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The spindle checkpoint senses unattached kinetochores during prom-
etaphase and inhibits the anaphase-promoting complex or cyclosome
(APC/Q), thus ensuring accurate chromosome segregation. The check-
point protein mitotic arrest deficient 2 (Mad2) is an unusual protein
with multiple folded states. Mad2 adopts the closed conformation
(C-Mad2) in a Mad1-Mad2 core complex. In mitosis, kinetochore-bound
Mad1-C-Mad2 recruits latent, open Mad2 (O-Mad2) from the cytosol
and converts it to an intermediate conformer (I-Mad2), which can then
bind and inhibit the APC/C activator cell division cycle 20 (Cdc20) as
C-Mad2. Here, we report the crystal structure and NMR analysis of
I-Mad2 bound to C-Mad2. Although I-Mad2 retains the O-Mad2 fold
in crystal and in solution, its core structural elements undergo discern-
ible rigid-body movements and more closely resemble C-Mad2. Resi-
dues exhibiting methyl chemical shift changes in I-Mad2 form a
contiguous, interior network that connects its C-Mad2-binding site
to the conformationally malleable C-terminal region. Mutations of
residues at the I-Mad2-C-Mad2 interface hinder I-Mad2 formation
and impede the structural transition of Mad2. Our study provides in-
sight into the conformational activation of Mad2 and establishes the
basis of allosteric communication between two distal sites in Mad2.
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Accurate chromosome segregation requires proper, dynamic
attachment of sister chromatids to spindle microtubules during
mitosis, which enables chromosome alignment at the metaphase
plate (1, 2). At metaphase, two opposing kinetochores of a sister-
chromatid pair attach to microtubules emanating from opposite
spindle poles. This bipolar kinetochore-microtubule attachment
enables all sister chromatids to align at the metaphase plate. The
anaphase-promoting complex or cyclosome (APC/C), along with
its activator cell division cycle 20 (Cdc20), indirectly activates
the protease separase through triggering the ubiquitination and
degradation of the separase inhibitors, securin and cyclin B1 (3-5).
Active separase then cleaves cohesin, leading to chromosome seg-
regation (6, 7). The separated chromatids are evenly partitioned
into the two daughter cells through their attachment to the spindle.
During mitotic progression, not all sister kinetochores achieve
bipolar attachment synchronously. The spindle checkpoint sen-
ses the existence of kinetochores not attached or improperly at-
tached to spindle microtubules and inhibits APC/C“* through
promoting the formation of the APC/C-inhibitory mitotic check-
point complex (MCC) consisting of BubR1, Bub3, mitotic ar-
rest deficient 2 (Mad2), and Cdc20 (8-12). APC/C inhibition
delays separase activation, cohesin cleavage, and the onset of
chromosome segregation and provides time for unattached kinet-
ochores to reach proper attachment before separation. The spindle
checkpoint thus ensures the fidelity of chromosome segregation.
The unusual multistate behavior of the checkpoint protein
Mad?2 is critical for kinetochore-dependent spindle checkpoint
signaling (9, 12-14). Mad2 has multiple folded conformers, in-
cluding the latent, open conformer (O-Mad2) and the activated,
closed conformer (C-Mad2) (15-19). C-Mad2 binds to its up-
stream regulatory protein Madl and its downstream target Cdc20
through the Mad2-interacting motif (MIM) (4, 16, 17). C-Mad2
topologically entraps this MIM motif through a seat-belt-like
structure formed by its C-terminal region (16, 17). O-Mad2 cannot
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interact with Mad1 or Cdc20 because the seat belt is not formed
in O-Mad2 and the C-terminal region in O-Mad2 blocks the
ligand-binding site (16). In human cells, Mad2 exists as multiple
species, including free, latent O-Mad2 and C-Mad?2 tightly bound
to Madl (18, 20). Upon checkpoint activation, the Mad1-Mad2
core complex is targeted to unattached kinetochores (21, 22).
This core complex can further recruit additional copies of O-Mad2
and convert them into intermediates termed I-Mad2 (Fig. 14) (19,
23-25). Cdc20 and BubR1-Bub3 are also recruited to unattached
kinetochores through other mechanisms (26, 27). The close prox-
imity of I-Mad2 and Cdc20 stimulates efficient formation of the
C-Mad2-Cdc20 complex, which can then associate with BubR1-
Bub3 to form MCC (28). Thus, unattached kinetochores promote
the conformational activation of Mad2 and the production of MCC.

