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SUMMARY

The status of spindle checkpoint signaling depends on the balance of two opposing dynamic processes
that regulate the highly unusual two-state behavior of Mad2. In mitosis, a Mad1-Mad2 core complex
recruits cytosolic Mad2 to kinetochores through Mad2 dimerization and converts Mad2 to a
conformer amenable to Cdc20 binding, thus facilitating checkpoint activation. p31¢°™Mt inactivates
the checkpoint through binding to Mad1- or Cdc20-bound Mad2, thereby preventing Mad2 activation
and promoting the dissociation of the Mad2-Cdc20 complex. Here, we report the crystal structure of
the Mad2-p31¢°™et complex. The C-terminal region of Mad2 that undergoes rearrangement in
different Mad2 conformers is a major structural determinant for p31%°™Met binding, explaining the
specificity of p31¢°™Met toward Mad1- or Cdc20-bound Mad2. p31¢°™Met adopts a fold strikingly similar
to that of Mad2 and binds at the dimerization interface of Mad2. Therefore, p31c°Met exploits the
two-state behavior of Mad2 to block its activation by acting as an “anti-Mad2”.

INTRODUCTION

A cell-cycle surveillance mechanism called the spindle checkpoint monitors the proper bipolar
attachment of sister chromatids to spindle microtubules and ensures the fidelity of chromosome
segregation during mitosis (Bharadwaj and Yu, 2004; Musacchio and Hardwick, 2002;
Musacchio and Salmon, 2007; Yu, 2002). Checkpoint-dependent inhibition of a multisubunit
uiquitin ligase, the anaphase-promoting complex or cyclosome (APC/C), requires the direct
binding of Mad2 to the mitotic activator of APC/C, Cdc20 (Fang et al., 1998; Hwang et al.,
1998; Kim et al., 1998; Yu, 2007). Cytosolic Mad2 has an autoinhibited conformation, called
N1-Mad2 or open-Mad2 (hereafter referred to as O-Mad2) that is kinetically unfavorable for
Cdc20 binding (De Antoni et al., 2005; Luo et al., 2000; Luo et al., 2004; Yu, 2006). Upon
binding to Cdc20, Mad2 undergoes a large structural change to reach the N2- or closed-Mad?2
conformation (hereafter referred to as C-Mad2). Madl—an upstream regulator of Mad2—
forms a tight core complex with Mad2. In the Mad1-Mad2 complex, Mad2 also adopts the C-
Mad2 conformation (Luo et al., 2002; Sironi et al., 2002). In mitosis, the kinetochore-bound
Mad1-Mad?2 core complex recruits another copy of cytosolic O-Mad?2 through C-Mad2-O-
Mad2 dimerization (De Antoni et al., 2005; Shah et al., 2004). All available data support the
following two-state model for Mad2 activation. In this model, the Mad1-Mad2 core complex

* Correspondence and requests for materials should be addressed to X.L. (xuelian.luo@utsouthwestern.edu).

Accession Number The atomic coordinates of the Mad2-M BPl—p31comet ternary complex have been deposited in the Protein Data
Bank with accession code 2QYF.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yang etal.

Page 2

converts O-Mad2 to an intermediate Mad2 conformer (referred to as I-Mad2) that can directly
bind to Cdc20 and complete the open-to-closed rearrangement (Figure 1A). Alternatively, 1-
Mad2 on its own can convert to an unliganded C-Mad2 that dissociates from the Mad1-Mad2
core complex, binds subsequently to Cdc20, and is more active in APC/C inhibition in vitro
(Luo et al., 2004; Yu, 2006).

The p31¢9Met protein binds to both Mad1- and Cdc20-bound C-Mad2, but not to O-Mad2 (Xia
et al., 2004) (Figure 1A). Through binding to Mad1-bound C-Mad2, p31¢°™et plocks the
recruitment of O-Mad2 to the Mad1-Mad2 core complex and thus prevents Mad1-assisted
structural activation of Mad2 (Mapelli et al., 2006). Through binding to Cdc20-bound C-Mad2,
p31comet neytralizes the APC/C-inhibitory function of Mad2 and, in collaboration with the
ubiquitin-conjugating enzyme UbcH10, promotes the autoubiquitination of Cdc20 and the
disassembly of Mad2-Cdc20-containing checkpoint complexes (Reddy et al., 2007; Stegmeier
etal., 2007; Xia et al., 2004). Thus, Mad2 is a two-state protein with an intermediate
conformation of finite lifetime; it is positively regulated by Mad1 and inhibited by p31comet
(Musacchio and Salmon, 2007; Yu, 2006). By opposing the Mad1-assisted structural activation
of Mad2 and promoting the disassembly of the Mad2-Cdc20 complex, p31¢°Met.dependent
inhibition of Mad2 sets the threshold for checkpoint activation and enables rapid checkpoint
inactivation following the proper attachment of all sister chromatids to the mitotic spindle.

