top of the AAA+ spiral and establishes contacts with Mad2NT two residues along relative
to monomer A (Fig. 4a,b and Extended Data Fig. 9b). Thus monomers E and F (E1 and F1 in
Fig. 4b and Extended Data Fig. 9b) (superscript ‘1’ denotes post catalytic cycle 1) climb
relative to C-Mad2, a process that pushes monomer F1 onto the αA and αC helices of CMad2 (Fig. 4b and Extended Data Fig. 9b,c). The new conformation of monomer E (E1 in
Fig. 4b), not only differs, thereby disrupting the TRIP13:p31comet interface, but also severely
clashes with p31comet (Extended Data Fig. 9c and Supplementary Video3). Due to these
steric clashes, the globular portion of the p31-substrate moves vertically relative to Mad2NT
held within the TRIP13 pore by subunits A1 to D1 (Extended Data Fig. 9a,d). An anticlockwise rotation of the globular portion of the p31-substrate allows p31comet to engage the
reset TRIP13 interface 60° anti-clockwise. Were the entire p31-substrate (including
Mad2NT) to shift, the Leu13 Cα atom (the start of αA of C-Mad2) would be displaced 7.6 Å
after the first catalytic step (Extended Data Fig. 9i). However, because Mad2NT is gripped by
the TRIP13 pore, fixing Leu13 Cα, the αA helix unwinds to stretch the polypeptide chain
(Extended Data Fig. 9f-j). Modelling indicates that each round of catalysis causes a single
α-helical turn to unwind into an extended conformation, coupled with Mad2NT progressing
through the TRIP13 pore by two residues (Fig. 4 and Extended Data Fig. 9g-j and
Supplementary Video2).
Unwinding the αA helix suggests that the C-Mad2 to O-Mad2 conversion occurs through
disrupting contacts with the adjacent β8’-β8” hairpin, including hydrogen bonds linking
Ser16 of αA with Thr188 and His191 of β8’-β8” (Fig. 4g,h and Supplementary Video 2).
Since these hydrogen bonds stabilize C-Mad2 (refs 18,25), their loss would displace β8’β8”. Opening the buckle (β8’-β8” pairing with β5), releases the safety belt structure that
traps Cdc20 to C-Mad2, liberating Cdc20 (Extended Data Fig. 6d). Restructuring β8’-β8”
and the C-Mad2 C-terminus weakens interactions with p31comet that binds C-Mad2 (refs
19,21,22) (Extended Data Fig. 6e). As proposed 17, this coordinates remodelling of C-Mad2
with release from TRIP13, preventing substantial unfolding of Mad2 (ref. 17). Release of
Mad2NT would promote conversion to O-Mad2 because of β1’s role in stabilizing O-Mad2
(refs 19,22,23,26). The tendency of the TRIP13 hexamer to disassemble 18, especially in the
absence of p31-substrate, may provide a mechanism to release Mad2NT. Working on the
estimate that 8-10 ATP molecules are hydrolysed for each C-Mad2 molecule converted 17,
the C-Mad2 conformational transition would involve unwinding of no more than the αA
helix.
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The p31-substrate stimulates TRIP13 ATPase activity 17, indicating it promotes an
activating conformational change of TRIP13. The conformational differences in the TRIP13p31-substrate complex between classes 2 and 3 are suggestive of class 3 as an activated
state, primed for ATP hydrolysis. Compared with class 2, TRIP13 monomers D to F have
changed their orientations relative to monomers A to C, with the conformational change
progressively increasing from D to F resulting in their shift towards the p31-substrate (Fig.
5a and Supplementary Video4). These changes in TRIP13 are accompanied by a small
rotation of p31comet:C-Mad2 so that p31comet itself moves closer to TRIP13 monomers D
and E. Monomer F shows the largest displacement towards the p31-substrate module,
allowing its pore loop-2 to approach Mad2NT (Fig. 5a,b). The effect of the p31-substrateinduced conformational change in TRIP13 is to move monomers E and F along the axis of
translocation.
On conversion of O-Mad2 to C-Mad2 the β2-3 hairpin rearranges. Mutations of the β2-3
hairpin suppress this conversion 27. In the activated state, the approaching F monomer shifts
the β2-3 hairpin towards αA, perturbing its interactions with the C-Mad2 core (Fig. 5b).
Thus, an interesting possibility is that the energy of p31-substrate binding to TRIP13 is
converted into torsional energy within the TRIP13 ring that destabilizes C-Mad2 core
interactions with the β2-β3 hairpin.
The proposed TRIP13-catalysed rotary motion of the globular region of the p31comet:CMad2 relative to the fixed Mad2NT presents a mechanism to explain how local unwinding of
a secondary structural element remodels tertiary and quaternary structure (Fig. 5c).