Previous NMR analyses showed that the chemical shifts of
many backbone amides and methyl groups in I-Mad2 were
drastically different from those in O-Mad2 or C-Mad2 (23, 24).
These results seemingly supported the notion that I-Mad2 adopted
a fold different from those of O- or C-Mad2. It was further sug-
gested that I-Mad2 might have undergone partial unfolding in the
N- and C-terminal regions, which was a prerequisite for the to-
pological entrapment of Cdc20 and formation of C-Mad2.

In a breakthrough study, Musacchio and coworkers de-
termined the structure of an asymmetric Mad2 dimer (29). In
this dimer, one monomer was C-Mad2 bound to an unnatural
peptide ligand called Mad2-binding peptide 1 (MBP1). The other
monomer was a Mad2 mutant with a shortened loop (termed
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Fig. 1. Crystal structure of the asymmetric I-Mad2-C-Mad2 dimer. (A) Model
for conformational activation of Mad2 at kinetochores during mitosis. MCC,
mitotic checkpoint complex; MIM, Mad2-interacting motif. (B) Diagram of the
crystal structure of the asymmetric Mad2N dimer, with the I-Mad2 and C-Mad2
monomers colored purple and blue, respectively. The entrapped C-terminal tail
(C-tail) of another Mad2*N molecule through crystal packing interactions is
shown and colored orange. (C) Superimposed diagrams of the C-Mad2 mono-
mer in the Mad2*N dimer (blue) and the C-Mad2 monomer in the symmetric
Mad2""** dimer (green). The entrapped N-terminal region (NR) of another
Mad2-"** molecule through crystal packing interactions is shown and colored
red. The C- and N-terminal regions in Mad2-'** that underwent large confor-
mational changes from O-Mad2 to C-Mad2 are colored yellow. (D) Super-
imposed diagrams of the I-Mad2 monomer in the Mad2N dimer (purple) and
the solution structure of O-Mad22N® lacking both the N- and C-terminal 10
residues (cyan). All structural figures were generated with PyMol (https:/Avww.
pymol.org).

loop-less or LL), which was thought to block the formation of
I-Mad2. Indeed, in this asymmetric dimer, Mad2™ had the same
overall fold as O-Mad2. This dimer was thus proposed to rep-
resent the docking complex of O-Mad2-C-Mad2 (Fig. 14) (29).

To gain structural insights into the conformational activation
of Mad2, we determined the crystal structure of the I-Mad2-C-
Mad2 dimer and analyzed its conformation in solution with
NMR. Our studies show that, similar to Mad2™", I-Mad2 does
not undergo partial unfolding and retains the same fold as
O-Mad2, both in crystal and in solution. Instead, the dramatic
chemical shift changes of I-Mad2 are likely caused by the relative
rotations between the dimerization and central helices, as well as
the rigid body shift of the p hairpin that contacts both helices.
These rearrangements render the I-Mad2 core more closely re-
semble the C-Mad2 core. Our finding that I-Mad2 remains folded
at the C-terminal region suggests that the partially unfolded Mad2
species ready for Cdc20 entrapment likely represents a fleeting
transition state, not a populated intermediate as widely believed.
Furthermore, mutations of I-Mad2 residues at or near the di-
merization interface reduce the extent of C-Mad2-induced con-
formational rearrangements and impede the spontaneous O-C
Mad2 structural transition. Our studies thus establish the
structural basis for the allosteric communication between the
dimerization interface and the C-terminal malleable region
of Mad2.
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Results and Discussion

Crystal Structure of the I-Mad2-C-Mad2 Dimer. The WT O-Mad2
can complete the O-C structural transition in the absence of
Cdc20 and dissociate from C-Mad2-Mad1 or C-Mad2-MBP1 as
free C-Mad2 (24). The C-terminal 10 residues of Mad2 are
disordered in O-Mad2 but form part of the seat belt in C-Mad2
(15-17). The Mad2*“ mutant lacking the C-terminal 10 residues
thus cannot adopt the C-Mad2 conformation and is stably trap-
ped as I-Mad2 when bound to C-Mad2-MBP1 (23, 24).

