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Mitotic arrest deficiency protein 1 (Mad1) is associated with
microtubule-unattached kinetochores in mitotic cells and is a
component of the spindle assembly checkpoint (SAC). Here, we
have studied the phosphorylation of Madl and mapped using
liquid chromatography-tandem mass spectrometry several
phosphorylated amino acids in this protein. One phosphoryla-
ted residue, Thr®®°, was characterized to be important for the
kinetochore localization of Mad1 and its SAC function. We also
found that in mitotic cells Madl co-immunoprecipitated with
Plk1. Depletion of cellular Plk1 using small interfering RNAs
and inhibition of the kinase activity of Plk1 using a kinase-dead
mutant or a small molecule inhibitor attenuated Mad1l phos-
phorylation and its association with kinetochores. Collectively,
these findings indicate mechanistic roles contributed by protein
phosphorylation and Plk1 to the SAC activity of Mad1.

Faithful chromosome partitioning from a mother cell to her
daughter cells is essential for maintaining euploidy. Loss of
fidelity in chromosomal segregation creates aneuploidy that
can contribute to oncogenesis (1-4). The mitotic spindle
assembly checkpoint (SAC)* monitors the attachment of kin-
etochores to bipolar spindle poles and regulates proper chro-
mosome segregation in mitosis (5). Mad1 is a component of the
SAC (6) and is found as a heterodimer (7) with Mad2 at
the nuclear pore complex as a cell enters mitosis (8). Later when
the nuclear envelope commences breakdown, the Mad1-Mad2
complex moves from the nuclear periphery to spindle-unat-
tached kinetochores (9—-12). Current evidence suggests that
Madl is required for Mad2 localization to kinetochores (12—
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14), and the association of Mad2 with the kinetochore is a pre-
requisite for its SAC function.

Recent studies indicate that Mad2 adopts two conformations
(O-, open, and C-, closed) during the G, to M phases. At spindle
unattached kinetochores, Mad1 binds a C-Mad2 (15-17). Kin-
etochore-bound Madl-C-Mad2 recruits cytosolic O-Mad2
changing the latter to a form capable of Cdc20 binding (15, 16)
and inhibiting the anaphase promoting complex/cyclosome
(APC/C), an E3 ubiquitin ligase complex (18 -20). Currently,
the event(s) that regulates Madl movement from the nuclear
pore complex to microtubule-unattached kinetochores is
unknown.

Understanding how Mad1 activity is modulated is important
for several reasons. First, aberrant Mad1 expression is linked to
the development of human small cell lung cancer (21) and gas-
tric carcinoma (22). Second, in genetically engineered
Madl"'~ mice, reduced Mad1 function elevates the incidence
of cancers (4), correlating SAC inefficiency with oncogenic pro-
clivity in rodents (23-25). Third, several human cancer viruses
target the SAC of the cells (26 —29) in their transforming mech-
anism(s); and, Madl was identified as a cellular target for the
human T-cell leukemia virus type 1 Tax oncoprotein (30, 31).
Tax inactivation of the SAC function of Mad1 appears to con-
tribute to human T-cell leukemia virus type 1 engendered adult
T-cell leukemia (32).

Previously, human Mad1 was suggested to be phosphoryla-
ted in mitosis (30). However, the consequences of Mad1 phos-
phorylation have not been characterized. Here, we demonstrate
that Madl is hyperphosphorylated when Plk1 is overexpressed
and that the kinase activity of PIkl is required for Madl to
locate to microtubule-unattached kinetochores. We identified
several intracellular phosphorylation sites in Mad1 and showed
that loss of a Thr®®*°-phosphorylated site in Mad1 converted the
protein to a dominant negative mutant.

