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Improper attachment of the mitotic spindle to the
kinetochores of paired sister chromatids in mitosis is
monitored by a checkpoint that leads to an arrest in
early metaphase. This arrest requires the inhibitory
association of Mad2 with the anaphase promoting
complex/cyclosome (APC/C). It is not known how the
association of Mad2 with the kinetochore and the
APC/C is regulated in mitosis. Here, we demonstrate
that human Mad2 is modi®ed through phosphoryl-
ation on multiple serine residues in vivo in a cell cycle
dependent manner and that only unphosphorylated
Mad2 interacts with Mad1 or the APC/C in vivo. A
Mad2 mutant containing serine to aspartic acid muta-
tions mimicking the C-terminal phosphorylation
events fails to interact with Mad1 or the APC/C and
acts as a dominant-negative antagonist of wild-type
Mad2. These data suggest that the phosphorylation
state of Mad2 regulates its checkpoint activity by
modulating its association with Mad1 and the APC/C.
Keywords: anaphase promoting complex-cyclosome/
Mad2/metaphase arrest/mitotic checkpoint/
phosphorylation

Introduction

The mitotic spindle checkpoint monitors proper attach-
ment of the bipolar spindle to the kinetochores of aligned
sister chromatids and causes a cell cycle arrest in
prometaphase when failures occur. Cells arrest with
condensed chromosomes, high mitotic kinase activity
and high levels of the anaphase inhibitor called Pds1 in
Saccharomyces cerevisiae, and Securin in mammalian
cells (for reviews, see Burke, 2000; Wassmann and
Benezra, 2001). Ubiquitylation by the anaphase promoting
complex/cyclosome (APC/C) and subsequent degradation
of the anaphase inhibitor is required for liberation of a
protease that degrades the cohesions holding the sister
chromatids together, thereby initiating the metaphase-to-
anaphase transition. In order for APC/C to ubiquitylate
Pds1/Securin, it must associate with its early mitosis-
speci®c activator Cdc20 (also named p55Cdc in mammals,
or Fizzy in Drosophila; for reviews, see Zachariae and
Nasmyth, 1999; Nasmyth, 2002; Peters, 2002).

Multiple components of the mitotic spindle checkpoint
have been identi®ed in yeast and higher eukaryotes. In
S.cerevisiae, the existence of a Mad1-dependent complex
containing Mad2, Mad3, Bub3 and Cdc20 has been
demonstrated (Fraschini et al., 2001). In mammalian
cells, a mitotic checkpoint complex (MCC) consisting of
Mad2, BubR1, Bub3 and Cdc20 can inhibit the APC/C
(Sudakin et al., 2001), but how the association of this
complex with the APC/C is regulated during the cell cycle
is less clear. Mad2 itself forms a ternary complex with
Cdc20 and Cdc27, a component of the APC/C, to inhibit
APC/CCdc20-dependent ubiquitylation and degradation,
thereby causing a cell cycle arrest in metaphase (Li and
Benezra, 1996; Li et al., 1997; Fang et al., 1998; Kallio
et al., 1998; Wassmann and Benezra, 1998). Thus, Mad2
represents an essential component of the mitotic check-
point apparatus by acting as a negative regulator of the
mitotic APC/C, most probably as part of the MCC (for a
review, see Yu, 2002).

Mad2 has been shown to localize to unattached
kinetochores in mitosis, and Mad2 staining disappears
after attachment to the mitotic spindle (Chen et al., 1996;
Li and Benezra, 1996; Waters et al., 1998). According to
the current model, Mad2 is recruited to the kinetochores
via its interaction with Mad1 (Chen et al., 1998), and
inhibits APC/CCdc20. This inhibition maintains sister
chromatid cohesion by preventing the destruction of
Pds1/Securin (for reviews, see Burke, 2000; Wassmann
and Benezra, 2001). The unattached kinetochore has been
visualized as a `loading machine', where a continuous
`wait-anaphase' signal is generated through the deposition
of Mad2 onto the APC/C (Gorbsky et al., 1998; Howell
et al., 2000). Approximately 10% of the total Mad2 protein
is actually found in association with APC/CCdc20 (Li and
Benezra, 1996; Wassmann and Benezra, 1998), and
therefore this fraction must be critically important for
the execution of the mitotic checkpoint. How the exceed-
ingly tight interaction of Mad2 with Mad1 is broken
without affecting its ability to associate with APC/CCdc20 is
unknown and is particularly puzzling given recent struc-
tural data showing similar rearrangements in Mad2 upon
binding to Mad1 or Cdc20 (Luo et al., 2002; Sironi et al.,
2002). Nonetheless, once the checkpoint is satis®ed, one
can imagine that attachment of the spindle to the
kinetochore somehow displaces or modi®es the Mad1/
Mad2 complex and prevents the loading of Mad2 onto the
APC/C. Free APC/CCdc20 is now able to ubiquitylate its
substrates, which in turn enables cells to proceed through
the metaphase to anaphase transition.

In this paper, we address the question of how Mad2
association with Mad1 and APC/CCdc20 is regulated in
human cells. We show that Mad2 is modi®ed by
phosphorylation on multiple serine residues in vivo,
and that this phosphorylation is cell-cycle regulated.

Mad2 phosphorylation regulates its association with
Mad1 and the APC/C
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Furthermore, we ®nd that only unphosphorylated Mad2
interacts with the APC/C and Mad1 in vivo. A Mad2 serine
to aspartic acid mutant mimicking the phosphorylated
state of the protein looses its ability to associate with
Mad1, can not form a ternary complex with APC/CCdc20

and is non-functional. Furthermore, when stably expressed
in a cell line, this protein behaves as a dominant negative,
inhibiting the mitotic checkpoint response to nocodazole
treatment. Thus, the phosphorylation status of Mad2 is
critical in regulating the mitotic checkpoint in higher
eukaryotic cells and suggests a model whereby its
association with Mad1 and the APC/C are regulated by a
phosphorylation±dephosphorylation cycle.