Many methyl peaks in the 'H/**C heteronuclear single quan-
tum coherence (HSQC) spectrum of I-Mad2* (bound to un-
labeled C-Mad2-MBP1) had different chemical shifts, compared
with those of either O-Mad2 (Fig. S14) or C-Mad2 (Fig. S1B).
The spectrum of the Mad2*" dimer (lacking the N-terminal 10
residues) was virtually identical to that of the I-Mad2-C-Mad2
dimer (Fig. S1C), indicating that Mad2*N formed the asym-
metric I-Mad2-C-Mad2 dimer exclusively. We then crystallized
Mad2™ and determined its structure by molecular replacement
with the Mad2"" structure as the search model (Fig. 1B and
Table S1). The Mad2*N dimer is indeed asymmetric. As expected,
one monomer adopts the C-Mad2 conformation observed in
the symmetric C-Mad2-C-Mad2 dimer (24) (Fig. 1C). The seat
belt-like motif of this C-Mad2 copy entraps the C terminus of
another Mad2 molecule through crystal packing interactions,
which are almost certainly crystallographic artifacts (Fig. S2).
Contrary to what is widely believed, the other Mad2 monomer
(which has the I-Mad2 conformation) retains the same tertiary
fold as O-Mad2 and does not undergo partial unfolding of its
N- and C-terminal regions (Fig. 1D). The dimer interface mainly
comprises the aC helix of C-Mad2 and the oC helix and the $2/3
hairpin of I-Mad2 (Fig. 1B).

The loop connecting aC and B5 is disordered in both O- and
C-Mad2. During the O-C structural transition of Mad2, f1
threads through this 1OOE and rearranges into an additional turn
of the aA helix. Mad2™ had a shortened aC-p5 loop and was
designed to prevent p1 from threading through, presumably blocking
I-Mad?2 formation (29). Therefore, the structure of the Mad2™
dimer was thought to represent the O-Mad2-C-Mad2 docking
complex. We next compared the structures of the Mad2*™N dimer
with that of the Mad2™™ dimer (Fig. 24). These two structures
are nearly identical, with two exceptions: (i) The C-Mad2 copy
in the Mad2™" dimer binds to a high-affinity ligand whereas the
C-Mad2 copy in Mad2*N binds to the C terminus of I-Mad2
through crystal packing; and (ii) the C-Mad2 copy of Mad2™"
contains an extra N-terminal helix whereas this region is deleted
in Mad2®N. The methyl peaks of *C-labeled O-Mad2™" expe-
rienced extensive chemical shift changes upon binding to un-
labeled C-Mad2-MBP1 (Fig. 2B). The 'H/"*C HSQC spectrum
of 1*C-labeled Mad2"" bound to unlabeled C-Mad2-MBP1 was
highly similar to that of *C-labeled I-Mad2“ bound to un-
labeled C-Mad2-MBP1 {Fig. 2C). Thus, the previously reported
structure of the Mad2™™ dimer represents that of I-Mad2-C-
Mad2, not that of the O-Mad2-C-Mad2 docking complex as
originally envisioned.

I-Mad2 Does Not Undergo Partial Unfolding in Solution. Given the
dramatic chemical shift differences between the methyl and
backbone amide resonances of O-Mad2 and I-Mad2 (Figs. S14
and S3), it was puzzling that I-Mad?2 retained the same tertiary
fold as O-Mad2. We considered the possibility that I-Mad2 in
solution might undergo partial unfolding, but that this partial
unfolding was somehow hindered by crystal contacts. For ex-
ample, the long central helix in the crystal structure of calmod-
ulin is partially melted and exhibits flexibility in its central region
in solution (30, 31). We thus sequentially assigned the backbone
resonances of I-Mad2 (°’N/**C/*H-labeled Mad2*“ bound to
unlabeled Mad2-MBP1) using a set of transverse relaxation-
optimized spectroscopy (TROSY) triple resonance experiments.
The 'H/°N HSQC spectrum of I-Mad2 bound to unlabeled
C-Mad2, with the assigned peaks labeled by their corresponding
residue numbers, is shown in Fig. S3B.
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Fig. 2. The loop-less Mad2 (Mad2'") forms the I-Mad2-C-Mad2 dimer. (A) Superimposed diagrams of the Mad2*N dimer (with its I-Mad2 and C-Mad2
monomers colored in purple and blue, respectively) and the Mad2"* dimer (with its -Mad2 and C-Mad2-MBP1 monomers colored gray and green, re-
spectively). C-tail, the C-terminal tail of Mad2; MBP1, Mad2 binding peptide 1, an unnatural peptide ligand of Mad2 identified through phage display.
(B) Overlay of the methyl region of the "H/"3C HSQC spectra of '*C-labeled O-Mad2'" (black) and '*C-labeled I-Mad2'* bound to unlabeled C-Mad2-MBP1
complex (blue). (C) Overlay of the methyl region of the 'H/'>C HSQC spectra of '*C-labeled I-Mad2¢ bound to unlabeled C-Mad2-MBP1 complex (red)

and "3C-labeled I-Mad2"" bound to unlabeled C-Mad2-MBP1 complex (blue).