EXPERIMENTAL PROCEDURES

Plasmids, Antibodies, and Reagents—The Plk1 kinase-dead
mutant K82M (33) was generated using the QuikChange II XL
Site-directed Mutagenesis Kit (Stratagene, La Jolla, CA)
according to the manufacturer’s protocol. The primers used are
5'-gaggtgttcgcgggcatgattgtgectaagte-3' and 5'-gacttaggcacaat-
catgcccgegaacaccte-3'. Rabbit Madl antibodies were raised
against recombinant GST-Mad1-N (amino acids 1-301) or
GST-Mad1-C (amino acids 402—718). The rabbit Mad1 anti-
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sera were first captured with protein A-agarose (Bio-Rad), and
then affinity purified using GST-Madl-N or GST-Madl-C
fusion proteins conjugated to Affi-Gel 10 (Bio-Rad). Commer-
cial reagents were obtained as follows: monoclonal anti-Plkl
antibodies were from Invitrogen and Santa Cruz Biotechnology
(Santa Cruz, CA); the human CREST antiserum was from Cor-
tex Biochem (San Leandro, CA); the rabbit anti-Mad2 antibody
was from Covance (Denver, PA); the rabbit anti-securin
(PTTG) antibody was from Invitrogen; the rabbit anti-Aurora B
and mouse anti-cyclin B1 antibodies were from Santa Cruz Bio-
technology; anti-HA and anti-FLAG antibodies were from
Sigma; monoclonal anti-BubR1 antibody was from MBL
(Woburn, MA); monoclonal anti-Mps1 antibody was from Mil-
lipore (Billerica, MA); monoclonal anti-phospho-Ser/Thr/Tyr
antibody (apSYT) was from Abcam (Cambridge, MA). Vali-
dated synthetic siRNA duplexes targeting Plk1 (Hs_Plkl_7:
5'-CGCGGGCAAGAUUGUGCCUAA-3') and Madl (5'-
CAGCGATTGTGAAGAACATGA-3" and 5'-CAGGACCA-
AAGTGCTGCACAT-3’) were from Qiagen (Valencia, CA).
Nocodazole, thymidine, and Plk1 inhibitor GW843682X were
purchased from Sigma. Purified bioactive Plk1 protein was pur-
chased from Cell Signaling Technology (Boston, MA).

Cell Culture and Transfection—HeLa cells were maintained
in Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum and supplemented with 2 mm L-glutamine and
antibiotics. Generation of stable cell lines expressing FLAG-
tagged human Mad1l (HeLa-FlagMad1) was initiated by trans-
fecting pCDNA-FlagMad1 plasmid into HeLa cells using Lipo-
fectamine (Invitrogen). 24 h after transfection, cells were
divided into 15-cm culture dishes and selected in complete
medium containing 0.7 mg/ml G418. G418-resistant colonies
were individually cloned and checked by Western blotting and
PCR. Stable cell clones were maintained in medium supple-
mented with 0.3 mg/ml G418. Transfection of siRNA duplexes
was performed using TransMessenger transfection reagent
(Qiagen) according to the manufacturer’s protocol.

Cell Synchronization—For synchronization, cells were treated
with 2.5 mm thymidine for 12 h and released from the G,/S
block into fresh medium. 12 h after release, cells were treated
with 2.5 mm thymidine again for another 12 h to obtain G,/S-
synchronized cells. G, phase cells were prepared by releasing
G, /S cells from double thymidine block for 7 h. M phase cells
were prepared by a 5-h treatment with spindle toxin (i.e. 200 nm
nocodazole) 7 h after cells were released from double-thymi-
dine block.

Co-immunoprecipitation and Western Blotting—For co-im-
munoprecipitation, cells were washed twice with phosphate-
buffered saline (PBS), harvested, and lysed with RIPA buffer (50
mM HEPES, pH 7.3, 150 mm NaCl, 2 mm EDTA, 20 mMm B-glyc-
erophosphate, 0.1 mm Na;VO,, 1 mm NaF, 0.5 mM dithiothre-
itol and protease inhibitor mixture (Roche Applied Science))
containing 0.5% Nonidet P-40 and then sheared using a
22-gauge needle. Cleared lysates were incubated with antibody-
conjugated agarose beads for 16 h at 4 °C. The agarose beads
were then washed 5 times with RIPA buffer. The co-immuno-
precipitated proteins were analyzed by SDS-PAGE/Western
blotting. For Western analyses, samples were transferred to
polyvinylidene fluoride membranes, which were blocked with
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0.2% I-Block (Tropix, Bedford, MA) in PBS and 0.1% Tween 20.
The primary antibodies were used at 1:1,000 to 1:10,000 dilu-
tions. For immunoblotting using apSYT, membranes were
blocked with 5% (w/v) bovine serum albumin in Tris-buffered
saline containing 0.1% Tween 20 (TBST). The apSYT antibody
was diluted 1:2,000 in TBST. For secondary antibodies, alkaline
phosphatase-conjugated anti-mouse or anti-rabbit (Sigma) was
used, and detection was by chemiluminescence following the
manufacturer’s protocol (Tropix, Bedford, MA).