Results

Mad2 is phosphorylated on one or more serine
residues
In order to determine whether the mitotic checkpoint
protein Mad2 is modi®ed by phosphorylation in vivo,
nocodazole and hydroxyurea-arrested HeLa cells were
labeled with [32P]ortho-phosphate. Treatment with noco-
dazole activates the metaphase-to-anaphase checkpoint
and arrests cells in metaphase. Mad2 was immunopreci-
pitated with a monospeci®c polyclonal antibody (Li and
Benezra, 1996). Mad2 immunoprecipitated from extracts
of nocodazole-arrested metaphase cells with anti-Mad2
antiserum shows prominent 32P-incorporation, whereas

Mad2 from cycling cells is only weakly phosphorylated,
and incorporation of phosphate can be detected only upon
longer exposure (Figure 1A; compare also with Figure 2A).

To determine whether a kinase associated with Mad2
can phosphorylate Mad2 in an in vitro kinase assay,
extracts from cycling, metaphase-arrested and early
S-phase-hydroxyurea-arrested HeLa cells were prepared.
Mad2 was immunoprecipitated under native conditions
with anti-Mad2 antibody to maintain the interaction with a
potential Mad2 speci®c kinase, incubated with [g-32P]ATP
in vitro and immunoprecipitated with the same antibody
under denaturing conditions to detect the phosphoprotein.
As shown in Figure 1B, Mad2 can be phosphorylated when
isolated from nocodazole-arrested cells, and to a lesser
extent, from cycling cells. No phosphorylation was
detected when Mad2 was isolated from hydroxyurea-
arrested cells, or pre-immune serum was used. An
identical result was achieved with other polyclonal
Mad2-speci®c antibodies (data not shown), and the
phospho-Mad2 signal co-migrates with Mad2 identi®ed
by western blot (data not shown), therefore we can exclude
that the signal observed is nonspeci®c or due to the
antibody. The Mad2 protein sequence itself does not
harbor a conserved kinase domain, and Mad2 protein
produced in Escherichia coli is not capable of autophos-
phorylation (data not shown). We conclude that Mad2 is a
phosphoprotein in vivo and co-precipitates a kinase
capable of phosphorylating Mad2 in vitro.

Fig. 1. Mad2 is phosphorylated on one or more serine residues in vivo and in vitro. (A) Mad2 is a phosphoprotein in vivo. Metabolically labeled
nocodazole (+noc) and cycling (cycl.) arrested HeLa cell extracts were immunoprecipitated with pre-immune serum (p.i. Mad2) and anti-Mad2
(Mad2) immune serum, followed by an immunoprecipitation with anti-Mad2 immune serum to achieve very clean results (but the same result was
obtained using a single- immunoprecipitation protocol). The immunoprecipitates were analyzed by gel electrophoresis and exposed to ®lm and
PhosphorImager. (B) In vitro phosphorylation of Mad2. Mad2 was immunoprecipitated from cycling (cycl.), nocodazole (+noc) and hydroxyurea
(+HU)-arrested HeLa cells as indicated. Pre-immune serum from the same rabbit (p.i. Mad2) and anti-Mad2 immune serum (Mad2) were used for the
immunoprecipitation. The immunoprecipitates were subjected to an in vitro kinase reaction, followed by a denaturing step and a second
immunoprecipitation with anti-Mad2 immune serum under denaturing conditions. Incorporation of phosphate into Mad2 was analyzed by gel
electrophoresis. (C) In vivo phosphorylated Mad2 from nocodazole-arrested cells was subjected to phospho-amino acid analysis. The identity of the
phosphorylated residue(s) was determined by overlaying the radioactive signal with phospho-amino acid standards that were separated simultaneously
on the thin layer cellulose plate and visualized with Ninhydrin (Sigma): S, serine; T, threonine; Y, tyrosine. (D) In vitro-labeled Mad2 from cycling
and nocodazole-arrested HeLa cells was used for phospho-amino acid analysis as described above.
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To address which residues in Mad2 are modi®ed by
phosphorylation, in vivo and in vitro phosphorylated Mad2
was subjected to phospho-amino acid analysis. As shown
in Figure 1C and D, Mad2 is exclusively phosphorylated
on one or more serine residues in nocodazole-arrested cells
in vivo (Figure 1C), and in cycling and nocodazole-
arrested cells in vitro (Figure 1D). Incorporation of 32P
into Mad2 in cycling cells labeled in vivo was too low to
perform phospho-amino acid analysis.

Phosphorylation of Mad2 ¯uctuates during the cell
cycle in vivo and is highest during mitosis
We next asked whether phosphorylation of Mad2 is cell
cycle regulated and occurs in cells in the absence of
spindle inhibitors. HeLa cells were presynchronized with
aphidicolin, blocked with thymidine in early S-phase, and
released. Cells were labeled with [32P]ortho-phosphate

prior to harvesting at the indicated time points (Figure 2A).
A parallel plate was harvested for FACS analysis and
anti-Mpm2-epitope antibody staining to identify cells in
mitosis (Davis et al., 1983). Incorporation of 32P into
Mad2 peaks 11 h after release from the thymidine block
(Figure 2A and B), which corresponds to the time when the
cells undergo mitosis, as shown by the peak of cells
staining for the Mpm2 epitope (Figure 2C) and FACS
analysis (Figure 2D). Thirteen hours after the release,
phosphorylation of Mad2 is still very high, but Mpm2
staining drops and cells exit mitosis. The same pro®le of
Mad2 phosphorylation during the cell cycle was observed
in in vitro kinase assays with extracts synchronized the
same way as in the in vivo labeling experiment described
here (data not shown). Therefore, Mad2 is phosphorylated
in cells where the checkpoint has not been activated, and
phosphorylation reaches its highest point when most cells
are in mitosis, or exit mitosis.