Comparison of the backbone amide chemical shifts of I-Mad2
and O-Mad2 reveals extensive differences along the entire length
of the protein (Fig. 34, Top). Residues with the largest chemical
shift differences cluster around the $2/3 hairpin and the oC helix,
which form the C-Mad2-binding site on I-Mad2. The N- and
C-terminal residues of Mad2 show only modest chemical shift
changes. More importantly, the Ca chemical shifts (which are
particularly sensitive to secondary structures) do not change dra-
matically between O-Mad2 and I-Mad2 (Fig. 34, Bottom), with
virtually no changes around p1 and 7/8. The greatest combined
chemical shift changes of amide nitrogen and Co also occur at
the p2/3 hairpin and the oC helix (Fig. 3B). In particular, resi-
dues in B1 and p7/8 experience minimal changes. These results
indicate that I-Mad2 in solution also does not undergo partial
unfolding at its N and C termini. C-Mad2 binding induces ex-
tensive chemical shift differences between I-Mad2 and O-Mad2,
with residues located at the dimer interface experiencing greatest
perturbations. Our NMR analyses of I-Mad2 thus rule out the
remote possibility that the crystal structure of I-Mad2 does not
accurately reflect the structure of I-Mad2 in solution.

Structural Elements of I-Mad2 Exhibit Discernible Rearrangement
Without Topologucal Changes. Having confirmed that one mono-
mer in the Mad2™ dimer was indeed I-Mad2, we next compared
the structure of I-Mad2 in this dimer with the solution structure
of O-Mad2 determined by NMR (15). Although I-Mad2 retains
the same fold as O-Mad2, it undergoes considerable conforma-
tional rearrangement, with the root mean square deviation (rmsd)
between Ca atoms of the two conformers being 3.0 A. In particular,
the relative orientations of the aC dimerization helix and the oA
central helix are quite different between the two conformers (Fig.
4A4). The two helices are nearly parallel to each other in O-Mad2
whereas they are at an about 30° angle in I-Mad2. The p1 strand
and the B2/3 hairpin, which cover the two helices on either face,
also undergo rigid-body movements (Fig. 44).

These changes are triggered by the binding of the aC helix in
C-Mad?2 to these structural elements (Fig. 44). Without these
structural rearrangements, the aC helix would have steric clashes
with aC and p2/3 in O-Mad2. In the I-Mad2-C-Mad2 dimer, the
C-terminal half of this helix packs against the p2/3 hairpin and
the C-terminal ends of aC and aA helices of I-Mad2 (Fig. 4B).
Among the interface residues, L54 in the 2/3 hairpin of I-Mad2
forms extensive hydrophobic interactions with T136 and A137 of
C-Mad2 and Y33 of I-Mad2. Residues located on the opposite
side of the $2/3 hairpin, including F43, K48, Y49, L51, and L53,
contact the aA and aC helices, coupling C-Mad2 binding to
conformational rearrangements of these helices.
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We also compared the structure of I-Mad2 with that of C-Mad2
in the same Mad2*N dimer. Excluding the N- and C-terminal re-
gions that change their secondary structures, the Ca rmsd between
the I-Mad2 and C-Mad2 cores (residues 16-107 and 120-158) is
about 1.6 A, which is much smaller than that (2.9 A) between the
I-Mad2 and O-Mad?2 cores. For comparison, the Ca rmsd between
0O-Mad2 and C-Mad?2 is also 2.9 A. The relative orientations of the
three helices in I-Mad?2 are similar to those in C-Mad2 (Fig. 4C).
Therefore, even though I-Mad2 has the same fold as O-Mad2,
the conformation of its core more closely resembles that of the
C-Mad2 core.