To investigate how p31¢°™Met achieves its conformation-specific binding to Mad2 and how it
prevents the Mad1-assisted structural activation of Mad2, we have determined the crystal
structure of the human Mad2-p31°°™Met complex bound to a high-affinity Mad2-binding peptide
(MBP1) (Luo et al., 2002). Our study provides the structural basis for the inhibition of Mad2
activation by p31°°™Met, Qur structure reveals that p31°™Met adopts a fold that is highly similar
to Mad2 and binds at the Mad2 dimerization interface. Thus, p31¢°™Met plocks the Mad1-assisted
Mad2 activation by acting as a structural mimic of Mad2.

RESULTS AND DISCUSSION

Structure Determination and Overview of the Mad2-p31¢°Met Complex

The wild-type human Mad2 protein adopts two conformations, O-Mad2 and C-Mad2, which
exist in equilibrium (Luo et al., 2004). Perhaps because of this inherent conformational
heterogeneity, we were unable to crystallize the wild-type Mad2-p31%°Met complex. We
circumvented this problem by replacing L13 in Mad2 with an alanine. L13 is located in strand
B1 of O-Mad2 whereas this region is disordered in C-Mad2. We surmised that the L13A
mutation selectively destabilizes the open conformer of Mad2. Indeed, Mad2 L13A exclusively
adopted the C-Mad2 conformation and bound to both Cdc20 and p31¢°™Met with affinities
comparable to those of the wild-type Mad2 (data not shown). In addition, the N-terminal region
of p31¢°Metjs not conserved in other species (Figure S1) and was dispensable for Mad2 binding
(data not shown). The N-terminal about 40 residues of p31°°™€tadopted a flexible conformation
based on nuclear magnetic resonance (NMR) spectroscopy (data not shown). We thus co-
expressed Mad2 L13A and a truncation mutant of p31°Met Jacking its N-terminal 35 residues
(p31°°MetAN35; residues 36-274) and purified the resulting complex. To further eliminate
conformational heterogeneity of Mad2, MBP1 was also added to yield a 1:1:1 Mad2 L13A-
MBP1-p31¢°MetAN35 ternary complex (referred to as Mad2-p31°°™et for simplicity), for which
we were able to produce diffracting crystals. The crystal structure of Mad2-p31°™et was then
determined by the single anomalous dispersion (SAD) method using diffraction data to a
resolution of 2.3A (Figure 1B and Table 1).

There are two structurally nearly identical MBP1-bound Mad2-p316°Met heterodimers in an

asymmetric unit (Figure 1B and S2). Consistent with the high-affinity interaction between
p31comet and Mad2 (Mapelli et al., 2006; Xia et al., 2004), the Mad2-p31¢°Met interface is
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extensive, with a total buried surface area of 2180 A2 (Figure 1B). By contrast, the interface
between the two Mad2-p31¢°™Met heterodimers is formed by the antiparallel pairing of the edge
strands of the two Mad2 molecules and only buries a surface area of only 960 A2 (Figure S2B).
The Mad2-p31°°™et complex has a native molecular mass of 53 kD as determined by
equilibrium sedimentation and gel filtration chromatography (Figure S2C), indicating that it
exists predominantly as a 1:1 heterodimer in solution with a calculated molecular mass of 51
kD. Therefore, although we cannot rule out the possibility that this type of Mad2-Mad2
interface exists in larger Mad2-Cdc20-containing checkpoint complexes, the Mad2-Mad2
interface observed in our crystals is very likely caused by crystal packing and is unlikely to be
functionally relevant.

p31comet Has A Mad2-like Fold

The structure of p31¢°™et contains three central a-helices sandwiched by a seven-stranded -
sheet on one side and a short helix on the other (Figure 1B and 2). The N-terminal region
(residues 36-53) and the loop connecting helices aAB and aB (residues 97-118) in p3160met
could not be located in the final electron density map and are likely disordered. The overall
folding topology of p31°°Met js strikingly similar to that of ligand-bound C-Mad2 (Figure 2).
The backbone root mean square deviation (RMSD) between p31¢°™Met and C-Mad2 is 3.0 A.
This structural similarity is unexpected, because p31¢°™et does not share obvious sequence
similarity with Mad2 that is detectable by regular sequence alignment algorithms. However, a
structure-based sequence alignment reveals that Mad2 and p31%°Met do in fact share limited
sequence similarity, especially between residues located within their regular secondary
structural elements (Figure 3A). In particular, R35 and E98 are two invariable residues found
in all Mad2 proteins. They form a salt-bridge buried in the interior of the protein and help
specify the Mad2 fold (Figure 3B). R84 and E163 in p31%°™Met gre the equivalents of R35 and
E98 in Mad2. They also form an analogous interior salt-bridge (Figure 3C) and are conserved
among most p31°™Met proteins (Figure S1). Furthermore, R84 of p31%°Met js |ocated in a
conspicuous YQRXX®P motif (X, any residue; @, hydrophobic residue) that is present in both
Mad2 and p31¢°Met proteins (Figure 3 and S1). The similarity between Mad2 and p3160met
sequences that specify their folds suggests that Mad2 and p31¢°™€t have evolved from a
common ancestor.