Methods
Cloning, expression and purification of TRIP13 complexes

Europe PMC Funders Author Manuscripts

The codon optimized DNA coding sequences (CDSs) of full-length human TRIP13
(Q15645) and p31comet (Q15013) were cloned individually into the bacterial pETM11
expression vector with an N-terminal TEV protease-cleavable His6 tag. Mad2 (Q13257)
CDS was cloned into a custom modified version of the pETM11 vector where the Nterminal His6 tag was replaced by a C-terminal 3C-cleavable His6 tag. QuickChange and
Gibson cloning respectively generated the mutant versions of TRIP13, Mad2 and p31comet.
These include TRIP13: E269A plus D272A and E269R plus D272R, E253Q; Mad2:
L5S6R7 to L5E6E7; and the N-terminal 7 and 9 residue deletions; p31comet: deletion of
R99, K100, K110, K111, K112, R122, K123 and K270A (TRIP13-binding site on monomer
E). Proteins were individually expressed in the BL21 Star (DE3) E. coli strain at 18 °C for
12 h. TRIP13, p31comet and Mad2 were individually purified by Ni-NTA based protein
purification (Ni-NTA Agarose resin) followed by either TEV or 3C protease cleavage and
gel filtration (Superdex 75 10/300 column). TRIP13 and p31comet were further purified on a
6 mL Resource Q column (GE Healthcare Life Sciences) prior to size exclusion
chromatography. MCC and APC/CMCC complex cloning, expression and purification were
described in 28.
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C-Mad2 complex remodelling experiments
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Purified p31comet and either wild type or mutant Mad2 were incubated with purified
maltose-binding protein (MBP)-Cdc20 (Q13257) (ref. 28) for 2 h at 23 °C. The resulting
p31comet :C-Mad2:MBP-Cdc20 complex was purified by gel filtration using a Superdex 200
10/300 column. For disassembly of either the p31comet :C-Mad2:MBP-Cdc20 complex or
the MCC (both the MCC alone and MCC of the APC/CMCC complex) 10-15 μMols of
complex were incubated with three-fold molar excess of TRIP13 as either wild type or the
Q253E mutant (accounting for hexamerization of TRIP13), in a disassembly buffer (50 mM
HEPES pH 8.0, 10 mM MgCl2 and 3 mM ATP) in a total volume of 50 μL. In the MCC and
APC/CMCC containing reactions, a 10-fold excess of p31comet was also added. Following
incubation at 23 °C for 10 min the disassembly reaction was injected into a ÄKTAmicro
(GE Healthcare) with a running buffer of 20 mM HEPES pH 8.0, 300 mM NaCl, 10 mM
MgCl2 and 0.5 mM TCEP. O-Mad2 eluted in a later fraction than the complexes of C-Mad2
with either p31comet or with both p31comet and MBP-Cdc20 (Extended Data Fig. 2a). OMad2 fractions were loaded (with input material) onto an SDS-PAGE gel and detected with
a Western blot anti-Mad2 (ab10691; Abcam). TRIP13, Cdc20 and p31comet were detected
with anti TRIP13 (sc-514285; Santa Cruz Biotechnology), Cdc20 (sc-8358; Santa Cruz
Biotechnology) and p31comet (MABE451; Merck) respectively.