Phosphorylation of Mad2 is highest when cells
escape from nocodazole-induced checkpoint arrest
We examined whether in vivo phosphorylation of Mad2
increases immediately after release from a nocodazole
block. Cells were labeled as above and a timepoint was
taken 1 h after release from the nocodazole block.
Figure 3A shows that phosphorylation of Mad2 is
increased in cells that are released from the metaphase
block compared with cells kept in nocodazole-containing
medium (Figure 3A, compare lanes 2 and 4). It was
important to determine whether the increase in Mad2
phosphorylation was a consequence of the relief of the
checkpoint or simply proceeding through the cell cycle.
Nocodazole-arrested cells were released into nocodazole-
free medium containing the proteasome inhibitor MG132,
a procedure that satis®es the spindle assembly checkpoint
but maintains a metaphase arrest. Phosphorylation of
Mad2 increases to a similar extent in cells released into
MG132 (Figure 3A, lane 3) or media without MG132
(lane 4) relative to nocodazole-arrested cells (lane 2).
Microscopic examination revealed a signi®cant number of
cells in anaphase or telophase when cells were released
into medium without MG132, but only cells in metaphase
when released into MG132-containing medium or kept in
the nocodazole arrest (data not shown). Thus, the peak in
Mad2 phosphorylation correlates with turning off the
mitotic checkpoint and suggests an inhibitory role for
Mad2 phosphorylation in this process.

In order to determine whether phosphorylation of Mad2
drops as cells proceed into G1, HeLa cells were released
from a nocodazole block and labeled with [32P]ortho-
phosphate as above. Mad2 is phosphorylated during the
cell cycle block as before. The intensity of the phos-
phorylation drops signi®cantly 4 h after the release as cells
enter G1 (Figure 3B and C).

Unphosphorylated endogenous Mad2
preferentially interacts with the APC/C
We sought to determine whether endogenous Mad2 in its
unphosphorylated state preferentially interacts with Mad1
and APC/CCdc20, as predicted by the in vivo regulation of
Mad2 phosphorylation described above. Nocodazole-
arrested HeLa cells were metabolically labeled with
[32P]ortho-phosphate, and lysates immunoprecipitated

Fig. 2. In vivo phosphorylation of Mad2 is regulated during the cell
cycle. In vivo-labeled Mad2 was immunoprecipitated with pre-immune
serum (Mad2 p.i.) and anti-Mad2 serum (Mad2) and analyzed as
described. Cells were pre-synchronized with aphidicolin in S-phase,
arrested with thymidine and released from the thymidine block. Five
times more cell extract was used at time point 0 to visualize the very
weak signal of Mad phosphorylation in early S-phase. (A) SDS±PAGE
analysis to visualize incorporation of phosphate into Mad2 (upper
panel) and a Mad2 western blot (lower panel) to control for Mad2
protein levels. (B) Quantitation of phosphate incorporation into normal-
ized Mad2 protein levels. (C) Cells staining positive for the Mpm2
epitope. (D) FACS analysis of the thymidine release. An aliquot of the
release, which was not metabolically labeled but otherwise treated
exactly the same way, was taken for FACS analysis.
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with anti-Cdc20, anti-Cdc27, and anti-Mad1 antisera. No
32P-labeled Mad2 is present in the Cdc20, Cdc27 or Mad1
immunoprecipitates, despite the fact that [32P]Mad2 is
readily detected in an equivalent or lower amount of Mad2
from the total pool (Figure 4A). It is possible that Mad2 in
association with APC/CCdc20 is suf®ciently stable that
during the course of the labeling reaction no Mad2
molecules become newly phosphorylated and incorporated
in the complex. If so, one would expect that Mad2 in
association with APC/CCdc20 would also fail to be labeled
in vivo with [35S]methionine/cysteine, which is incorpor-
ated in newly synthesized proteins. But under the same
conditions described for the metabolic labeling of Mad2
with 32P, incorporation of 35S can be observed in Mad2
molecules co-precipitating with Cdc20 in nocodazole-
arrested cells (Figure 4B). Thus, we conclude that only the
non-phosphorylated pool of Mad2 interacts with Mad1 and
forms a ternary complex with APC/CCdc20.

Mapping the phosphorylated residues in Mad2
As a ®rst step in understanding the role of phosphorylation
in the regulation of Mad2, up to 12 serine residues were
mutated to alanine in various combinations. Wild-type and
mutant Mad2 constructs were tagged with the Flag-epitope
at the N-terminus, and transfected into human 293T cells.
293T cells were used in these assays because transfection
ef®ciencies and expression levels are higher than in HeLa
cells. The 293T cells were metabolically labeled with
[32P]ortho-phosphate 36±40 h after transfection. The
exogenously expressed proteins were immunoprecipitated
with the anti-Mad2 polyclonal antibody, followed by
another immunoprecipitation with an antibody against the
Flag-epitope. A double immunoprecipitation protocol was
used as it gave the cleanest results, but the same result was
achieved with a single immunoprecipitation using only the
anti-Flag antibody (data not shown). The Mad2 proteins
were all expressed at comparable levels as con®rmed by
Flag immunoprecipitation followed by Mad2 western blot
analysis (Figure 5, lower panel). Substitution of 12 serines
with alanines (12S-A Flag-Mad2, amino acid positions 6,
16, 30, 40, 89, 93, 114, 120, 170, 178, 185 and 195)
completely abolishes phosphorylation of Mad2, under
conditions where the wild-type Flag-epitope tagged
Mad2 protein (Flag-Mad2) is phosphorylated (Figure 5).
Substitution of serine 170, 178 and 195 (3S-A Flag-Mad2)
and serine 170, 178, 185 and 195 (4S-A Flag-Mad2)

Fig. 4. Only unphosphorylated Mad2 interacts with Cdc20, Cdc27, and
Mad1 in vivo. (A) Nocodazole-treated HeLa cells were labeled
metabolically with [32P]ortho-phosphate for 3 h. The cell extract was
immunoprecipitated under native conditions with the following anti-
bodies: pre-immune (p.i. Mad2), anti-Mad2 (Mad2), anti-Cdc20
(Cdc20), anti-Mad1 (Mad1) and anti-Cdc27 (Cdc27) serum. All
immunoprecipitations were precipitated a second time under denaturing
conditions with anti-Mad2 serum. One-hundredth of a direct Mad2
immunoprecipitation was loaded to compare the 32P signal to the co-
immunoprecipitated Mad2 protein signal. (B) Nocodazole-treated HeLa
cells were labeled metabolically with [35S]methionine/cysteine for 3 h
and co-immunoprecipitations and western blot were performed as
above.Fig. 3. HeLa cells were metabolically labeled as described in Figure 2.