Both p31¢°Met and Mad2 contain a similar structural core that consists of three central p strands
(p4-6) packed against three long helices (a A-C) (Figure 2). Upon ligand binding, the C-terminal
segment of Mad2 undergoes a dramatic conformational change that traps the Mad2-binding
peptide between strands 36 and $7’ in a manner that is reminiscent of the way seat belts are
used in automobiles (Sironi et al., 2002) (Figure 2C,D). The C-terminal region of p31¢°Met lso
adopts a similar seat-belt conformation that traps its own C-terminal tail in the pseudo-ligand
binding site between strands 6 and 7 (Figure 2E,F). Furthermore, many conserved residues
in p31comet are ocated at this pseudo-ligand binding site and form a contiguous surface (Figure
S3). There are also notable differences between the folds of p31¢°™Metand C-Mad2. For example,
a short B hairpin (2 and p3) connects oA and aB in Mad2 whereas these helices are linked by
a short helix and a disordered loop in p31¢°Met (Figure 2). The C-terminal region of Mad2
forms a B hairpin (B8’ and p8”) with B8” pairing to p5, whereas in p31°Met 89 acts as the
pseudo-ligand and B8 interacts with both B1 and 5. These differences help explain why
p31comet does not perform similar functions as Mad2, but instead is a Mad2 inhibitor. For
example, insertion of its own C-terminal tail into the ligand-binding site prevents p3160met
from binding exogenous peptide ligands. The implications of the striking similarity and
important differences between the overall folds of Mad2 and p31¢°™etwill be further discussed.
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Structural Basis for the Binding Specificity of p31¢°™Met toward C-Mad?2

The binding interface between Mad2 and p31¢°™et consists of aC, f8’, and the C-terminus of
Mad2 and aA, aC, and the loop between aC and 6 of p31c°Met (Figure 4A). At this interface,
Mad2 and p31°°Met make extensive contacts through large sets of hydrophobic and charged
residues, constituting three main patches of interactions (Figure 4B-D). In the first patch, the
C-terminal end of aC, the N-terminal portion of 38, and the C-terminus of Mad2 interact
extensively with aC of p31¢°™Met, |n particular, T138, F141, and V181 in Mad2 form
hydrophobic interactions with F195 and the aliphatic portion of the R192 side chain in
p31comet (Figure 4B). The C-terminal carboxyl group and the side chain of D205 in Mad2
establish favorable electrostatic interactions with R188 and R189, respectively, in p3160met
(Figure 4B). The second patch consists of the central parts of 8’ and aC in Mad2, and the loop
between aC and p6 and the C-terminal tip of oA in p31¢°Met, Bridged by several tightly bound
water molecules, S130, R133, Q134, and R184 of Mad2 form an elaborate network of
electrostatic and hydrogen-bonding interactions with Q83, Q85, D198, and the backbone
carbonyl groups of residues 199-203 in p31%°™Met (Figure 4C). Finally, the third patch involves
a hydrophobic interaction between T140 at the C-terminal end of aC in Mad2 and F191 of
p31comet (Figure 4D).

It has been previously shown that p310Met selectively binds to Mad1- or Cdc20-bound C-
Mad2, but does not compete with Mad1 or Cdc20 for Mad2 binding (Mapelli et al., 2006; Xia
et al., 2004). Our structure of Mad2-p31°°Met readily explains these observations. First, the
p31comet_pinding elements of Mad2 form a contiguous surface on the side of Mad2 that is
opposite to its ligand-binding site (Figure 4A). As a result, there is no direct contact between
p31comet and MBP1, consistent with the observation that p31¢°™Met does not disrupt the Mad1-
Mad2 and Mad2-Cdc20 interactions. Second, as discussed above, strand 38’ and the C-
terminus of Mad2 display extensive interactions with p31¢°Met (Figure 4A). These structural
elements are located in the C-terminal segment of Mad?2 that undergoes a large structural
rearrangement between O-Mad2 and C-Mad2 (Figure 2A-D). In O-Mad2, the C-terminal
region forms a § hairpin (87 and 8) and a flexible tail on the side of Mad2 that is distant to
aC (Figure 2A,B). Thus, the C-terminal segment of O-Mad2 is not properly positioned to
interact with p316°Met \which provides the structural basis for the binding specificity of
p31comet for C-Mad2 and the lack of binding to O-Mad2.

A p31°comet Mutant Deficient in Mad2 Binding Fails to Override Nocodazole-triggered Mitotic

Arrest

To validate the binding interactions between Mad2 and p31°™et observed in our crystal
structure, we performed systematic mutagenesis studies on both Mad2 and p31%°™Met. Among
the p31¢°Met-hinding residues in Mad2, mutations of R133, F141, and R184 significantly
decreased p31°°™Met hinding (Figure S4). Consistent with our finding, an earlier study showed
that several double mutants of Mad2, including R133E/Q134A, R133A/F141A, and R133A/
R184A, failed to bind to p31¢°™et (Mapelli et al., 2006). Among the Mad2-binding residues in
p31¢oMet only mutations of Q83 and F191 greatly diminished Mad2 binding (Figure S5). While
confirming the relevance of the Mad2-p31°°™et interface in our structure, these mutagenesis
results also suggest that the interactions contributing to the binding energy between Mad2 and
p31coMet are not evenly distributed across this interface. Instead, there are hot spots of
interactions that contribute the majority of the binding energy, reminiscent of the binding of
human growth factor to its receptor (Clackson and Wells, 1995).