Because there were no crystal structures of O-Mad?2 alone, we
had to compare the crystal structure of I-Mad2 with the solution
structure of O-Mad2. The backbone rmsd between O-Mad2 and
I-Mad2 (2.9 A) is much greater than the backbone rmsd of the
ensemble of NMR structures of O-Mad?2 (0.90 A) determined by
simulated annealing (15). Therefore, the conformational differ-
ences between I-Mad2 and O-Mad2 described above are unlikely
the result of the relatively low precision of the NMR structure.
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Fig. 3. I-Mad2 does not undergo partial unfolding at its N- and C-terminal

regions. (A) Backbone amide (Top) and Ca (Bottom) chemical shift changes
between 0-Mad2€ and I-Mad2““ bound to C-Mad2-MBP1, plotted against
residue numbers. The secondary structure of O-Mad2 is shown above.
The amide chemical shift change (Aduy) is defined as the square root of
0.5[(WH-A8,,)? + (WN-A8y)?], with wH = 1 and wN = 0.154. (B) Diagram of the
crystal structure of I-Mad2M with each residue colored according to the
combined chemical shift changes of backbone amide nitrogen and Ca, ASyc,-
Adncy is defined as the square root of [(WN-A8y)? + (WCx-AScy)?], with wN =
0.154 and wCa = 0.276. The color schemes are as follows: light gray, un-
assigned; cyan, Adncy < 0.1 ppm; yellow, 0.1 ppm < Adncq < 0.2 ppm; orange,
0.2 ppm < Adncy < 0.3 ppm; red, Adyc, > 0.3 ppm.

Hara et al.


www.pnas.org/cgi/doi/10.1073/pnas.1512197112

O-Mad24Ne

g N
e /i I-Mad2*

Fig. 4. The I|-Mad2 core more closely resembles the C-Mad2 core.
(A) Superimposed diagrams of O-Mad2 (cyan) and the Mad22N dimer with
the C-Mad2 and I-Mad2 monomers colored blue and purple, respectively.
Red arrows indicate steric clashes between C-Mad2 and O-Mad2. Orange
arrows show relative movement of aC and p2/3 in I-Mad2. (B) Close-up view
of the interface between the $2/3 hairpin of I-Mad2 and oC of C-Mad2, with
residues targeted by mutagenesis in this study shown as sticks and labeled.
Color schemes are the same as in A. (C) Superimposed diagrams of I-Mad22N
(purple) and C-Mad2*N (blue).

We cannot formally exclude the possibility that some differ-
ences between the two structures are caused by inherent
structural differences in crystal and in solution. It is generally
accepted, however, that the vast majority of crystal structures
accurately represent the structures of proteins in solution. In-
deed, the relative orientation of the aC and oA helices in the
solution structure of monomeric, unliganded C-Mad2 is quite
similar to that in the crystal structure of the C-Mad2 copy in
the current I-Mad2-C-Mad2 asymmetric dimer (Fig. S44).
Likewise, there are no major differences between the relative
orientations of these two helices in the solution structure of
C-Mad2-MBP1 and the crystal structure of C-Mad2-MBP1 in
the Mad2™" dimer (Fig. S4B).

The $2/3 Hairpin Couples C-Mad2 Binding to Conformational Changes
in I-Mad2. The p2/3 hairpin is a major part of the C-Mad2-
binding interface in I-Mad2 (Fig. 44). The backbone amide
groups of nearly all residues in this hairpin undergo chemical
shift changes in I-Mad2 (Fig. 34), compared with O-Mad2. In
addition, the methyl regions of the "H/"*C HSQC spectra of I-Mad2
and O-Mad2 are dramatically different (Fig. S14). Because the
methyl resonances in I-Mad2 were not assigned, we could not
quantitatively measure the magnitude of the chemical changes of
these methyl groups. We thus displayed in the I-Mad2 structure
those residues whose methyl peaks had shifted in I-Mad2 versus
O-Mad2 (Fig. 5 A and B). Strikingly, these residues form a con-
tinuous interior network that connects the dimerization interface
containing the $2/3 hairpin to the structurally malleable C-terminal
region (Fig. 5B). Notably, two residues in this network, L161 and
1190, contact W75 in the aB helix. W75 is critical for the stability
of O-Mad2. The W75A mutant of Mad2 selectively adopts the
C-Mad2 conformation in the absence of a high-affinity ligand (24).
Therefore, perturbations of the hydrophobic interactions involving
W75 are expected to favor C-Mad2 formation.