(A) Cells were arrested with nocodazole for 18 h and released for 1 h
(noc. rel.) into medium containing the proteasome inhibitor MG132
where indicated. Shown is the phosphorylation of Mad2 after immuno-
precipitation visualized on SDS±PAGE (upper panel) and Mad2
western blot (lower panel). (B) Cells were arrested with nocodazole for
18 h in metaphase and released for the time indicated. Phosphorylation
of Mad2 after immunoprecipitation visualized on SDS±PAGE (upper
panel) and Mad2 western blot (lower panel). (C) FACS pro®les of the
cells released from the nocodazole block in (B) at the indicated time
points.
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generates a Mad2 protein that could no longer be
phosphorylated in vivo (Figure 5). A mutant harboring
serine to alanine substitutions at positions 170 and 178
(2S-A Flag-Mad2) shows reduced phosphorylation rela-
tive to Flag-Mad2, indicating that one or both serines at
position 170 and 178 are phosphorylated (Figure 5). Mad2
harboring N-terminal serine to alanine substitutions (8S-A
Flag-Mad2, serine 6, 16, 30, 40, 89, 93, 114 and 120
mutated to alanine) is still phosphorylated (Figure 5).
Therefore, serines 170, 178 and 195 are either the
predominant residues modi®ed by phosphorylation or
their phosphorylation is required for the phosphorylation
of other, as yet unidenti®ed serine residues in the
N-terminus of Mad2.

The Mad2 aspartic acid mutant does not interact
with Mad1, can not form a ternary complex with
APC/CCdc20, and acts as a dominant negative
Serine to alanine substitutions can mimic the properties of
the unphosphorylated state of a phosphoprotein, whereas
aspartic acid substitutions can mimic phosphorylated
residues. A Mad2 mutant with serine to aspartic acid
substitutions at positions 170, 178 and 195 (3S-D Flag-
Mad2) was generated. We asked whether alanine or
aspartic acid substitutions at position 170, 178 and 195 had
an effect on the association of Mad2 with its partners
Cdc27 (a component of the APC/C), Mad1 and Cdc20,
which are known to be required for Mad2 functioning
(Chen et al., 1998; Fang et al., 1998; Kallio et al., 1998;
Wassmann and Benezra, 1998).

To study the in vivo effects of the mutant proteins under
physiological conditions we decided to generate stable
293 Tet-Off cell lines expressing either wild-type Flag-
Mad2, 3S-A Flag-Mad2 or 3S-D Flag-Mad2 (the stable
cell lines were named wild type, 3S-A and 3S-D,
respectively) under the control of the tetracycline-con-
trolled transactivator, which is repressed upon addition of
doxycycline. Two cell lines expressing each construct
were analyzed, and both gave similar results in the assays
described below. Figure 6A shows a typical western blot of
the different cell lines expressing the indicated Flag-Mad2

construct upon removal of doxycycline ~48 h prior to
harvesting. The overexpressed proteins were ubiquitously
localized throughout the cell in all the stable lines (data not
shown). All cell lines generated were viable when
transcription of the Flag-Mad2 constructs was induced.

The stably expressed Mad2 proteins were immunopre-
cipitated from cell extracts with anti-Flag antibody, and
the co-immunoprecipitated Cdc27 and Mad1 were visua-
lized by western blot analysis (Figure 6B). Cdc20 co-
migrates with the antibody heavy chain, which makes it
dif®cult to visualize Cdc20 by western blot analysis in co-
immunoprecipitations. Therefore, the same extracts were
subjected to an immunoprecipitation with Cdc20 antibody,
followed by a Mad2 western blot. Analysis of the
interaction pro®les of the stably expressed Mad2 con-
structs in cycling cells reveals that 3S-D Flag-Mad2 is
unable to associate with Cdc27 (Figure 6B, lane 7) and
Mad1 (Figure 6B, lane 11). The interaction with Cdc20 is
also impaired (Figure 6B, lane 15). Similar results were
observed in transient transfection assays (Figure 6G, lane 7
and 11). Finally, even though the protein amounts of 3S-A
Flag-Mad2 are lower than those of Flag-Mad2 (Figure 6B,
compare lanes 2 and 4), a stronger interaction with Cdc27
was observed (lanes 6 and 8), and the interaction with
Mad1 and Cdc20 was preserved. Transient transfection
assays showed similar results (Figure 6G, lane 8 and 12).
We conclude that overexpressed Mad2 mimicking the
phosphorylated protein is impaired in its ability to
interact with Mad1 and to form a ternary complex with
the APC/CCdc20.

No accumulation of cells in G2/M by FACS analysis
upon expression of the different Mad2 constructs could be
observed. Therefore, we treated the cell lines with
nocodazole to analyze potential differences in the mitotic
checkpoint response. The percentage of cells found to be
in mitosis was assessed by counting cells positive for the
mitosis-speci®c Mpm2 epitope, or visualizing the chromo-
somes with Hoechst 33342 and counting cells with their
chromosomes condensed at the metaphase plate (Michel
et al., 2001). 3S-D cells are impaired in their ability to
arrest in mitosis after nocodazole treatment, relative to
cells expressing wild-type Flag-Mad2 or 3S-A Flag-Mad2
(Figure 6C). After 20 h of nocodazole treatment, 50±60%
of the wild type and 3S-A cell line are in metaphase,
whereas only ~30% of the 3S-D cell line are arrested in
metaphase, indicating a dominant-negative effect over the
endogenous Mad2 protein. We also noted that despite
expressing lower protein levels than the wild-type cell
line, 3S-A cell lines arrest with higher ef®ciencies, and
escape later from the checkpoint arrest compared with the
wild-type cell line. Similar results were also obtained in
transient transfection assays. Transfected cells were dis-
tinguished through antibody staining with anti-Flag anti-
body, and cells in metaphase were identi®ed as above.
Flag-positive cells in metaphase were counted under the
microscope (Figure 6G, right panel).