Two-dimensional Gel Electrophoresis—Cells were washed
twice with PBS and pelleted by centrifugation. Cell pellets were
resuspended in ReadyPrep reagent 3 from Bio-Rad containing 5
M urea, 2 M thiourea, 2% CHAPS, 2% SB 3—10, 40 mm Tris, and
0.2% Bio-Lyte 3/10 ampholyte. IPG strips (11 ¢m) with pH
ranges 4 to 7 and a PROTEAN IEF Cell (Bio-Rad) were used for
isoelectric focusing. Isoelectric focusing was performed using a
two-phase protocol: (i) 250 V for 10 min, and (ii) 250-8000 V
slow ramping voltage gradient to accumulate 35,000 total volt-
hours. The focused IPG strips were equilibrated in reducing
reagent (37.5 mm Tris-HCI, pH 8.8, 6 M urea, 2% SDS, 20%
glycerol, 130 mm dithiothreitol) and alkylation reagent (37.5
mM Tris-HCI, pH 8.8, 6 M urea, 2% SDS, 20% glycerol, 135 mm
iodoacetamide) before the second SDS-PAGE dimension.

Immunofluorescence and Confocal Microscopy—Cells were
fixed in 4% paraformaldehyde for 30 min at room temperature
and permeablized with 0.1% Triton X-100 in PBS for 5 min. For
y-tubulin staining, cells were fixed with methanol for 10 min at
—20°C. To block nonspecific binding, cells were incubated
with 1% bovine serum albumin in PBS for 30 min. Antibodies
against Madl, Plkl, Mad2, HA, y-tubulin, Bubl, BubRl,
Cenp-E, or CREST were added to cells at dilutions of 1:200 to
1:2000 and incubated for 1 h at room temperature. Cells were
washed three times with PBS and then probed with fluorescent
(Alexa 488, Alexa 594, or Alexa 647)-conjugated secondary
antibodies. Cell nuclei were stained with DAPI (Invitrogen).
Cells on coverslips were mounted onto glass slides with Pro-
Long Gold antifade reagents (Invitrogen), and slides were visu-
alized using a Leica TCS-NP/SP confocal microscope.

Mass Spectrometry Analysis—Protein bands were excised and
gel slices were washed successively with ultra-pure water and
100% acetonitrile, then reduced with 50 mm dithiothreitol and
alkylated with 55 mM iodoacetamide. The material was dried in
a SpeedVac, and rehydrated in a 12.5 ng/ul trypsin, 15 ng/ul
elastase, or 5 ng/ul AspN/GluC solutions. Trypsin and AspN/
GluC digests were carried out in 50 mM ammonium bicarbon-
ate, 10% acetonitrile, pH 8.0. Elastase digests were performed
under the same conditions without acetonitrile. Peptides were
extracted 2 times with 25 ul of 50% acetonitrile, 5% formic acid
and dried in a SpeedVac. Phosphopeptide enrichment was per-
formed using the Phos-trap™ Phosphopeptide Enrichment kit
(PerkinElmer Life Sciences) following the manufacturer’s pro-
tocol. Phosphopeptides were resuspended in 20 ul of buffer A
(5% acetonitrile, 0.1% formic acid, 0.005% heptafluorobutyric
acid) and 3—- 6 ul were loaded onto a 12 cm X 0.075-mm fused
silica capillary column packed with 5 um diameter C-18 beads
(The Nest Group, Southboro, MA). Peptides were eluted by
applying a 0—80% linear gradient of buffer B (95% acetonitrile,
0.1% formic acid, 0.005% HFBA) at a flow rate of 150 wl/min
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FIGURE 1. Cell-cycle dependent phosphorylation of Mad1. A, phosphoryl-
ation of human cell endogenous Mad1 (lane 1), and Mad1 in cells transfected
with plasmid that express Mad1 wild type (WT, 1-718; lane 2) or the indicated
Mad1 mutants (amino acids 1-531, 1-584, 1-495, and 1-369; lanes 3-6).
Phosphorylated proteins were biosynthetically labeled with [*?Plorthophos-
phate. Mad1 WT and the indicated mutant proteins were immunoprecipi-
tated using a mixture of two antibodies that recognize the N and C terminus
of Mad1, respectively. The immunoprecipitates were analyzed by SDS-PAGE
followed by autoradiography. *2P-Incorporated bands of Mad1 WT and
mutants are denoted by the asterisk. B, Mad1 was immunoprecipitated froma
Hela cell line stably expressing a FLAG-Mad1 transgene using anti-FLAG-
agarose beads. The immunoprecipitates were electrophoresed and then
immunoblotted using an apSTY antibody that specifically recognizes a phos-
phorylated serine/threonine/or tyrosine residue. Immunoblotting using
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with a pre-column flow splitter resulting in a final flow rate of
~200 nl/min directly into the source. A LTQ™ Linear Ion
Trap (ThermoFinnigan, San Jose, CA) was run in an automated
collection mode with an instrument method composed of a
single segment and 5 data-dependent scan events with a full MS
scan followed by 4 MS/MS scans of the highest intensity ions.
Normalized collision energy was set at 35, activation Q was
0.250 with minimum full scan signal intensity at 1 X 10° with no
minimum MS2 intensity specified. Dynamic exclusion was
turned on utilizing a 3-min repeat count of 2 with the mass
width set at 1.0 m/z. Sequence analysis was performed with
TurboSEQUEST™ (ThermoFinnigan, San Jose, CA) or MAS-
COT (Matrix Sciences, London, United Kingdom) using the
non-redundant protein data base from the National Center for
Biotechnology Information (NCBI) web site.