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To test MCC dissociation into C-Mad2:Cdc20 and BubR1:Bub3 (BubR1: O60566;
Bub3:O43684) sub-complexes by (i) the combined action of TRIP13E253Q-and p31comet, (ii)
TRIP13E253Q alone and (iii) p31comet alone, 30 μMols of MCC was mixed with (i) a 1.1-fold
excess of TRIP13E253Q hexamer and a 10-fold excess p31comet, ii) a 1.1-fold excess of
TRIP13E253Q and (iii) a 10-fold excess p31comet in buffer: 50 mM HEPES pH 8.0, 10 mM
MgCl2 and 3 mM ATP. The mixture was injected into a Superdex 200 10/300 gel filtration
column fitted to an ÄKTAmicro (GE Healthcare) with a running buffer of 20 mM HEPES
pH 8.0, 300 mM NaCl, 10 mM MgCl2 and 0.5 mM TCEP and ATP. Peak eluted fractions
were analysed using Coomassie-stained gels.
Reconstitution of TRIP13p31-substrate complex for EM analysis
A ternary complex composed of p31comet :C-Mad2:Cdc20 was purified by Ni-NTA column
chromatography starting with a co-lysate of C-Mad2:MBP-Cdc20 co-expressing Hi-5 insect
cells 28 with p31comet expressing BL21 Star (DE3) cells, followed by TEV cleavage and gel
filtration (Superdex 200 10/300 column). Purified TRIP13Q253E was incubated with
equimolar amounts of the p31comet :C-Mad2:Cdc20 complex (accounting for hexamerization
of TRIP13) in an assembly reaction buffer (50 mM HEPES pH 8.0, 10 mM MgCl2 and 5
mM ATPγS) for 45 min at 23 °C. The 50 μL assembly reaction was injected into a Superdex
200 5/150 GL column fitted to an ÄKTAmicro (GE Healthcare) with a running buffer
containing 20 mM HEPES pH 8.0, 300 mM NaCl, 10 mM MgCl2, 0.5 mM TCEP and 0.3
mM ATPγS. The complex eluted in a peak fraction at a concentration of 0.3 mg/mL and was
used to prepare cryo-EM grids.
Electron microscopy
2.5 μl of the TRIP13p31-substrate complex eluted fraction was applied to Quantifoil Holey
carbon R1.2/1.3 Au 300 grids, treated with a 9:1 argon:oxygen plasma for 30 s before use.
Nature. Author manuscript; available in PMC 2019 January 04.
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The grids were incubated for 30 s at 4 °C and 100% humidity and then blotted for 6 s and
plunged into liquid ethane using an FEI Vitrobot III. Specimens were imaged using both
EPU software (FEI) and Serial EM (Mastronarde Group) at a nominal magnification of
81,000, yielding a pixel size of 1.43 Å/pixel at specimen level on an FEI Titan Krios electron
microscope operating at 300 kV accelerating voltage. Zero-energy-loss micrographs were
recorded using a Gatan K2-Summit direct electron detector executed in counting mode at the
end of a Gatan GIF-Quantum energy filter with a slit width of 20 eV. Images were collected
at a dose rate of ~2.6 electrons/Å2/s. Exposures of 16 seconds were dose-fractionated into 20
movie frames with a total dose of ~41 electrons per Å2. Defocus values in the final data set
ranged from -2.0 to -3.6 μm.
Image processing