As another measure of the dominant-negative effect of
the 3S-D mutant, the ability of 3S-D Flag-Mad2 express-
ing cell lines to arrest in response to nocodazole was
compared with the same cell line under conditions where
transcription was repressed (Figure 6D). FACS analysis
revealed that the number of cells in G2/M drops from 70
to 32% after 18 h of nocodazole treatment when 3S-D

Fig. 5. In vivo phosphorylation of Flag-Mad2 and S-A Flag-Mad2
mutant proteins carrying the indicated number of serine to alanine sub-
stitutions (S-A; see text for positions of the mutated residues). Mutant
Mad2 proteins were generated by in vitro mutagenesis and tagged with
the anti-Flag epitope tag at the N-terminus. 293T cells were transfected
with the indicated constructs, and 18±24 h after transfection, arrested
with nocodazole for 18 h prior to harvesting. One tenth of the immuno-
precipitates was analyzed by western blot, the remaining was analyzed
by SDS±PAGE and exposure to PhosphorImager.
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Flag-Mad2 is expressed. Microscopic examination revealed
that 3S-D cells become large and polynucleated after
nocodazole treatment, indicating endoreduplication without
cell division (Figure 6D). Therefore, we further con®rmed
that 3S-D Mad2 has a dominant-negative effect over endo-
genous Mad2 on the execution of the mitotic checkpoint.

We next asked whether the intrinsic checkpoint is
affected in the stable cell lines, i.e. if the mitotic cycle is
perturbed in cells upon induction of the different Mad2
constructs in the absence of spindle inhibitors. As
mentioned above, no effects on cell cycle progression or
timing could be observed on the cell population. However,
after 48 h induction of the Mad2 constructs, the percentage
of cells with >4N DNA content was at least 4-fold higher
in lines expressing 3S-D Flag-Mad2 relative to wild type
and vector alone controls (Figure 6E). This result indicates
that there is a dominant-negative effect of the Mad2
phospho-mimic on the endogenous, intrinsic checkpoint.

The Mad2 phosphomimic displaces endogenous
Mad2 from the APC/C
The effect of the different stably expressed constructs on
the interaction of endogenous Mad2 with its partners was
examined (Figure 6F). Immunoprecipitations with anti-
Mad2 serum to visualize Cdc27 and Mad1 interacting with
either endogenous or overexpressed Mad2 were performed.
Whereas endogenous and overexpressed Mad2 immuno-
precipitate Mad1 independent of the mutant construct
expressed in the cell line (Figure 6F, lanes 10±12), the
interaction between Cdc27 and endogenous Mad2 is
severely affected in the 3S-D cell line (compare lane 7
with 6 and 8). Even after nocodazole treatment no
interaction between endogenous Mad2 and Cdc27 could
be detected in the 3S-D cell line (data not shown). As a
result, no ternary Mad2±APC/CCdc20 complexes are present
in those cells. It is likely that 3S-D Flag-Mad2 inhibits
loading of endogenous Mad2 onto the APC/C, and
therefore acts as a dominant negative. In summary, these
results demonstrate that the phosphorylation state of the
serine residues in the C-terminus of Mad2 is a critical
determinant of its ability to interact with and signal to key
components of the mitotic checkpoint pathway.

Discussion

Mad2 is an essential component of the mitotic checkpoint
pathway and is required for sensing whether the mitotic

spindle is properly attached to the kinetochores of paired
sister chromatids (for review, see Burke, 2000; Wassmann
and Benezra, 2001). When the spindle is correctly attached
to the kinetochore, Mad2 dissociates from APC/CCdc20,
which then targets the anaphase inhibitor Securin for
degradation (for review, see Wassmann and Benezra,
2001; Nasmyth, 2002). Nevertheless, it has remained
obscure as to how the interaction between APC/CCdc20 and
Mad2 is regulated during the mitotic cycle. Mad2 has been
found to dynamically associate with unattached kineto-
chores (Howell et al., 2000), suggesting a model where an
unattached kinetochore would somehow activate Mad2
and allow it to load onto APC/CCdc20, thereby inhibiting
the anaphase onset signal (Shah and Cleveland, 2000;
Nigg, 2001). Furthermore, it has been suggested that Mad2
activity is regulated via oligomerization (Fang et al.,
1998). However, recently it has been shown that
oligomerization of Mad2 is not required for its function
in vivo (Sironi et al., 2001).

In an attempt to identify the activated state of Mad2, we
investigated whether human Mad2 is modi®ed by phos-
phorylation and if phosphorylation of Mad2 regulates its
interaction with APC/CCdc20. Previous studies have not
reported any modi®cations of Mad2, primarily because no
changes in the mobility of the protein as a result of that
modi®cation can be detected by gel electrophoresis. This
paper describes for the ®rst time the in vivo phosphoryl-
ation of human Mad2 and demonstrates that Mad2
protein±protein interactions are regulated by phosphoryl-
ation at its C-terminus.

The role of C-terminal phosphorylation of Mad2
The recently published solution structure of Mad2 focused
our interest on the serine residues in the C-terminus of
Mad2, since this region has been shown to be involved in
the binding of APC/CCdc20 (Luo et al., 2000) and has been
implicated in its binding to Mad1. A C-terminal deletion
mutant of Mad2 is unable to interact with Cdc20 and Mad1
(Fang et al., 1998; Sironi et al., 2001). More recently,
direct NMR structural analyses have indicated that a
common structural motif in Mad1 and Cdc20 mediates a
similar association and structural rearrangement in the
C-terminus of Mad2 (Luo et al., 2002; Sironi et al., 2002).
Mutating three serines in the C-terminus of Mad2 to
aspartic acid ablates its ability to interact with Mad1 and
form a ternary Mad2±APC/CCdc20 complex, and its ability
to induce a metaphase arrest in stable cell lines. Consistent