Previous studies have clearly demonstrated a role of p31¢°™Metin checkpoint inactivation (Habu
etal., 2002; Reddy et al., 2007; Stegmeier et al., 2007; Xia et al., 2004). Though it is very likely
that Mad2 binding is important for the function of p31¢°™Met, this notion has not been formally
tested. Individual mutations of Q83 and F191 in p31¢°Met greatly diminished, but did not
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abolish, Mad2 binding. We thus constructed the p31¢°Met Q83A/F191A double mutant, which
completely lost its ability to bind to Mad2 in vitro (Figure 5A). HeLa cells were transfected
with a control plasmid or plasmids encoding Myc-p31°™etwild type (WT) or the Q83A/F191A
double mutant and treated with nocodazole, a spindle poison, to activate the spindle checkpoint.
Myc-p31°Met\WT  but not Myc-p310™Met Q83A/F191A, efficiently bound to the endogenous
Mad2 protein (Figure 5B). Consistent with previous reports (Habu et al., 2002; Xia et al.,
2004), overexpression of Myc-p31%°Met WT significantly decreased the percentage of cells
arrested in mitosis in the presence of nocodazole (Figure 5C,D) and reduced the cellular levels
of phospho-histone H3 and hyperphosphorylated Cdc27 (Figure 5E). In contrast, upon
nocodazole treatment, expression of Myc-p31%°™Met Q83A/F191A did not appreciably alter the
mitotic index or the levels of phospho-histone H3 or Cdc27 hyperphosphorylation, as compared
to the control plasmid (Figure 5C-E). Thus, mutations of p31¢°™Met that disrupt its binding to
Mad? also disrupt the ability of p31°°™€t to overcome spindle checkpoint-dependent mitotic
arrest. This finding further suggests that Mad2 binding by p31°°™et js critically important for
its function in checkpoint silencing.

Structural Basis for the Blockage of Mad2 Activation by p31comet

Binding of p31%°™Met to Mad1-bound C-Mad2 blocks the recruitment of an additional copy of
O-Mad2 to the Mad1-Mad2 core complex, thus preventing the generation of active Mad?2
conformers, such as I-Mad2 and unliganded C-Mad2, and contributing to checkpoint
inactivation (Figure 1A,B) (De Antoni et al., 2005; Luo et al., 2004; Mapelli et al., 2006; Yu,
2006). The structure of Mad2 bound to a fragment of Mad1 has been determined previously
(Sironi et al., 2002). The Mad2 molecules in our Mad2-p31°°Met structure have virtually the
same conformation as Mad1-bound Mad2, with backbone RMSDs of about 1 A. By overlaying
the Mad2 molecules in the Mad1-Mad2 and Mad2-p31¢°™et structures, we constructed a
structural model of the Mad1-Mad2-p31°°™et ternary complex (Figure 6A). In this model, there
are no steric clashes between p31°Met and Mad1 or between the two p31%°™et molecules,
suggesting that the Mad2-p31°°™et hinding mode in the Mad2-p31¢°™et complex is compatible
with the formation of the Mad1-Mad2-p31°Met ternary complex. Mutations of Mad2 residues
located on aC, including R133, Q134, and F141, are known to disrupt the dimerization of Mad2
and consequently its function in the spindle checkpoint (De Antoni et al., 2005; Mapelli et al.,
2006; Sironi et al., 2001), indicating that aC is a major dimerization determinant of Mad2.
Mapelli et al. have determined the crystal structure of the O-Mad2—-C-Mad2 dimer (Mapelli et
al., 2007). O-Mad2 indeed binds to a surface on C-Mad2 that includes o.C and 8 (Figure
6B,C). The p31°°™ethinding surface of Mad2 also contains oC and B8’ (Figure 6B,D). Thus,
0-Mad2 and p31¢°™Met have largely overlapping binding surfaces on C-Mad2, providing a
straightforward explanation for the ability of p31¢°™et to block O-Mad2-C-Mad2 dimerization
and to prevent structural activation of Mad2.

An Allosteric Model for the Activation of O-Mad2 by the Mad1-Mad2 Core Complex

The Mad1-Mad2 core complex recruits a second O-Mad2 molecule through O-Mad2—-C-Mad?2
dimerization and converts O-Mad2 to I1-Mad2 and unliganded C-Mad2, thus facilitating Mad?2
binding to Cdc20 (De Antoni et al., 2005; Yu, 2006). However, the mechanism of Mad2
activation and the nature of I-Mad2 remain enigmatic. Conversion of O-Mad?2 to C-Mad?2
involves two main structural changes that occur at both sides of the Mad2 molecule. On one
side, B1 in O-Mad2 dissociates from (5, traverses through the 5-aC loop, and forms an
additional turn in aA. On the other side, the C-terminal region of O-Mad2 including 7, 8
and the flexible C-terminal tail dissociates from (36, rearranges into the $8°/8” hairpin, and
undergoes translocation to pair with 5.