RESULTS

Cell Cycle-dependent Phosphorylation of Madl—Madl was
first reported to be phosphorylated upon SAC activation in
Saccharomyces cerevisiae (6). To establish human Madl as a
phosphoprotein, we employed classical [*’P]orthophosphate
biosynthetic labeling of cultured cells followed by immunopre-
cipitation using a mixture of antibodies raised to the N and C
terminus of Madl (aMad1-N and aMad1-C). HeLa cells were
mock-transfected (Fig. 14, lane I), transfected with full-length
Madl vector, or with vectors that express the indicated Madl
deletion mutant (Fig. 1A, lanes 2-6). After biosynthetic label-
ing with [**PJorthophosphate for 24 h, Madl protein was
immunoprecipitated. Subsequent gel electrophoresis and auto-
radiography of the immunoprecipitates verified >*P-incorpora-
tion into full-length Mad1 (both the cell endogenous and the
transfected forms, Fig. 1A, lanes 1-2) and each of the trans-
fected Madl deletion mutants (Fig. 1A, lanes 3—6). These
results support the ambient phosphorylation of Madl in cul-
tured cells.

To study the kinetics of Madl phosphorylation, we con-
structed a cell line (HeLa-FlagMad1) that stably expresses an
integrated FlagMadl vector. We enriched HeLa-FlagMadl
cells in various cell cycle phases, and immunoprecipitated Flag-
Madl using monoclonal anti-FLAG-agarose beads. Madl-
phosphorylation was assessed first by Western blotting using
an antibody (apSTY) that recognizes a phosphorylated serine/
threonine/or tyrosine residue. Indeed, the apSTY antibody
visualized a phosphorylated ~85-kDa Mad1 protein in M-cells,
but did not detect phosphor-Mad1 in unsynchronized (U) cells
or cells enriched in either G, /S or G, (Fig. 1B, lanes 1-3). Inter-
estingly, the level of phosphorylated Mad1 detected by apSTY
diminished progressively the longer HeLa-FlagMad1 cells were

anti-FLAG (Flag) verified the immunoprecipitation of FLAG-Mad1. Cells were
asynchronous (U), synchronized in G,/S, G,, M (nocodazole-arrested), or were
released from nocodazole for 45 or 90 min, as indicated. Immunoblotting of
securin was used to reflect cell cycle synchronization status, and blotting for
actin was used to monitor equal sample loading. C, two-dimensional gel elec-
trophoresis followed by immunoblotting of cell endogenous Mad1 from
G,/S, G,, and M phase-enriched Hela cells. Actin was used to align the posi-
tioning of the Mad1 two-dimensional spots. Compared with G,/S- and
G,-synchronized cells, more Mad1 two-dimensional spots in M phase are
shifted toward the cathode consistent with hyperphosphorylation and low-
ered isoelectric points (pl).