We hypothesized that the f2/3 hairpin contributed to the long-
range allosteric communication between the asymmetric Mad2
dimerization interface and the C-terminal region in I-Mad2. To
test this hypothesis, we made '*C-labeled O-Mad2* proteins
with several residues in this hairpin mutated individually and
acquired "H/**C HSQC spectra on these mutant proteins alone

Hara et al.

or bound to unlabeled C-Mad2™'-MBP1. Several O-Mad2*“
mutants, including Y38A, P39A, E41A, F43A, V46A, K48A,
Y49A, and L53A, still underwent dramatic chemical shift
changes indicative of I-Mad2 formation, when bound to C-Mad2
(Fig. S5). Strikingly, the majority of methyl peaks of O-Mad2*¢
L54A had the same chemical shifts in the absence or presence of
C-Mad2 (Fig. 5C) although these peaks had a broader line width
indicative of complex formation. A subset of the methyl peaks of
0-Mad2*¢ L51A disappeared upon C-Mad2 binding, but the
remaining visible peaks were unperturbed (Fig. 5D). Most residues
with disappeared methyl peaks defined a much more limited, dis-
continuous network that was close to the C-Mad2-binding site in
I-Mad2 (Fig. 5E).

Based on isothermal titration calorimetry (ITC), the binding
affinities of O-Mad2”€ WT, L51A, or L54A toward C-Mad? are
0.37 uM, 4.5 pM, or 7.1 pM, respectively (Fig. S6). The con-
centrations of O-Mad2*® and C-Mad2 proteins used in our
NMR experiments are 200 pM. Despite their weaker affinities,
most O-Mad2*© L51A and L54A proteins are expected to form
a complex with C-Mad?2 at these high concentrations. Therefore,
even in complex with C-Mad2, O-Mad2*€ L51A and L54A ex-
hibit greatly diminished chemical shift perturbations, indicating
that they are deficient in I-Mad2 formation. These residues in
O-Mad2 not only mediate the asymmetric dimerization with
C-Mad2, but also couple C-Mad?2 binding to structural rearrange-
ments during [-Mad2 formation.

O-Mad2'C L51A/

O-Mad2:C L54A/ D
I-Mad2*© L51A

-Mad2*® L54A
S
2 fo"

A O-Mad2*c WT/ C
I-Mad2¢ WT

== Mad2WT
~~ Mad2R133A
= Mad2L51A
-= Mad2R133AL51A

1/ 1 @t -0.34ppm
-
M =

0 10 20 30 40 50 60 70
Time (hour)

Fig. 5. The p2/3 hairpin couples C-Mad2 binding to I-Mad2 formation and
0O-C Mad?2 structural transition. (A) Overlay of the methyl region of the 'H/'3C
HSQC spectra of '*C-labeled O-Mad22< (black) and '*C-labeled Mad2*< bound
to unlabeled C-Mad2-MBP1 complex (red). The assigned methyl peaks in
the O-Mad2 spectrum are labeled. (B) Diagram of I-Mad2 with the core
colored in gray and the N- and C-terminal regions colored yellow. Residues
whose methyl peaks in O-Mad2 are shifted by C-Mad2 binding are shown
in van der Waals surface and sticks and colored in salmon. Two residues
that are critical for maintaining the O-Mad2 conformation, L13 (yellow)
and W75 (blue), are also shown. (C) Overlay of the methyl region of the
"H/'3C HSQC spectra of *C-labeled O-Mad2€ L54A (black) and '*C-labeled
Mad22¢ L54A bound to unlabeled C-Mad2-MBP1 complex (red). The
assigned methyl peaks in the O-Mad2 spectrum are labeled. (D) Overlay of
the methyl region of the 'H/'*C HSQC spectra of '*C-labeled O-Mad22€ L51A
(black) and '>C-labeled Mad2“¢ L51A bound to unlabeled C-Mad2-MBP1
complex (red). The assigned methyl peaks in the O-Mad2 spectrum are la-
beled. Blue arrows indicate representative unperturbed peaks. (E) Diagram
of I-Mad2 with the core colored in gray and the N- and C-terminal regions
colored yellow. Residues whose methyl peaks in O-Mad2 L51A are shifted by
C-Mad2 binding are shown in van der Waals surface and sticks and colored in
salmon. L51 is shown in green. (F) The O-C structural transitions of the in-
dicated O-Mad2 proteins at 30 °C were monitored by a series of 1D 'H ex-
periments, with each experiment lasting 30 min. The relative intensity of the
methyl peak of V197 at —0.34 ppm was plotted against time. The nonlinear
curve fitting with two-phase association was done with the program Prism.
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I-Mad2 Formation Facilitates the Spontaneous 0-Mad2 to C-Mad2
Structural Transition. Having produced Mad2 mutants that hin-
dered I-Mad2 formation, we next tested whether I-Mad2 was
indeed involved in promoting C-Mad2 formation. Because for-
mation of ligand-bound C-Mad2 was too fast to be monitored by
NMR, we measured the kinetics of spontaneous conformational
transition of O-Mad2 to C-Mad2 in the absence of ligands using
1D 'H NMR spectroscopy. In the case of Mad2 WT, the tran-
sition likely involves the cooperation of several processes. First,
a fraction of O-Mad2 can spontaneously convert to mono-
meric C-Mad2. Second, this C-Mad2 can speed the transition of
other O-Mad2 to C-Mad2 by binding and forming the I-Mad2-
C-Mad2 dimer. In this way, the asymmetric dimerization and the
formation of I-Mad2 are expected to contribute to the formation
of C-Mad2.