Europe PMC Funders Author Manuscripts

Movie frames were aligned using motioncorr2 (ref. 29) before subsequent processing.
Contrast transfer function parameters were calculated using Gctf 30. Particles in 140x140
pixels were selected automatically by using Gautomatch (Kai Zhang) with an inter-particle
distance cutoff of 150 Å. The initial 2D references for the automated picking were created
by manual picking. Picked particles were extracted and processed in RELION 2.1 (ref. 31).
After three rounds of 2D classification where 2D classes with poor structural features were
removed with 30-40% of particle classes finally selected for 3D refinement. The initial
model for 3D refinement was generated ab initio using the random start-up procedure in
IMAGIC-4D 32. Overall 3D refinement yielded a 3D reconstruction with 4.5 Å resolution.
To further improve the EM density map of TRIP13, a soft mask including the most rigid
TRIP13 monomers A/B/C/D (TRIP13A/B/C/D) was used for local alignment during
refinement. This improved the resolution to 4.3 Å for TRIP13A/B/C/D. All resolution
estimations were from gold-standard FSC calculations to avoid over-fitting and reported
resolutions are based on the FSC = 0.143 criterion 33. Final FSC curves and sharpening of
density maps was performed as in 31.
3D classification with a global search and a sampling angular interval of 7.5° allowed the
identification of apo (class 1: 20% of total) and p31-substrate bound (80% of total) TRIP13
complexes. The TRIP13:p31-substrate class was further classified yielding the TRIP13:p31substrate basal (class 2: 22%), the TRIP13:p31-substrate activated states (class 3: 24%) and
a reconstruction (34%) with resemblance to the TRIP13:p31-substrate basal state but that
featured poorer alignment accuracy.
Map Visualization
Figures and vidoes were generated using the PyMOL (Molecular Graphics System, 2.0.3 Schrodinger, LLC) and Chimera 34.
Model building
Initial fitting and superposition of human TRIP13 (ref. 18) and p31comet:C-Mad2:MBP 19
were performed with Chimera 34. Model building and flexible fitting were performed in
COOT 35. TRIP13 pore loops-1 and -2 model building was performed ab initio using the
crystal structure of the PAN regulatory particle 36 as an initial reference using our highest
resolution maps. The TRIP13loop 111–121 was built as an idealized polyAla chain fitting to
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the corresponding density. The p31comet α3-4 loop was built as polyAla chain fitting the
corresponding density of a TRIP13:p31-substrate map obtained after focussed classification
of the N-terminal domain of TRIP13 monomer E with additional guidance from published
cross-linking data restraints 18. The Mad2 N-terminus (Mad2NT) was built by flexible fitting
of Mad2 (ref. 25). Model refinement of the TRIP13:p31-substrate structure was performed
with PHENIX 37 using 3D classes 2 and 3.
Modelling TRIP13:p31comet-C:Mad2:Cdc20 complexes after catalytic cycles. (Extended
Data Fig. 9 and Supplementary Videos 2 and 3)
To model TRIP13 after the first catalytic cycle (i.e. basal state 1), we superimposed
monomer B onto monomer A (thus new A1 was formerly B0, new F1 was formerly A0 and
new E1 was F0 etc. [where superscript ‘0’ denotes the pre-catalytic state and superscript ‘1’
denotes the first post-catalytic state]). C-Mad2NT (here defined as residues 2 to 12) was
modelled based on its conformation in the pre-catalytic conformation (i.e. unchanged). The
globular portion of p31comet:C-Mad2 (all residues of p31comet and residues 13 to 205 of CMad2) were re-positioned onto the new C1-D1 interface (in effect maintaining the same
contacts with the shifted D0-E0 subunits) to avoid clashes with the repositioned E1 and F1.
Because C-Mad2NT remained fixed, but the globular portion of p31comet:C-Mad2 shifted by
7.6 Å (due to the vertical movement and 60° rotation (Extended Data Fig. 9i)), the Cα atoms
of Thr12 of C-Mad2NT and Leu13 the globular portion of C-Mad2 were separated by 11 Å
(Extended Data Fig. 9h). Reconnecting Thr12 and Leu13 was performed by unwinding the
first turn of the C-Mad2 αA helix (residues 12 to 17) with the coordinates refined in COOT
35. The same procedure was applied to remodel the TRIP13:p31comet:C-Mad2:Cdc20
complex basal state 2 (post catalytic cycle 2) (Supplementary Video 2). The calculation that
one helical turn is unwound per catalytic cycle is based on the following reasoning:
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The axial distance between adjacent residues in an α-helix = 1.5 Å.
The axial distance between adjacent residues in a β-sheet = 3.5 Å.
Thus the difference in axial distance between adjacent residues in an α-helix and β-sheet is
2 Å/residue. Stretching an α-helix by 7.6 Å by forming an extended chain requires 7.6 Å/2
Å/residue = 3.8 residues = 1.06 helical turn (assuming 3.6 residues/turn).
Structural conservation was calculated using CONSURF 38. The interface surface area
between TRIP13 and p31comet:C-Mad2 including Mad2NT was calculated using the PISA
protein interface server 39. Protein sequence alignment was performed using Jalview 40.
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Extended Data Figure 1. Biochemical characterization of Mad2-containing complexes with
TRIP13.