AV DN

VOLUME 283-NUMBER 51+DECEMBER 19, 2008



released from nocodazole-induced mitotic arrest (Fig. 1B, lanes
4-6). These results suggest that apSTY recognizes a phospho-
rylated Mad1 specific to the M-phase.

We next characterized Madl using two-dimensional iso-
electric focusing gel electrophoresis (Fig. 1C). Mad1 proteins
were “focused” to discrete isoelectric points and were visu-
alized by Western blotting using aMad1-C serum. We com-
pared the two-dimensional profiles of Madl in interphase
(G,/S and G,) and M phase. In G,/S and G, cells, Madl
focused to 3 to 4 spots of varying intensities, consistent with
multiple phosphorylation sites as suggested by the biosyn-
thetic **P-incorporation data (Fig. 1A4). In M-cells, the iso-
electric points (pI) of Mad1l were shifted toward the cathode
(pH 4.0, Fig. 1C), a finding consistent with hyperphosphoryl-
ation. Of note, the control focusing profiles of actin in the
different samples were unchanged (Fig. 1C).

Madl Interacts with Plkl—Several mitotic kinases have been
suggested to regulate the kinetochore localization of Madl.
These kinases include Bub1, BubR1, Mpsl, and Plk1 (34 -36).
To gain insight into Mad1 phosphorylation, we asked whether
Madl interacts with the various mitotic kinase(s).

We overexpressed Plkl, BubR1, Bubl, Aurora B, or Mpsl
separately in cells with FLAG-tagged Madl and arrested the
cells in M using nocodazole. Cell lysates were then immunopre-
cipitated for Madl, and the co-precipitated proteins were ana-
lyzed. In these experiments, the Mad?2 protein was employed as
a positive control that co-immunoprecipitates with Madl.
Indeed, cell endogenous Mad2 was reproducibly seen with
FLAG-Madl in all the assays (Fig. 24, lanes 2, 4, 6, and 8, and
supplementary Fig. S1).

Our co-immunoprecipitations did reveal that Plk1, but not
BubR1, Bubl, Aurora B, or Mpsl, was associated with Mad1l
(Fig. 2A and supplementary Fig. S1). Although a previous report
had suggested that BubR1 phosphorylation in Xenopus egg
extracts required Mad1 (37), we did not observe a Mad1-BubR1
co-immunoprecipitation (Fig. 2A4, lanes 5-8). Similarly,
whereas Bubl has been reported to phosphorylate human
Madl in vitro (38) and Mps1 has been shown to phosphorylate
Madlp in budding yeast (39), neither Bubl nor Mpsl was co-
immunoprecipitated with Mad1l from our M-arrested human
cell lysates (Fig. S1). These findings support a preferential inter-
action between Mad1 and Plk1 that was not seen between Mad1
and the other mitotic kinases. However, our findings do not
exclude the possibility that under other conditions Mad1 could
interact with mitotic kinases other than P1k1.

To extend the results from the above overexpression exper-
iments, we asked next whether cell endogenous Mad1 and Plk1
would similarly interact. An association between cell endoge-
nous Mad1 and PIkl in M phase was demonstrated by immu-
noprecipitating the former using a mixture of aMadl-N and
aMad1-C antibodies (Fig. 2B). We observed that Plk1 co-pre-
cipitated with Mad1 from M phase-enriched cells (M) but not
from asynchronous (U) cells (Fig. 2B). The results indicate a cell
cycle-regulated Mad1-PIk1 interaction.