Several lines of evidence suggest that the dissociation of 1 and its traversing through the 5-
aC loop are rate-limiting steps in the conversion of O-Mad2 to C-Mad2. First, our hydrogen/
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deuterium exchange experiments show that the amide protons of residues in f1 of O-Mad2
undergo slow exchange with solvent (X.L., unpublished results). In contrast, despite that 8 is
much longer than B1, all amide protons of residues within 8 in O-Mad2 are fast-exchanging
with solvent. These results suggest that the pairing between p1 and 5 is more stable than that
between 8 and 6 in O-Mad2. Second, the L13A mutation destabilizes a hydrophobic core
that maintains the association between B1 and (35, and consequently Mad2 L13A adopts
exclusively the C-Mad2 fold. Third, addition of a longer flexible tag at the N-terminus of Mad2
prevents the conversion of O-Mad2 to C-Mad2 (X.L., unpublished results). Finally, Mapelli
et al. have shown that a Mad2 mutant with a shorter 35-aC loop called loop-less Mad?
(Mad2LL) is locked into the open conformation (Mapelli et al., 2007). The last two results
suggest that traversing of the N-terminal region of Mad2 through the 35-a.C loop is an important
step during the conversion from O-Mad2 to C-Mad2.

In an accompanying paper, Mapelli et al. have determined the structure of Mad2-L bound to
C-Mad2 (Figure 6C) (Mapelli et al., 2007). Mad2-- bound to C-Mad2 has a fold identical to
that of the free O-Mad2 (Luo et al., 2000; Mapelli et al., 2007). However, NMR studies of
Mad2AC (a Mad2 mutant that lacks the C-terminal 10 residues and only adopts the O-Mad?2
conformation) bound to Mad2-MBP1 revealed that binding of C-Mad2 converts O-Mad2 to
an intermediate Mad2 conformer (I-Mad2) that is structurally distinct from O-Mad2 (Mapelli
etal., 2006). Thus, the structure of Mad2---C-Mad2 likely depicts the initial docking complex
between O-Mad?2 and C-Mad2 in the Mad1-Mad2 core complex (Figure 1A), not that between
I-Mad2 and C-Mad2.

On the other hand, p31¢°™Met has a fold closely related to that of Mad2. p31¢°™Met and O-Mad2
bind to similar surfaces on C-Mad2. Conversely, the C-Mad2-binding site of p31¢°Met includes
its aC, aA, and the short helix connecting aA and aB (Figure 6D). Likewise, the C-Mad2-
binding site of O-Mad2 is comprised of its aC, oA, and the $2/3 hairpin that connects a.A and
aB (Figure 6C). Therefore, p31%°Met and O-Mad2 use equivalent structural elements for
binding to C-Mad2 (Figure 2 and 6C,D). However, when the C-Mad2 molecules in the
structures of O-Mad2-C-Mad2 and p31°°Met_C-Mad?2 are superimposed, the equivalent
structural elements of p31¢°™Met and O-Mad2 do not overlay well (Figure 6E). In fact, if we
superimposed O-Mad2 with p31%°Met in our Mad2-p31°™Met structure, aC and the tip of the
B2/3 hairpin in O-Mad2 would have severe steric clashes with aC of C-Mad2 (Figure S6A).
Thus, an intriguing possibility is that the binding mode of p31¢°™et on C-Mad2 mimics that of
I-Mad2 on C-Mad2, rather than that of O-Mad2. Binding of C-Mad2 might induce the
unfolding of the B2/3 hairpin and a rotation of aC in O-Mad2 to alleviate the steric clashes
between O-Mad2 and C-Mad2 in our model (Figure S6A). The rotation of aC in O-Mad2 is
expected to destabilize the hydrophobic core that involves residues on B1, including L13
(Figure S6B). Disruption of this hydrophobic core could facilitate dissociation of g1 from p5,
a possible rate-limiting step in the conversion from O-Mad2 to C-Mad?2. Dissociation of 1
and its traversing through the p5-aC loop might then allow the translocation of the $8°/8”
hairpin to pair with 5, thus generating C-Mad2 (Figures S6). The structures of Mad2-
p31comet and O-Mad2—C-Mad2 provide the basis for designing future experiments that can test
this model for the structural activation of Mad2. Furthermore, it is possible that the Mad2-
p31comet interaction is spatially and temporally regulated during mitosis. The structure of
Mad2-p31¢°Met will help us understand the regulatory mechanisms of p31¢°™Met, once these
mechanisms are discovered.