a, TRIP13 and p31comet can extract O-Mad2 from MCC and APC/CMCC regardless of
Apc15. Western blot showing the disassembly reactions together with the respective input
material (i) of APC/C-bound MCC (APC/CMCC), in either the absence (lanes 1-2) or
presence of Apc15 (lanes 3-6) and MCC alone (lanes 7-10) (experimental design is shown
on top). Negative control reactions (lanes 3-4 and 9-10) were performed with the
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TRIP13E253Q mutant. Mad2 levels were detected with an anti-Mad2 antibody. Loading
controls of Apc4-Strep, Apc15, Cdc20, TRIP13, Bub3 were detected with antibodies
specific for Strep, Apc15, Cdc20, TRIP13 and Bub3 respectively. BubR1 (lanes 7-10) was
detected with an anti-Strep antibody. b, Western blots showing eluted size exclusion
(Superdex 200 10/300 column) fractions of the MCC and Mad2 remodelling reactions
catalysed by TRIP13:p31comet in the context of free MCC and APC/CMCC. The fractions
corresponding to (i) APC/CMCC, (ii) MCC, (iii) p31comet:C-Mad2 and (iv) monomeric CMad2 are shown. A reference gel for size exclusion column elution fractions corresponding
to p31comet:C-Mad2:Cdc20-MBP, p31comet:C-Mad2 and monomeric C-Mad2 is shown in
Extended Data Fig. 2a. c, Analysis of TRIP13-p31comet complexes with the MCC using size
exclusion chromatography in the presence of ATP. Coomassie-stained gel showing the gel
filtration fractions (chromatogram above) of p31comet:TRIP13 complexes in complex with
MCC (fraction 8 is the p31comet:TRIP13 complex with C-Mad2-Cdc20 and fraction 9 is the
BubR1:Bub3 complex). Input material (i) is shown on the left. d, MCC binds p31comet and
not TRIP13 alone. Coomassie-stained gel showing the gel filtration fractions of the MCC
(top gel) and in the presence of p31comet (middle gel) and TRIP13E253Q (lower gel). e,
Chromatogram (top) and SDS-PAGE (bottom) of the gel filtration performed with the
TRIP13E253Q:p31comet:C-Mad2:Cdc20 complex in the presence of ATPγS. Experiments in
a–e were performed in triplicate with similar results. See Supplementary Fig. 1 for gel
source data.
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Extended Data Figure 2. Biochemical assay for TRIP13:p31comet-catalysed O-Mad2 generation.

Shown are size exclusion (Superdex 200 10/300 column) chromatograms and corresponding
Coomassie-stained gels for the Mad2 remodelling reaction catalysed by TRIP13:p31comet. a,
Reference chromatograms and Coomassie-stained gels for (i) p31comet:C-Mad2:MBP-Cdc20
(brown trace), (ii) p31comet:C-Mad2 (blue trace) and (iii) monomeric O-Mad2 (red trace).
Chromatograms and gels are colour-coded. Monomeric O-Mad2 elutes in fractions 22-24,
whereas C-Mad2 in complex with p31comet (p31comet:C-Mad2) elutes in fractions 17-19. b,
Chromatograms and Coomassie-stained gels for the products of the reaction of TRIP13 with
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(i) wild type p31comet and Mad2 (orange trace) and (ii) WT p31comet and mutant C-Mad2
(C-Mad2Δ7 (7 N-terminal residues deleted)). c, Chromatograms and Coomassie-stained gels
for the products of the reaction with (i) mutant C-Mad2LEE, wild type TRIP13 and p31comet
(yellow trace), (ii) mutant TRIP13E269R,D272R and wild type p31comet and C-Mad2 (green
trace) and (iii) mutant p31comet-α3-4 and wild type TRIP13 and C-Mad2 (black trace).
Experiments in a–c were performed in triplicate with similar results. See Supplementary
Fig. 1 for gel source data.
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Extended Data Figure 3. Cryo-EM analysis and resolution of TRIP13 complexes in this study.
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a, Left: Gallery of two-dimensional class averages of TRIP13-p31-substrate showing
different views representative of 50 two-dimensional classes. Right: A typical cryo-EM
micrograph of TRIP13-p31-substrate representative of 3,630 micrographs. b, Fourier shell
correlation (FSC) curves are shown for all the cryo-EM reconstructions determined in this
study. c, local resolution maps calculated with RESMAP 41 of the TRIP13p31-substrate
complex. d, Cryo-EM density of the TRIP13-p31-substrate reconstruction shown as in Fig.
1b. e, g, Representative density quality for the ATPγS (e) and β-strand (g). In (e) critical
residues for the TRIP13 catalytic site are indicated: WA (Walker A), WB (Walker B), S1
(sensor 1), S2 (sensor 2) and RF (Arg finger). f, Close up of the TRIP13 pore loops
interacting with C-Mad2NT from the cryo-EM density of the TRIP13-p31-substrate. EM
density for C-Mad2 shown in black mesh, TRIP13 in transparent coloured surface.
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Extended Data Figure 4. Three-dimensional classification of TRIP13-p31-substrate full dataset.

a, Local refinement (see Methods) by applying a mask covering TRIP13A/B/C/D/E
monomers. b, c, 3D class averages obtained by classification (see Methods) of the TRIP13p31-substrate full dataset (b) and TRIP13-p31-substrate (c) are shown. The percentages
relative to the total number of TRIP13-p31-substrate particles are shown.
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Extended Data Figure 5. Comparative analysis of TRIP13 structures.