Fig. 6. Analysis of stable 293 cell lines expressing Flag-Mad2 (wt), 3S-A Flag-Mad2 (3S-A), and 3S-D Flag-Mad2 (3S-D) from an inducible promoter
(A-F), and transiently transfected 293T cells (G). (A) Protein amounts of the Flag-Mad2 constructs after 48 h induction in the stable cell lines.
(B) Interaction pro®les of the Flag-Mad2 constructs expressed in the stable lines without nocodazole treatment. Immunoprecipitations were performed
with anti-Flag antibody to visualize the amount of Cdc27 and Mad1 protein interacting with the Flag-tagged Mad2 construct, or anti-Cdc20 antibody
to visualize the amount of Mad2 protein (endogenous and overexpressed) interacting with Cdc20. Ten percent of the anti-Flag immunoprecipitations
were used as internal control and to estimate the levels of ectopically expressed Mad2 in the cells. One milligram cell extract was used for the co-
immunoprecipitations. (C) Mitotic arrest after nocodazole treatment for the indicated time (in hours) of cell lines expressing the indicated Mad2
construct for 48 h prior to nocodazole treatment. Cells staining positive for the mitosis-speci®c Mpm2 epitope were counted. (D) Comparison of
nocodazole response of a 3S-D line with (transcription of 3S-D Flag-Mad2 repressed) and without (transcription of 3S-D Flag-Mad2 induced) doxy-
cycline (+/± Dox) by FACS analysis (upper panel). A representative Nomarski and Hoechst 33342 image to visualize the DNA of wild-type cells and
a 3S-D cell line without doxycycline after nocodazole treatment is shown in the lower panel. (E) Accumulation of cells with >4N DNA content
expressing the indicated constructs for 48 h without nocodazole treatment was determined through FACS analysis. (F) Co-immunoprecipitations in the
stable cell lines using anti-Mad2 serum (Mad2 i.p., Mad2 p.i.: Mad2 pre-immune serum) to visualize interactions between both endogenous and over-
expressed Mad2 with Cdc27 and Mad1. One milligram extract of each cell line was used, exept for the direct Mad2 immunoprecipitation control
(lanes 1±4), where only a tenth was loaded. (G) 293T cells transfected with the indicated construct were analyzed as in (B). The indicated amounts of
protein extract were used (left panel). The percentage of Flag-positive cells in metaphase was determined as described (right panel).
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with these results is the observation that the phosphoryl-
ation of Mad2 in vivo peaks just after the spindle
checkpoint is satis®ed. Our data also provides a plausible
mechanism for disrupting the exceedingly stable Mad1/
Mad2 interaction (which resists urea concentrations of up
to 4.0 M, and NaCl concentrations of up to 2.0 M; Sironi
et al., 2001) by phosphorylation of several key residues of
Mad2 at the Mad1/Mad2 interface. The three serine
residues identi®ed in this study are exposed in free Mad2
(apo-Mad2), and only S195 is burried in Mad1 or Cdc20
bound Mad2 (Mad2 lig). Phosphorylation of these sites is
likely to have a signi®cant impact on the interaction
capacity of the C-terminus of Mad2 (Sironi et al., 2001,
2002; Luo et al., 2002). If phosphorylation of these serines
is required to break the association with Mad1, then we
can speculate that a subsequent dephosphorylation event is
required to then allow association with APC/CCdc20. We
note that serine 170 is conserved from yeast to man, and all
three residues are conserved in higher eukaryotic cells,
suggesting that regulation of Mad2 by phosphorylation
may be conserved in other higher organisms.

The phenotypes of cell lines expressing a Mad2 mutant
mimicking the phosphorylated protein demonstrate the
importance of Mad2 phosphorylation. Stable expression of
3S-D Flag-Mad2 disrupts mitotic checkpoint response
after nocodazole treatment, similar to what has been
observed with a C-terminal deletion mutant in vitro (Fang
et al., 1998). 293 Tet-Off cells are p53 negative, therefore
these cells will not undergo apoptosis, but proceed into the
next cell cycle and endoreduplicate without having
properly separated their DNA. The 3S-D Flag-Mad2 is
somehow able to inhibit endogenous Mad2 from generat-
ing the `wait-anaphase' signal, and therefore is not acting
as a simple loss-of-function protein. We show that the
dominant-negative form of Mad2 can inhibit the associ-
ation of endogenous Mad2 with APC/CCdc20, but the
mechanism of this inhibition awaits clari®cation.

How a single unattached kinetochore inhibits cell
cycle progression
Only the pool of unphosphorylated Mad2 is capable of
associating with APC/CCdc20, perhaps due to changes in
conformation, or just the correct localization. One or more
Mad2-speci®c kinase(s) continuously phosphorylate Mad2
to displace it from APC/CCdc20, but as long as there is a
single unattached kinetochore this Mad2 gets dephos-
phorylated by one or more phosphatases to allow con-
tinuous loading onto Mad1 and APC/CCdc20. As stated
above, a phosphorylation±dephosphorylation cycle may
be required to allow the transfer of Mad2 from Mad1 to the
APC/CCdc20 complex. As soon as the last kinetochore
attaches to microtubules, the last Mad1/Mad2 complex is
displaced from the kinetochore and Mad2 can no longer be
loaded onto APC/CCdc20. APC/CCdc20 becomes active by
Mad2 phosphorylation and subsequent release from the
complex, and metaphase to anaphase transition can now
take place. We tried to address whether the different
constructs are still localized to the kinetochore, but
unfortunately we were not able to see speci®c kinetochore
localization with the Flag antibody. It is likely that only a
very small fraction of exogenously expressed Mad2 is
localized to the kinetochore, which can not be visualized
against the background of the majority of Mad2 localized

ubiquitously throughout the cell. It is important to note that
this type of high background is also observed with
endogenous Mad2 (Li and Benezra, 1996; Li et al.,
1997; Fang et al., 1998; Kallio et al., 1998).

Cancer cells are often defective in maintaining a
metaphase arrest in response to spindle inhibitors, which
leads to mis-segregation of chromosomes and aneuploidy.
An impaired spindle checkpoint can result in chromo-
somal instability (Cahill et al., 1998; Basu et al., 1999;
Kitagawa and Rose, 1999; Dobles et al., 2000) and tumor
formation (Michel et al., 2001). It also determines how a
tumor cell will react to certain therapeutic drugs such as
taxol, which perturb the assembly of the mitotic spindle
(Michel et al., 2001; Wassmann and Benezra, 2001).
Understanding the signaling pathway regulating Mad2
phosphorylation may help identify other components that
contribute to these phenotypes in human cancers.
Therefore the identi®cation of the kinases and phospha-
tases that modify Mad2 will be important for a complete
understanding of the mitotic checkpoint pathway in tumor
cells.