CONCLUSION

The crystal structure of the Mad2-p31°™Met complex reveals the structural basis for how
p31comet acts as an anti-Mad2 in checkpoint inactivation, and further suggests an allosteric
mechanism for the activation of the two-state protein Mad2 by the Mad1-Mad2 core complex.
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Our studies provide a striking illustration of how two proteins with similar folds can play
antagonistic roles in the same signaling pathway.

EXPERIMENTAL PROCEDURES

Protein Purification and Crystallization

The coding regions of human Mad2 and human p31¢°MetAN35 (residues 36-274) were cloned
into pETDuet-1 (Novagen). The L13A mutation was introduced into pETDuet-1-Mad2-
p31cometwith the QuikChange mutagenesis Kit (Stratagene). Expression of pETDuet-1-Mad2
L13A-p319met i the bacterial strain BL21(DE3) produced N-terminal Hisg-tagged Mad2
L13A and untagged p31¢°Met proteins. The Mad2 L13A-p31¢0Met complex was isolated from
bacterial lysate by affinity chromatography using Ni2*-NTA agarose resin (Qiagen) and
cleaved with TEV protease to remove the Hisg-tag. The complex was further purified by anion
exchange chromatography using a resource Q column followed by size exclusion
chromatography using a Superdex S200 column. After addition of MBP1 at a 1:1 molar ratio,
the resulting Mad2 L13A-p31°Met.MBP1 complex was concentrated to 8 mg/ml in a buffer
containing 10 mM Tris (pH 8.0), 100 mM NaCl, and 5 mM DTT. The seleno-methionine
labeled Mad2 L13A-MBP1-p31¢0Met complex was prepared similarly. The Mad2 L13A-
MBP1-p31comet complex was crystallized at 16°C by the vapor-diffusion method in hanging-
drop mode with a reservoir solution containing 16% (w/v) PEG 3350, 125 mM sodium
phosphate (pH 5.0), and 25 mM DTT. The crystals were cryo-protected with reservoir solution
supplemented with 16% (v/v) glycerol and then flash-cooled in liquid propane. Crystals
exhibited the symmetry of space group P2;212; with cell dimensions of a=69 A, b =105 A,
¢ = 139 A and contained two complexes per asymmetric unit.

Data Collection and Structure Determination

All data sets were collected at beamline 19-1D (SBC-CAT) at the Advanced Photon Source
(Argonne National Laboratory, Argonne, Illinois, USA) and processed with HKL2000
(Otwinowski and Minor, 1997). Crystals diffracted to a minimum Bragg spacing (dmin) of
about 2.3 A. Phases were obtained from a selenium-SAD experiment using X-rays with an
energy near the selenium K absorption edge. Using data to 3.0 A, 14 of 14 possible selenium
sites were located and refined with the program SHELX (Schneider and Sheldrick, 2002;
Sheldrick, 2002). Phases were subsequently extended to 2.3 A and refined with the program
MLPHARE (Otwinowski, 1991), resulting in an overall figure of merit of 0.25. Phases were
further improved by density modification with histogram matching and two-fold non-
crystallographic averaging in the program DM (Cowtan and Main, 1998), resulting in a final
overall figure of merit of 0.75. The resulting electron density map was of sufficient quality to
automatically construct an initial model using the program ARP/warp (Perrakis et al., 1999).
This model was used as a starting model for the refinement using the programs CNS (Briinger
et al., 1998) and REFMACS5 (Murshudov et al., 1997) from the CCP4 package (Consortium,
1994; Murshudov et al., 1997), interspersed with manual rebuilding using the programs Coot
(Emsley and Cowtan, 2004) and O (Jones et al., 1991). Analysis of the original dataset used
for phasing revealed significant radiation decay, which was most significantly manifested
through reduced electron density for the disulfide bond formed in Mad2” between C79 and
C106 (this disulfide bond was not observed in Mad2©), and increased disorder in the electron
density map in this region. A modified dataset was generated that incorporated only about the
first 60% of the original data, which was then used for the final rounds of refinement. The
electron density maps calculated from this modified dataset were more easily interpretable and
the refinement was more stable (Table 1).
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Mammalian Tissue Culture, Immunoprecipitation and Protein Binding Assays

HelLa Tet-on (Invitrogen) cells were cultured in DMEM medium supplemented with 10% fetal
bovine serum. The cells were transfected with pCS2-p31¢°™Met vectors using Effectene
(Qiagen). After 24 hrs, the cells were treated with 100 ng/ml nocodazole (Sigma) for 16 hrs,
stained with Hoechst 33342 (Sigma), and examined using an inverted fluorescence microscope
(Zeiss). Cells were also fixed and stained with DAPI and antibodies against Myc and phospho-
histone H3 as described (Tang et al., 2006). Lysates of the transfected cells were subjected to
immunoprecipitation and immunoblotting using the appropriate antibodies. For in vitro protein
binding assays, GST-Mad2 proteins were bound to glutathione-agarose beads and incubated
with 35S-labeled p31°™et proteins obtained using in vitro translation in rabbit reticulocyte
lysates (Promega). After washing, proteins bound to beads were resolved on SDS-PAGE and
analyzed using a phosphoimager (Fuji).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure of the Mad2-p31%°Met Complex