a, Comparison of TRIP13 cryo-EM structure (right, this study) and previous TRIP13 crystal
structures (left, C. elegans PCH2 (ref. 17), middle, human TRIP13 (ref. 17)). b, Comparison
of TRIP13 monomers within the TRIP13 cryo-EM structure, RMSDs between TRIP13A and
other TRIP13 monomers are indicated in the insert table. A superimposition of all six
TRIP13 monomers is shown, colour-coded according to Fig. 1. TRIP13F differs from all the
other monomers in the relative orientation of the small and large AAA+ domains. Its
conformation relative to TRIP13A is shown in the lower right. The open conformation
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prevents nucleotide binding. (The sensor 2 residue (S2) is positioned too far from the ATPbinding site). Lower left panel shows a superimposition of TRIP13F onto an open subunit C
(grey) of the PCH2 structure 17. c, Conformational differences in pore loop-1 between the
PCH2:ADP 17 complex (grey) and the cryo-EM TRIP13:ATPγS complex (orange) (this
study).
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Extended Data Figure 6. Structures of Mad2.

a, C-Mad2 (ref. 23); b, in the TRIP13:p31comet:C-Mad2 complex (this work); c, O-Mad2
(ref. 23); d, the S. pombe mitotic checkpoint complex 42; e, p31comet:C-Mad2 complex 19.
In all figures the regions of Mad2 that reposition on the O-Mad2 to C-Mad2 transition are
coloured blue and red for N-terminal (residues 1-16) and C-terminal (158 to 204) regions
respectively. In O-Mad2 these are the N-terminus (Mad2NT) and β1 strand (blue) and Cterminal β7-β8 hairpin (red). In C-Mad2 these are Mad2NT including the αN helix, and first
turn of αA (blue), and C-terminal β8’-β8” hairpin, safety belt and C-terminus (Mad2CT)
(red). On conversion of O-Mad2 to C-Mad2, the β1 strand is displaced and replaced by the
β8’-β8” hairpin. Residues 13-15 of β1 form an additional turn at the N-terminus of αA
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present in C-Mad2. The C-Mad2 ligand is coloured purple. MBM: Mad2-binding motif.
MBP1: High affinity Mad2-binding peptide 43,44.
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Extended Data Figure 7. TRIP13 interacts with p31comet through a composite interface formed
of monomers D and E.

a, Details of the interaction between TRIP13 and p31comet. Left: schematic of TRIP13p31comet interactions. Right: structure showing details of the main electrostatic contacts
between TRIP13 and p31comet. Above: Schematic of the domain architecture of TRIP13 and
p31comet. A row of aspartates on α7 engages the conserved safety belt motif residues
Arg233 and Arg237 of p31comet. The adjacent Lys162 contacts a Glu-rich loop (111-121) in
TRIP13 that is disordered in previous TRIP13 crystal structures 17,18. In our structure the
Glu-rich loop lies directly above pore loop-1. Glu104 and Asp105 of the TRIP13NTDATPase domain linker, immediately preceding the Glu-rich loop, contact Arg227 and
Lys229 of the p31comet safety-belt, agreeing with the importance of Lys229 for TRIP13p31comet interactions in vitro 17 and in vivo 20. On monomer E, the same acidic patch of α7
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of the large AAA+ domain contacts basic residues at the N-terminus of α3 of p31comet. b,
Details of the interaction of the p31comet α3-4 loop with TRIP13 subunit E. Seven basic
residues shown were deleted and the mutant p31comet-α3-4 was tested in Mad2 remodelling
assays and for assembly of a TRIP13:p31comet:C-Mad2 complex. c, Multiple sequence
alignment of the p31comet α3-4 loop. d, Deletion of the nine N-terminal residues of Mad2
(Mad2Δ9), and mutation of the p31comet α3-4 loop (p31comet-α3-4loop) do not disrupt
TRIP13:p31comet:C-Mad2 complex assembly. Coomassie-stained gel showing the gel
filtration fraction of wild type and relevant mutant TRIP13:p31comet:C-Mad2 complexes
purified by size exclusion chromatography. Experiment in d was performed in triplicate with
similar results. See Supplementary Fig. 1 for gel source data.
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Extended Data Figure 8. Conservation of TRIP13pore loops and Mad2NT.
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Multiple sequence alignment of (a) TRIP13 pore loop-1 and (b) pore loop-2 and the (c) Nterminal region of Mad2.
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Extended Data Figure 9. Models of the TRIP13:p31comet:C-Mad2 complexes in basal state 0 and
basal state 1 (pre and post the first catalytic cycle).