Materials and methods

Cell culture and transient transfections, generation of stable
cell lines
HeLa and 293T cells were grown in DMEM (high glucose supplemented
with 100 U/ml penicillin-G/100 mg/ml streptomycin and 10% fetal bovine
serum). For cell extracts, cells were transiently transfected using calcium
phosphate-DNA precipitates formed in HEPES (Bonifacino et al., 2000).
For transient transfections in Figure 6F, 1.5 3 105 293T cells were
transfected with 1 mg plasmid DNA in lipofectamine reagent as
recommended by the manufacturer (Invitrogen). A Plasmid Maxiprep
Kit (Bio-Rad) was used for DNA preparations.

Flag-tagged Mad2 constructs were transfected into human transformed
primary embryonic kidney cells expressing the tetracycline-controlled
transactivator (293 Tet-Off; Clontech), using lipofectamine reagent
(Invitrogen) according to the manufacturer's conditions. A 2 mg/ml
aliquot of doxycycline (Clontech) was added to the cells 6 h after
transfection, in order to repress the promoter. Forty-eight hours after
transfection, Hygromycin B was added to the cells at a concentration of
100 mg/ml. Hygromycin-resistant clones were isolated and screened by
western blotting for the presence of Flag-tagged Mad2. Flag-Mad2
positive clones were selected for posterior studies.

Plasmids, in vitro mutagenesis
Standard protocols were used for DNA manipulations (Ausubel et al.,
1994). Human Mad2 was ampli®ed by PCR using high-®delity DNA
polymerase (Expand High Fidelity Polymerase, Roche) from a HeLa
cDNA library with primers that introduce a HindIII site before the ®rst
ATG, and a BamHI site downstream of the stop codon. hsMad2 was
cloned in-frame into a pFlag-CMV-2 vector (Kodak), so that the
translated protein harbors a Flag-epitope tag at the N-terminus (Flag-
Mad2). The sequences of these primers and primers for in vitro
mutagenesis are available upon request. To create stable cell lines,
XbaI sites were introduced at both ends of several Flag-MAD2 constructs
by PCR. The PCR products were cloned into the pUHD10-3 hygromycin
vector (Gossen and Bujard, 1992) as XbaI±XbaI fragments. All constructs
were veri®ed by sequencing the entire Mad2 coding sequence.

Extracts, immunoblots and immunoprecipitation
Cell extracts were prepared as described previously (Wassmann and
Benezra, 1998). Immunoprecipitations with metabolically labeled cell
extracts were carried out as follows: per 150 mg of cell extract, 1 ml of
anti-Mad2 rabbit-serum or pre-immune serum from the same rabbit (Li
and Benezra, 1996) was added for 1±3 h. A mixture of equal amounts of
protein A and Gamma-bind G Sepharose beads (Pharmacia) was added
for another 2 h. The immunoprecipitates were washed three times with
lysis buffer and twice with 50 mM Tris±HCl pH 7.5, before they were
denatured by boiling in the presence of 1% SDS. The supernatants were
diluted with lysis buffer containing 1% sodium deoxycholate to a ®nal
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SDS concentration of 0.02%. A second immunoprecipitation as described
above with anti-Mad2 serum (no pre-immune serum) was performed. The
immunoprecipitates were washed three times with lysis buffer containing
1% sodium deoxycholate and three times with 50 mM Tris±HCl pH 7.5.
Before the last washing step, a tenth of the immunoprecipitates was split
off for a control Mad2 western blot. Incorporation of 32P into Mad2 was
analyzed by SDS±PAGE on an 11.25% discontinuous SDS±
polyacrylamide gel followed by visualization with the PhosphorImager
(Molecular Dynamics, Storm 840).

Co-immunoprecipitation with metabolically labeled cell extracts was
done essentially the same way as described above, except that 5 mg of cell
extract was used and 1 ml of the indicated anti-serum per 300 ml protein
extract was added (anti-Cdc20 antibody; Santa Cruz), anti-Cdc27 serum
(Wassmann and Benezra, 1998) and anti-Mad1 serum (Jin et al., 1998).
For the second immunoprecipitation, anti-Mad2 serum was used as
above. Half of the immunoprecipitates were used for the control Mad2
western blot.

Extracts from stable cell lines harboring different ectopically expressed
Flag-epitope tagged Mad2 constructs were immunoprecipitated with
monoclonal anti-Flag antibody (Sigma). One microliter of both M2 and
M5 anti-Flag antibody per 200 ml cell extract was added, otherwise the
immunoprecipitations were done the same way as described above for the
®rst round of immunoprecipitation. A tenth of the anti-Flag immunopre-
cipitation was loaded on a high-percentage gel to control for the amount
of Mad2 immunoprecipitated. Aliquots of the same extracts were also
used for anti-Cdc20 antibody (Santa Cruz) co-immunoprecipitations to
detect endogenous and overexpressed Mad2 interacting with Cdc20.
Mad2 and Cdc27 western blots were done as described above, except that
a mouse monoclonal anti-Cdc27 antibody (Transduction Laboratories)
diluted 1:1000 was used to visualize Cdc27 (Wassmann and Benezra,
1998). Mad1 western blots were incubated with anti-Mad1 antibody
diluted 1:1000 (Jin et al., 1998).