(A) Schematic drawing of the proposed mechanisms of Mad2 activation by the Mad1-Mad?2
core complex and the inhibition of this process by p31°™Met, Upon checkpoint activation,
autoinhibited O-Mad2 binds to the Mad1-Mad2 core complex through Mad2-Mad?2
dimerization, which induces a conformational change of O-Mad2 and converts it into an
activated intermediate state (I-Mad2). I-Mad2 dissociates from the Mad1-Mad2 core complex
to become the active conformer, C-Mad2, with or without Cdc20. During checkpoint
inactivation, p31¢°™Met pinds to the Mad1-Mad2 core complex and blocks the binding of O-
Mad?2, thus preventing the generation of I-Mad2 and C-Mad2. p31¢°™Met also binds to Cdc20-
bound Mad2 and activates APC/C. The symbols used for different Mad2 conformers are shown
in the shaded yellow box. The Mad2-binding motif of Mad1 is colored red.

(B) Ribbon diagram of the Mad2-p31°°™Met complex in two views. Mad2, p31%°™et, and MBP1
are colored blue, orange, and red, respectively. The N- and C-termini of Mad2 and p31¢omet
are labeled. All structural figures were generated with PyMOL (http://www.pymol.org).
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(O-Mad2) (C-Mad2)

p31 comet

Figure 2. p31¢°Met Has a Fold Similar to Mad2

Ribbon and topology diagrams of O-Mad2 (PDB ID 1DUJ) (A,B), C-Mad2 (C,D) and
p31¢oMet (£ F). The secondary structural elements are labeled and the missing loops in C-Mad2
(residues 108-118) and p31°™Met (residues 97-118) are shown as dashed lines. The core domain
is colored blue for Mad2 and orange for p31¢°™et, The N- and C-terminal regions involved in
Mad2 conformational change are colored yellow, except that residues 172-175 and 184-192
are in green. The analogous segment in p31°Metjs shown in yellow. MBP1 and the C-terminal
pseudo-ligand tail of p31¢°™et gre shown in red.
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A YQRXX®P Motif

Q
Mad2 1 MALQLSREQGITLRGSAEIVAEFFSFGINSILYQRGIYPEETF-TRVOKYG
p3leomet 1 LSSAAVPDLEW QIELLET! EAFCPRDCMVPVVFPGPVSQEGCCOFTCELLKHIMYQROOLPLPYEQLKHFYRK

C BT > J<AB )

Mad2 51 LTLLVTT-
p31°°met 101 PSPQAEEM

DLELIKYLNNVVEQLKDWLYKCSVQKLYVVISNIESGEVLERWQFDIECDKTAKDDSAPREKSQKATQDEIRS
ELESVLSHLEDFFARTL-—--VPRVLILLGGNA-LSPKEFYELDLSLLAP' /DQSLSTAACLRR

pa—)> > JeCcD)
TNSEEVRLRSFTTTIHKVNSMVAYKIPVND 205
Mad2 131 VIRQITATVTFLPL SFDLLIYTDKDL: FI [MBPT>———
pj 1comet 190 LFRAIFMADAFSBLQAFPLMGTVVMAQG—HRNCGEDWFRPKLNYRV\ SWYSYPPPQRAV
m N PSRGHKLTVTLSCGRPSIRTTAWED--—-~ YIWFQAPVTFKGFRE 274
B8 >

Figure 3. Mad2 and p31¢°Met Share Limited Sequence Similarity

(A) Structure-based sequence alignment of human Mad2 and p31¢°™et, The secondary
structural elements of Mad?2 are drawn above the sequences and colored blue. The secondary
structural elements of p31¢°™et are drawn below the sequences and colored orange. MBP1 is
colored red. R35 and E98 in Mad2 are aligned with R84 and E163 in p31¢°™et respectively,
and are labeled with asterisks. The YQRXX®P motif is boxed. In the alignment, Mad2 and
p31¢oMet share less than 10% sequence identity.

(B) The buried salt bridge between R35 and E98 in Mad2.

(C) The buried salt bridge between R84 and E163 in p31¢0omet,
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Figure 4. Interactions between Mad2 and p31°0met

(A) Ribbon diagrams of the Mad2-p31¢°™et complex. Two different views are shown to provide
a clearer perspective of the Mad2-p31¢°™Met interface. Helix aC in Mad2 is colored cyan to
highlight its central role in establishing interactions between Mad2 and p31°°™et, Three main
patches of interactions at the Mad2-p31¢°™et interface are labeled and circled with red dashed
lines.