a, Basal state 0 (similar to Fig. 4a). Superscripts on TRIP13 subunit labels denote basal
state. b, Showing the conformational change of the TRIP13 hexamer post one catalytic cycle
(Basal state 1) superimposed on the p31comet:C-Mad2 substrate prior to catalysis (as in basal
state 0). The upward movement of the E and F subunits clashes with p31comet and C-Mad2.
Pore loop residues of E and F subunits shift by 30 Å and 13 Å, respectively. c, close up view
of (b) showing the clash between the F1 and E1 subunits of TRIP13 in basal state 1 with CMad2 and p31comet, respectively (as in basal state 0). d, Basal state 1 with TRIP13 and
p31comet:C-Mad2 in the remodelled conformation (as in (Fig. 4b)) and now with the whole
of the p31comet:C-Mad2:Cdc20 substrate repositioned onto the new C1 and D1 interface and
the αA helix unwound by one turn. e, as in (d) but rotated 60° to show the p31comet:CMad2:Cdc20 substrate in the same view as in (a). f-j: Panels showing TRIP13 and only CMad2NT and connection to the C-Mad2 αA helix and proposed unwinding of the C-Mad2
αA helix. f, BS0 with view as in (e). g, TRIP13 adopts the BS1 conformation as in (e) with
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the whole p31comet:C-Mad2 substrate repositioned onto the C1-D1 interface. Note that the
αA helix of C-Mad2 has not been unwound and C-Mad2NT (residues 2-12) is shifted along
with the globular domain of C-Mad2 (C-Mad2GD). h, BS1 with C-Mad2NT in the BS0
position (i.e. unshifted relative to BS0) and αA of C-Mad2GD as p31comet:C-Mad2 is
repositioned on the C1-D1 interface (but the αA helix is not unwound). This shows the 11 Å
break between the Cα-atoms of Thr12 of C-Mad2NT and Leu13 of C-Mad2GD. C-Mad2NT
is shifted down the TRIP13 pore two residues relative to (g). i, Close up view of the CMad2NT and connection to the αA helix. The view is the same as in (h) and it superimposes
the position of C-Mad2NT as in the BS0 and BS1 states showing a 7.6 Å distance between
the Cα-atoms of Thr12 of C-MadNT in the two states. This indicates the extent of required
unwinding of the αA helix. j, The first turn of the αA helix unwinds to reconnect Thr12 of
C-Mad2NT with Leu13 of the C-Mad2 αA helix. Model building was guided by insights
from cryo-EM structures of the AAA+ ATPases VAT 45, Vps4 46 and Hsp104 47 that
indicate a processive hand-over-hand mechanism in which the AAA+ motor translocates
along the axis of the substrate. ATP hydrolysis propagates a sequential conformational
change within the hexameric ring that converts the conformation of each subunit to that of
its clockwise neighbour (viewed from p31comet).
Extended Data Table 1

EM data collection, processing statistics and structure
refinement statistics
TRIP 13 in complex with ATP-gamma-S, p31comet, C-Mad2 and Cdc20
(EMDB-4166)
(PDB 6F0X)
Data collection and processing
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Magnification

81,000

Voltage (kV)

300

Electron exposure (e–/Å2)

40

Defocus range (μm)

2.0-3.6

Pixel size (Å)

1.43

Symmetry imposed

CI

Initial particle images (no.)

440,853

Final particle images (no.)

354,157

Map resolution (Å)

4.6

FSC threshold
Map resolution range (Å)

0.143
4.2-5.5

Refinement
Initial model used (PDB code)

5vqa, 2qyf

Model resolution (Å)

4.2

FSC threshold

-

Model resolution range (Å)

-

Map sharpening B factor (Å2)

-342.45

Model composition
Non-hydrogen atoms

20491
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TRIP 13 in complex with ATP-gamma-S, p31comet, C-Mad2 and Cdc20
(EMDB-4166)
(PDB 6F0X)
Protein residues

2541

Ligands

5
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B factors

(Å2)

Protein

-

Ligand

-

R.m.s. deviations
Bond lengths (Å)

0.01

Bond angles (°)

1.13

Validation
MolProbity score

2.62

Clashscore

27.73

Poor rotamers (%)

0

Ramachandran plot
Favored (%)

79.26

Allowed (%)

20.19

Disallowed (%)

0.55

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overall structures of the apo and TRIP13:p31-substrate complexes.