In vitro kinase assay
HeLa cell extracts were prepared as described (Wassmann and Benezra,
1998). As above, Mad2 was immunoprecipitated once under native
conditions from 300 mg of cell extract. The immunoprecipitates were
washed with lysis buffer three times, and three times with 50 mM
Tris±HCl pH 7.5. Kinase reactions were performed in the following
kinase buffer: 20 mM Tris±HCl pH 7.5, 2 mM MgCl2, 2 mM EGTA,
2 mM EDTA, 5 mM NaCl, 0.05% b-mercaptoethanol, 0.1 mM
orthovanadate, 15 mM phenylmethylsulfonyl ¯uoride, 15 mM 4-
nitrophenylphosphate, 100 mM ATP. A 12 ml aliquot of kinase buffer
and 5 mCi[ g-32P]ATP (3000 Ci/mmol) were added to the immunopre-
cipitates for 20 min at 37°C. After the kinase reaction, the beads were
washed three times with 50 mM Tris±HCl pH 7.5, denatured by boiling in
1% SDS, and diluted with lysis buffer containing 1% sodium
deoxycholate to a ®nal SDS concentration of 0.02%. A second
immunoprecipitation, as described above, with only anti-Mad2 serum
was performed. The immunoprecipitates were analyzed by SDS±PAGE
on an 11.25% discontinuous SDS±polyacrylamide gel.

Cell synchronization and in vivo metabolic labeling with
32P and 35S
Stable cell lines were maintained in the presence of doxycycline
(transcription repressed). Expression of Mad2 proteins was induced by
washing the cells four times in PBS and maintaining them for 48 h in
medium without doxycycline.

Nocodazole (12 ng/ml ®nal concentration) or hydroxyurea (2 mM ®nal
concentration) was added for 16±18 h to arrest cells in metaphase and at
the G1/S boundary, respectively. HeLa and transiently transfected 293T
cells were used for in vivo labeling experiments. Approximately 107

cycling cells or cells arrested with hydroxyurea or nocodazole were
harvested and kept for 2 h in 3 ml phosphate-depleted DMEM medium
(with hydroxyurea or nocodazole, if arrested) prior to labeling.
[32P]ortho-phosphate (1±3 mCi; NEN) was added to the phosphate-
depleted cultures for 1±2 h for Mad2 immunoprecipitations, and 3 h for
co-immunoprecipitation experiments. For co-immunoprecipitations the
concentration of cells, medium and ortho-phosphate was scaled up ten
times. Cells were harvested and extracts were prepared as described
above. Metabolic labeling with 35S for the co-immunoprecipitation
experiment was performed exactly the same way as with 32P, except that
cells were kept in methionine-free instead of phosphate-depleted medium
prior to the addition of Tran 35S-Label (ICN Radiochemicals). Cells were
labeled for 3 h with 250 mCi/ 2 ml medium.

Release from early S-phase was performed by arresting 10 10-cm
dishes of exponentially growing HeLa cells (~3 3 106 each dish) with

aphidicolin (5 mg/ ml) for 17 h, followed by a release into fresh medium
for 9 h. The presynchronized cells were arrested with thymidine (2 mM
®nal concentration) for 15 h. The arrested cells were pooled and released
into fresh medium. A zero time-point was taken before the thymidine
release. For the release, the cells were seeded into 14 6-cm dishes. At 2.5 h
prior to harvesting each time point, two plates for each time point were
kept for 1.5 h in 3 ml phosphate-depleted DMEM medium. After 1.5 h,
0.5 mCi of ortho-phosphate was added to one of the two plates for 1 h.
The metabolically labeled cells were harvested and cell extracts were
prepared as described above. The second plate was kept without addition
of ortho-phosphate and was used for FACS and Mpm2 staining. Both
plates were harvested at the same time.

For the nocodazole release in Figure 3, ®ve 10-cm dishes of
exponentially growing HeLa cells were arrested with nocodazole
(12 ng/ ml ®nal concentration) for 18 h, and released into fresh medium.
As before, a zero time-point was taken before the release. For the
experiment shown in Figure 3A and B, four 10-cm dishes of nocodazole-
arrested HeLa cells were washed in phosphate-depleted medium, and
immediately released into medium containing ortho-phosphate and
MG132 (10 mM ®nal concentration) where indicated. Nocodazole-
arrested cells were washed and labeled the same way in the presence of
nocodazole. Cells were harvested after 1 h labeling. As above, parallel
plates were treated the same way except for the addition of ortho-
phosphate, and used for microscopic examination to verify the presence
of cells in anaphase or telophase after release from nocodazole.

TCA precipitable counts of in vivo-labeled cell extracts,
phospho-amino acid analysis
Incorporation of 32P into the cell extracts was measured by determining
the TCA precipitable counts (Bonifacino et al., 2000). Only cell extracts
with similar incorporation of 32P were used for a given experiment. In
vitro- or in vivo-labeled Mad2 was prepared for phospho-amino acid
analysis as described (Bonifacino et al., 2000). Phospho-amino acid
analysis was performed with the Hunter Thin Layer Plate Electrophoresis
System as suggested by the manufacturer using pH 1.9 buffer for the ®rst
dimension, and pH 3.5 buffer for the second dimension.

In situ immuno¯uorescence
In situ immuno¯uorescence of Flag-epitope tagged Mad2 was carried out
as described (Bonifacino et al., 2000), except that PBG (PBS containing
0.2% gelatin and 0.5% BSA) was used instead of Saponin/PBS/FBS.
Cells were stained with anti-Flag antibody (Sigma; M2 and M5 anti-Flag
antibodies) diluted 1:500 in PBG, and secondary FITC-coupled anti-
mouse antibody diluted as suggested by the manufacturer in PBG. DNA
was visualized with Hoechst 33342. Cells were examined with a Zeiss
¯uorescence microscope (LSM510), and standard confocal microscopy.

Flow cytometry analysis (FACS)
Cells were harvested, washed once with PBS, once with PBS/EDTA/FBS
(PBS containing 2 mM EDTA and 1% fetal bovine serum), and
resuspended in 200 ml PBS/EDTA/FBS per con¯uent 10-cm dish. They
were ®xed by adding 2 ml of 70% ethanol dropwise and leaving them at
4°C overnight. Cells were resuspended in 0.5±2 ml PBS containing
50 mg/ml RNase A and 0.05 mg/ml propridium iodide. Fluorescence was
measured using a Becton Dickinson FACScan (FACS Calibur) and
analyzed using Multicycle (Phoenix Flow).
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