Madl is a coiled-coiled protein with a nuclear localization
signal (amino acids 381-400) and two leucine zippers, posi-
tioned at 501-522 and 557-571, respectively (40) (Fig. 2C). To
characterize the Plk1 interacting region of Madl, we overex-
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FIGURE 2. Mad1 interacts with Plk1. A, cells transfected with FLAG-Mad1
and/or Plk1 (untagged), or BubR1 (untagged) were enriched in M phase by
nocodazole treatment. Immunoprecipitations (/P) were performed using
anti-FLAG, and the immunoprecipitates were analyzed by Western blotting
using anti-FLAG, anti-Mad2, anti-Plk1, or anti-BubR1 as indicated. PIk1 and
Madz2 (top panels), but not BubR1 (bottom panels), were co-immunoprecipi-
tated with Mad1. B, cell endogenous Mad1-Plk1 interaction was examined by
co-immunoprecipitation using aMad1-N and aMad1-C antibodies. Nonspe-
cific rabbit IgG was used as control. Cells were either asynchronous (U) or
M-synchronized by nocodazole. Immunoblottings (/B) of transfected cell
lysates were performed for Plk1, Mad2, cyclin B1, actin, and securin (bottom 4
panels). Immunopreciptates of the same cell lysates were recovered using
aMad1-N and aMad1-C antibodies, and these were immunoblotted for Plk1,
Mad2, and Mad1 (top 3 panels) to show that Mad1-Plk1 interaction occurred
preferentially in M. C, co-immunoprecipitation of Plk1 with Mad1 WT or the
indicated Mad1 deletion mutants. Cells were mock transfected or transfected
with the indicated expression plasmids (see labeling at bottom). HA-tagged WT
and Mad1 deletion mutants (AN1:201-718, AN2:401-718, AC1:1-518, and AC2:
1-318; schematicillustration at top) were used. The immunoprecipitation/immu-
noblotting of the HA-tagged Mad1 proteins is shown in the bottom panel. The
middle panel shows equal amounts of transfected Plk1 in each of the cell lysates.
The top panel shows the amount of Plk1 recovered with the respective Mad1
immunoprecipitation. The relative intensities of the Plk1 band normalized to the
immunoprecipitated HA-Mad1 signals are shown numerically below the top gel
panel. Band intensities were quantified using ImageJ software.
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pressed Plk1 separately with a HA-tagged WT Mad1 or one of
several HA-tagged Mad1 deletion mutants (Fig. 2C, top sche-
matics). We performed co-immunoprecipitations from cells
transfected with these expression plasmids. The results
revealed that a Mad1 deletion mutant removed in its carboxyl
400 amino acids (i.e. Mad1AC2, amino acids 1-318) failed to
co-precipitate Plk1 (Fig. 2C), and that the Mad1AN2 mutant
(containing amino acids 401-718) also captured Plk1 poorly. By
contrast, two other Madl deletion mutants that retained the
nuclear localization signal (i.e. AN1, AC1) co-precipitated Plk1
well (Fig. 2C). Whereas other interpretations are possible, these
findings are consistent with a requirement of the central
nuclear localization signal region of Mad1 for Plk1 interaction.

Plkl1 Is Required for Madl Association with Spindle-unat-
tached Kinetochores—Madl is found at nuclear pores in inter-
phase cells and at spindle-unattached kinetochores in mitotic
cells (13). To further characterize the Mad1-PIkl interaction,
we asked whether the two proteins co-localize inside cells. Prior
to nuclear envelope breakdown, Plk1 was seen with Mad1 at the
nuclear envelope (Fig. 3A, panels 1-3); later, as the cell entered
prometaphase, both proteins were together at kinetochores
(Fig. 3A, panels 4-6). Consistent with findings from others
(13), Mad1, but not Plk1 (41), departed spindle-attached kin-
etochores as the cell moved into metaphase (Fig. 34, panels
7-9). Interestingly, some Mad1 protein persisted with Plk1 at
the spindle poles (Fig. 34, panels 1-9, indicated by arrows; the
centrosomes were verified by staining for y-tubulin; Fig. 34,
panels 10—-18). The functional significance of centrosomal
Mad1-PIkl co-localization remains to be investigated.

The Mad1 and Plkl co-immunoprecipitations and co-local-
izations prompted us to ask if the latter could affect the function
of the former. To investigate how Plkl might influence Mad1
activity, we first used siRNA to knockdown Plkl. A >90%
siRNA knockdown of Plkl was achieved (Fig. 3B), and this
depletion did not affect the level of cell endogenous Mad1 (Fig.
3B). Elsewhere, depletion of Plkl has been reported to inhibit
centrosome maturation and elicit prometaphase arrest with
monoastral spindles (42). In our Plkl knockdown cells, the
mitotic index (cells staining positive for anti-phosphorylated
histone H3 Ser'® (red, Fig. 3C)) increased from 6% in control
siRNA cells to 30% in Plk1-siRNA cells (Fig. 3C). This increase
agrees with previously described mitotic arrest observed when
cells were Plkl-depleted (42). We noted a slight apparent accu-
mulation of Madl in Plkl knockdown cells. We do not know
the reason for this small apparent increase, which may have
resulted from some indirect changes in the cell arising as a
consequence of Plkl knock down.