Side and top views of the cryo-EM structure model of TRIP13 in the apo state (a) and in
complex with p31comet:C-Mad2 (class 2: basal state) (b). Relevant regions of TRIP13,
p31comet and C-Mad2 are indicated.
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Figure 2. Interaction between p31comet and TRIP13.

a, Surface conservation is displayed for TRIP13 monomers D and E, conservation score
colour code is indicated below. A portion of p31comet is show in cartoon representation.
NTD: N-terminal domain. b, Electrostatic surface representation for the TRIP13 – p31comet
interacting surfaces (surface potential at ±5kT/e), colour code is displayed below. Top:
TRIP13 electrostatic surface with a portion of C-Mad2 show in cartoon representation.
Monomers D and E form a continuous acidic patch that is unique to this monomer pairing
due to the conformation of loop 111-121 of monomer E. Bottom: p31comet electrostatic
surface as viewed by TRIP13. Cartoons to the left provides an overall perspective. The
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surface area buried at the p31comet –TRIP13 interface is 2,392 Å2. c, Deletion of conserved
basic residues of the p31comet α3-4 loop (Extended Data Fig. 7b) severely disrupts TRIP13p31comet-catalysed Mad2 remodelling. Right: experimental design for Cdc20:C-Mad2
complex disassembly reaction. Left: Western blot showing input (i) and size exclusion
fractions corresponding to monomeric O-Mad2 (lanes 2 and 4) and Extended Data Fig. 2c.
Experiment in c was in triplicate with similar results. For gel source data see Supplementary
Fig. 1.
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Figure 3. Interaction between C-Mad2NT and the TRIP13 pore loops.

a, Top: Overview of the TRIP13:p31-substrate complex showing Mad2NT inserted into the
TRIP13 pore (left) with corresponding EM density map on right. Bottom: Detailed
representation of Mad2NT residues interacting with TRIP13 pore loop residues. b, Western
blot showing input (i) and O-Mad2 fractions of the Cdc20:C-Mad2 complex disassembly by
TRIP13E253Q mutant (lanes 1-2) and TRIP13wt (lanes 3-8). Mad2 levels and loading
controls for TRIP13 and Cdc20 are detected with their respective antibodies. Mutants of
Mad2NT (lanes 5-8) affect the levels of O-Mad2 released from the Cdc20:C-Mad2 complex.
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c, Mutation of D269 and E272 of pore loop-2 of TRIP13 ablates TRIP13-p31comet-catalysed
Mad2 remodelling (and Extended Data Fig. 2c). Experiments in b, c were in triplicate with
similar results.
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Figure 4. Sequential catalytic cycles of TRIP13 remodel Mad2.

a, b, Overall views of TRIP13:p31-substrate complex: (a) before catalysis (pre-catalytic:
basal state 0) and (b) after the first catalytic cycle (basal state 1). TRIP13 subunit
superscripts denote the catalytic cycle. Thr12 of Mad2NT is coloured yellow indicating the
boundary with αA in basal state 0. After the first catalytic cycle one turn of the αA helix
unwinds (compare (c) and (d)). This disrupts contacts between the N-terminus of the αA
helix and the β8’-β8” hairpin. The N-terminal region of C-Mad2 that differs between OMad2 and C-Mad2 is in blue (Extended Data Fig. 6b,c). Further structural details are in
Extended Data Fig. 9.
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Figure 5. Differences between basal and activated states of the TRIP13-p31-substrate.

a, Two views comparing the basal state (grey) and activated state (colour code as in Fig. 1)
of the TRIP13:p31-substrate (superimposition on C-Mad2). Left insert panel illustrates
displacement of reference pore loop residues between basal and active states. The
displacement grows from the p31comet-contacting monomer D to the F monomer, with F
featuring the largest displacement of 5 Å. b, The conformational changes of monomer F
pore loops and the C-Mad2 β2-β3 hairpin in the active state are shown relative to their
positions in the basal state (grey). c, Schematic of the proposed mechanism of TRIP13-
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p31comet-catalysed remodelling of O-Mad2 (and Supplementary Video 2). The remodelled
structural elements of Mad2 are indicated. EA and FA: activated conformations of monomers
E and F, respectively. The O-Mad2 products dissociate from p31comet.
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