Consistent with this notion, the R133A mutation, which greatly
weakened both symmetric and asymmetric dimerization of Mad2,
slowed down the emergence of a C-Mad2-specific high-field methyl
signal at —0.34 ppm (Fig. 5F). The L51A mutation, which di-
minished the formation of I-Mad2, also slowed down the formation
of C-Mad2. Consistent with the fact that the Mad2 L51A mutant
still formed asymmetric dimers at high concentrations, the O-Mad2
R133A/L51A double mutant had an even slower kinetics in tran-
sitioning to C-Mad2, compared with either single mutant. These
results strongly suggest that I-Mad2 is an on-pathway intermediate
for the formation of C-Mad2.

The fact that the L51A mutation further impedes the O-C
structural transition of the largely monomeric Mad2 R133A
mutant also suggests that I-Mad2 might also be involved in the
de novo formation of a C-Mad2 monomer from the O-Mad2
monomer, without the help of another copy of C-Mad2. We thus
monitored the O—C structural transition of the monomeric Mad2
R133A/Q134E by successively acquiring a series of 'H/**C HSQC
spectra over the period of 60 h. In the first HSQC spectrum, only
peaks corresponding to O-Mad2 were observed, indicating that
all Mad2 R133A/Q134E was in O-Mad?2 conformation (Fig. S7).
At the end of the time course, only peaks corresponding to
C-Mad2 were observed, indicating that all Mad2 R133/Q134E had
completed the transition to C-Mad2. In the HSQC spectra taken
in between, we observed two sets of peaks corresponding to either
0O-Mad2 or C-Mad2, with the C-Mad2 peaks gaining intensity over
time. No peaks corresponding to I-Mad2 were observed during the
entire course of the experiment. Therefore, [-Mad2 is not a pop-
ulated intermediate in monomeric Mad2. Asymmetric dimerization
with C-Mad?2 is required to stabilize the I-Mad2 conformation.

Fluorescence recovery after photobleaching (FRAP) revealed
that there were two pools of Mad2 at kinetochores in mamma-
lian cells: a more resident pool that corresponded to the Mad1-
C-Mad2 core complex and a fast-exchanging pool that corre-
sponded to a second Mad2 molecule bound to the Mad1-C-Mad2
core through asymmetric dimerization (32). This second Mad2
molecule is likely in the I-Mad2 conformation because I-Mad2-C-
Mad2 is the most stable asymmetric Mad2 dimer in vitro (24). The
0O-Mad2-C-Mad2 docking complex is a transient species. More-
over, the Mad1-C-Mad2 core has been shown to stimulate O-Mad2
binding to Cdc20, consistent with the notion that I-Mad2 is also
more active in Cdc20 binding.

Unfortunately, both Mad2 L51A and L54A mutants that were
deficient in I-Mad2 formation also bound to C-Mad2 with weaker
affinities. We could not obtain mutants that disrupt I-Mad2
formation without affecting C-Mad2 binding, consistent with the
notion that C-Mad2 binding and I-Mad2 formation are coupled
and possibly inseparable processes. We thus did not perform
additional functional assays with these mutants in human cells
because any potential defects associated with these mutants could
not be cleanly attributed to I-Mad2 formation. Conformation-
specific Mad2 antibodies have been used to probe Mad2 con-
formational dynamics in human cells (33-35). In particular, an
antibody developed by Taylor and coworkers specifically recog-
nizes the dynamically bound copy of Mad2, but not Mad1-bound
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Fig. 6. Allosteric communications between the C-Mad2 binding site and
the C-terminal region of Mad2. Schematic drawings (Top) and diagrams
(Bottom) of O-Mad2, I-Mad2, and C-Mad2, with all structural elements
labeled. Several key residues are also shown and labeled. In this model,
C-Mad2 binding at aC and the $2/3 hairpin induces rearrangement of these
elements. This rearrangement in turns triggers changes in the C-terminal
region. As a result, I-Mad2 has the O-Mad2 fold, but its core has a con-
formation that more resembles C-Mad2. In I-Mad2, the hydrophobic core
involving W75 on aB and hydrophobic residues on the p7/8 strands is
destabilized, increasing the propensity of the p7/8 strands to detach from
the Mad2 core.