We next examined the subcellular localization of Madl in
Plk1 knockdown cells. Madl was found at spindle-unattached
kinetochores in control siRNA cells (Fig. 3D, panels 1-4); how-
ever, in Plk1-siRNA cells, Madl was not concentrated at the
kinetochores but was dispersed into the mitotic cytosol (Fig.
3D, panels 5-8). Similarly, the localizations of Mad2 mirrored
those of Madl in both control RNAI (Fig. 3D, panels 9—12) and
Plk1-RNAI (Fig. 3D, panels 13—16) cells. These Mad2 findings
agree with a Plk1 requirement for Mad2-kinetochore localiza-
tion as reported previously by some investigators (43, 44). By
comparison, the cellular localizations of Bubl, BubR1, and
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Cenp-E were not changed in the Plk1-siRNA cells (supplemen-
tary Fig. S2 and Refs. 35, 43, and 44). Thus in our knockdown
cells, PIk1 is selectively required for the kinetochore association
of Madl and Mad2.

Plk1 has multiple functions including mitotic entry, spindle
formation, and cytokinesis. These functions require the kinase
activity of Plk1 (33, 41, 43, 45, 46). We asked next whether the
kinase activity of PIk1 is also needed for the kinetochore asso-
ciation of Madl. To address this question, we overexpressed a
kinase-dead Plkl mutant, K82M (33), and examined Madl
localization in Plk1 K82M-transfected cells (Fig. 3E). Similar to
Plk1 siRNA-transfected cells (Fig. 3D, panels 5- 8), Plk1 K82M-
expressing cells, when compared with control cells, phenocop-
ied a >80% reduction in Mad1 staining at kinetochores (Fig. 3E,
panels 1-4). One interpretation of these results is that overex-
pressed Plkl K82M dominantly out competed the function of
cell endogenous wild type (WT) Plk1. That a kinase-dead Plk1
mutant exerts a dominant phenotype supports the importance
of the kinase activity of Plkl for regulating the kinetochore
localization of Madl.

Mechanistically, it is possible that Plkl influences Madl
phosphorylation, thereby regulating its kinetochore function.
To address the issue of phosphorylation more directly, we com-
pared the two-dimensional gel profiles of Mad1 in Plk1-siRNA
and control siRNA cells, enriched in prometaphase. As shown
in Fig. 3F, the Mad1 “spots” in Plk1-siRNA cells, versus control
siRNA cells, shifted with intensities toward the pH 7.0 isoelec-
tric point (anode). This finding indicates reduced Mad1l phos-
phorylation with the knock down of Plk1.

Visualizing the Kinetochore Localization of Madl and Mad2
in the Presence of Plk1 Inhibitor GW843682X—The literature is
controversial whether Plk1 depletion does (36, 43), or does not
(42, 47) affect the kinetochore localization of Mad2. In our
experiments above, both kinetochore staining of Mad2 and
Madl are reduced in cells depleted for Plk1 (Fig. 3D). Indeed,
the kinetochore presence in Mad2 was also lowered by overex-
pression of a kinase-dead Plk1 mutant (Fig. 3E). Because there is
general agreement that Madl is needed to recruit Mad2 to kin-
etochores (14), our finding of a Plk1 requirement for the kine-
tochore association of Madl offers an explanation for why
some investigators have reported that Plk1 reduction abrogated
the Mad2 presence at kinetochores (36, 43, 45).