(B-D) Interactions between Mad2 and p31°°™et, The side chains of contacting residues are
shown as sticks. Nitrogen and oxygen atoms are colored blue and red, respectively. Mad2
carbons are colored yellow while p31¢°™¢t carbons are colored gray and labeled in italics. The
tightly bound water molecules are drawn as red spheres in (C).
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Figure 5. Mad2 Binding Is Required for the Function of p31¢®™€t jn Checkpoint Silencing

(A) 35S-labeled p31°°Met WT or Q83A/F191A proteins were incubated with beads bound to
GST or GST-Mad2 L13A. After washing, proteins bound to beads were separated on SDS-
PAGE and analyzed using a phosphoimager.

(B) HeLa cells were transfected with the indicated plasmids and treated with nocodazole.
Lysates of the transfected cells were immunoprecipitated using anti-Myc beads. Both the
lysates and immunoprecipitates were blotted with the indicated antibodies.

(C) HeLa cells were transfected with the indicated plasmids, treated with nocodazole, and
stained with DAPI (blue), anti-Myc (green), and anti-phospho-H3 (red). Scale bars indicate 10
pm.

(D) The mitotic indices of the transfected cells in (C) were quantified. At least 400 cells were
counted for each transfection. The averages and standard deviations of three separate
experiments are shown.
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(E) Lysates of cells described in (C-D) were blotted with the indicated antibodies.
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Figure 6. A Structure Model for the Blockage of Mad1-assisted Mad2 Activation by p31comet
(A) A structural model of the Mad1-Mad2-p31°Met complex. The Mad2 molecule in the Mad2-
p31comet complex was superimposed with the Mad2 molecules in the Mad1-Mad2 complex
(PDB ID 1GO4). For clarity, the Mad2 monomers in the Mad1-Mad2 complex are omitted.
Mad1 is colored green with its Mad2-binding region colored red. The three interacting helices
in Mad2-p31°°™Met are indicated.

(B) A surface representation to show that C-Mad2 uses a similar surface for the binding of
p31¢oMet or 0-Mad2. The p31%°Met-pinding residues of C-Mad?2 are colored yellow and the
four key interacting residues, R133, Q134, R184 and F141, are colored red. The O-Mad2-
binding residues of C-Mad2 are colored yellow. The same four residues R133, Q134, R184
and F141 (red) that are important for p31¢°™et hinding are also involved in O-Mad2 binding.
(C) Ribbon diagram of the O-Mad2—-C-Mad2 dimer (Mapelli et al., 2007). O-Mad2 is colored
in cyan. C-Mad2 is colored blue with its C-terminal region shown in yellow. MBP1 is in red.
The aC helices are labeled.

(D) Ribbon diagram of the Mad2-p31¢°™Met complex with C-Mad2 in the same orientation as
in (C).

(E) Overlay of ribbon diagrams of the O-Mad2-C-Mad2 dimer and the Mad2-p31¢omet
complex. The C-Mad2 molecules in both structures are superimposed. The color scheme is the
same as in (C) and (D).
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Table 1
Data Collection, Structure Determination and Refinement

Data Collection

Crystal SeMet (peak)® SeMet (refine), ab
Space group P2,2,2) P2,2,2;

Energy (eV) 12,662.75 12,662.75
Resolution range (A) 44.23 - 2.30 (2.34 - 2.30) 44.23 -2.30 (2.34 - 2.30)
Unique reflections 44,434 (2,216) 43,981 (2,192)
Multiplicity 72(7.4) 4.4 (4.5)

Data completeness (%) 98.2 (100.0) 97.4 (100.0)

Rmerge (%)° 10.6 (62.1) 9.4 (53.3)

1/s(1) 24.5 (4.0) 19.8 (3.2)

Wilson B-value (A% 30.0 29.2

Phase Determination

Anomalous scatterer selenium (14 of 14 possible sites)
Figure of merit (44.23 - 2.30 A) 0.25 (0.75 after density modification)

Refinement Statistics

Resolution range (A) 29.70 - 2.30 (2.36 — 2.30)

No. of reflections Ry, /Ryree 42,193/1,771 (3,156/129)

Atoms (non-H protein/solvent) 6,290/665

Ruork (%) 18.9 (20.0)

Riree (%) 25.8 (30.0)

R.m.s.d. bond length (&) 0.017

R.m.s.d. bond an%Ie ©) 1.56

Mean B-value (A%) Mad2”: 27.0; p31°°™eB: 30.6; Mad2®: 26.6; p31°°™C: 35.5; MBP1F: 35.5; MBP1": 33.2; solvent:
35.1

Ramachandran outliers p31°°MetB: pro250; Mad2®: Leu161

Missing residues Mad2”: 1-8; p31°™8: 36-53, 97-123, 273-274; Mad2®: 1-11, 108-118; p31°°™C: 36-53, 97-118,

174-180, 274; MBP1F: 12; MBP1": 11-12

Data for the outermost shell are given in parentheses.
a_.. . .
Bijvoet-pairs were kept separate for data processing

bA modified dataset generated from SeMet (peak) that incorporated only about the first 60% of the original data, which was then used for the final rounds
of refinement.

cRmerge =100 ZnZjllnh, i~<IWI/ZhZilh, i, where the outer sum (h) is over the unique reflections and the inner sum (i) is over the set of independent
observations of each unique reflection.
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