C-Mad?2, at kinetochores (33). It will be interesting to test whether
this antibody can recognize I-Mad2 in vitro.

Allosteric Communication Between the Dimer Interface and the
C-Terminal Region of Mad2. O-Mad2 is not amenable for Cdc20
binding because strands p7/8 of its C-terminal region occupy the
ligand-binding site (Fig. 6). In C-Mad2, this C-terminal region
dissociates from 6, vacates the ligand-binding site, rearranges
into two new strands p8’/8’’, and translocates to pair with 5,
forming a seat belt-like structure that traps the ligand in a topo-
logical embrace. O-Mad2 is converted to I-Mad2 when bound to
C-Mad2 in the Madl-C-Mad2 core complex. I-Mad2 becomes
conformationally activated and is more amenable for Cdc20 binding.

In this study, we determined the crystal structure of I-Mad2
bound to C-Mad2, which unexpectedly reveals no partial unfolding
of p7/8 in the C-terminal region of I-Mad2. Instead, despite having
the same folding topology as O-Mad2, the core of I-Mad2
comprising f2-p6 and aA—aC undergoes considerable rigid-body
rearrangements and more closely resembles that of C-Mad2 (Fig.
6). We have provided direct NMR evidence for the existence of
allosteric communication between the C-Mad2-binding site of
I-Mad2 and the C-terminal region. C-Mad2 binding triggers
chemical shift perturbations of residues across the entire protein,
including those in the C-terminal region, indicating that C-Mad2
binding at one end of I-Mad2 is felt by the C-terminal p7/8
strands at the other end. Our mutagenesis analysis further pin-
points two residues on the p2/3 hairpin, L51 and L54, as critical
determinants for this allosteric communication. Mutations of
these two residues hinder I-Mad2 formation and slow down the
spontaneous O-C structural transition of Mad2.

For Mad2 to topologically entrap Cdc20 and to form C-Mad2,
its C-terminal seat-belt region has to undergo partial unfolding.
It is widely believed that I-Mad2 is a high-energy intermediate
with its C-terminal region unfolded and is thus ready for the
entrapment of Cdc20 (13, 14). Contrary to this commonly held
belief, our study has now shown that I-Mad?2 is still folded in its
C-terminal region, but its core is reorganized to resemble
C-Mad2. Thus, the partially unfolded Mad2 species ready for
Cdc20 entrapment likely represents a fleeting transition state,
not a populated intermediate (Fig. S8). We propose that, by
rearranging its core to resemble C-Mad2, I-Mad2 can more
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easily access this fleeting transition state, in which strands $7/8
are detached from (6, making I-Mad2 more active in Cdc20
binding. Free C-Mad2 without a bona fide bound ligand is also
more active in Cdc20 binding and APC/C inhibition (24), pre-
sumably because it too may more easily reach the transition state
with B7/8 detached. Biophysical techniques capable of investi-
gating sparsely populated, excited states of proteins, such as re-
laxation dispersion NMR spectroscopy (36), are needed to
define the nature of this transition state of Mad?2.

Conclusion

Mad2 is an unusual multistate protein with multiple folded
conformers. One conformer of Mad2 (C-Mad2) can bind and
help to convert another conformer (O-Mad2) into itself. This
behavior of Mad2 has clear conceptual resemblance to prion-
like proteins (14, 19, 37, 38). Our results presented herein have
defined the structure of a functional intermediate during the
structural transition of Mad2. This intermediate is a hybrid of
both conformers, with the O-Mad2 fold and a rearranged core
resembling C-Mad2. Thus, the prion-like self-propagation of
the C-Mad2 conformer occurs in a stepwise fashion, involving a
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populated intermediate that is biologically more active. Our
findings reinforce the intriguing notion that populated functional
intermediates might exist during propagations of canonical prion-
like proteins.

Materials and Methods

The protein purification procedures for human Mad2N (residues 11-205)
and Mad2''** have been described previously (24). Standard methodologies
were used to crystallize Mad22™ and determine its structure. See S/ Materials
and Methods for details. Data collection and structure refinement statistics
are summarized in Table S1.
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