It is possible that the contrasting observations of Mad2 per-
sistence at kinetochores upon PIk1 reduction (42, 47) could be
due to variable efficiencies of Plkl depletion in the different
assays (as has been suggested by others (36, 44)). Intriguingly,
two recent studies have reported that the association of Mad2
with kinetochores was unchanged when cells were treated with
small molecule PIk1 inhibitors (48, 49), suggesting the dispens-
ability of PIk1 for regulating this Mad2 activity. Due to MTA
(material transfer agreement) disagreements between our insti-
tution (NIAID, National Institutes of Health) and the pharma-
ceutical firms that own those two inhibitors, we were denied
their usage for our experiments. However, we could use
an openly available ATP-competitive inhibitor of PIk1,
GW843682X (50). GW843682X induces a transient G,-M
arrest (Ref. 50 and Fig. 44) with mitotic spindle defects pheno-
copying, in part achieved with Plk1-siRNA (Fig. 3C). We, thus,
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FIGURE 3. PlIk1 depletion reduced kinetochore localization of Mad1. A, localizations of Mad1 and PIk1 in prophase, prometaphase, and metaphase are
shown by immunofluorescent staining. DNA was stained with DAPI (blue). Plk1 co-localized with Mad1 at the nuclear envelope as the nuclear envelope
commenced breakdown (prophase; panels 1-3). The two proteins co-stained at the kinetochores and spindle poles in prometaphase (panels 4-6),and at the spindle
poles in metaphase (panels 7-9). During metaphase, Plk1, but not Mad1, remained at the kinetochores. Co-stainings of Mad1 and +-tubulin at the spindle poles
are shown in panels 10-18. The sum of z-stack images is shown. B, greater than 90% depletion of Plk1 by Plk1-siRNA was seen 24 h after siRNA transfection. C, Plk1
depletion induced mitotic arrest. Cells transfected with control or PIk1-siRNA were immunostained with anti-histone H3 phospho-Ser'® antibody (red) to visualize cells
in M. Approximately 30% of Plk1-siRNA cells in M were compared with 6% in control siRNA cells. DNA was stained with DAPI (blue). D, HeLa cells were transfected with
control siRNA or Plk1-siRNA and then immunostained for Mad1/2 (green), PIk1 (red), and centromere marker CREST (gray). DNA was stained by DAPI (blue). Note the
localization of Mad1 (panel 1) and Mad2 (panel 9) at kinetochores in control RNAi cells, and the dispersion of Mad1 (panel 5) and Mad2 (panel 13) from kinetochores in
Plk1-RNAi cells. E, HeLa cells were transfected with a kinase-dead Plk1-K82M mutant and were immunostained for Mad1 (green), PIk1 (red), and centromere marker
CREST (gray). DNA was stained by DAPI (blue). Sum of z-stack images is shown. F, two-dimensional gel electrophoreses of cell endogenous Mad1 in control RNAi
(Control-RNAI, M) or Plk1-RNAi cells treated with nocodazole (Plk1-RNAi, M). Relative intensities (compared with total) of each two-dimensional spot (as numbered)
were quantified using ImageJ software and are shown in the bar graph at right. IB,immunoblot.
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FIGURE 4. Plk1 inhibitor GW843682X reduced kinetochore association of
Mad1 and Mad2. A, light-field images of HelLa cells treated with Plk1 inhibitor
GW843682X at various concentrations for 24 h. A dose-dependent increase in
cell visually scored as being in mitosis was observed at higher concentrations
of GW843682X. B, localization of Mad1 (green) and Mad2 (red) in the presence
of GW843682X. CREST (gray) serum was used to visualize centromeres. DAPl is
in blue. Sum of z-stackimages is shown. A significant reduction in kinetochore
association of Mad1 and Mad2 was observed with 10 um GW843862X. C, an
enumeration of the mitotic indices and the frequency of Mad1/2 staining at
kinetochoresin 0, 3, 5, and 10 um GW843862X. For kinetochore staining 100
mitotic cells were analyzed in each of the treatment conditions. DIC, differen-
tial interference contrast.

examined Madl/2 localization in GW843682X-treated cells.
Indeed, cells were arrested in M phase by GW843682X in a
dose-dependent manner (Fig. 4, A and C), and GW843682X-
treated cells showed reduced kinetochore staining of Mad1 and
Mad2 (Fig. 4B). A summary of the resulting mitotic indices and
Mad1/2 kinetochore staining is presented in Fig. 4C. These
GW843682X results are consistent with the findings from Plk1-
siRNA and the Plk1 K82M mutant (Fig. 3), but they differ with
the PIk1 inhibitor results from others (48, 49). Although we do
not understand the reasons for the differences, they may be due
partly to the different cell systems employed, or they may arise
from inefficiencies of kinase inhibition and/or additional off-
target specificities that can frequently occur with small mole-
cule kinase inhibitors (51). Nevertheless, within our experi-
mental system, the three independent ways to inhibit Plkl
function (siRNA, kinase-dead dominant negative mutant, and
small molecule inhibitors) all produced similar reductions in
Mad1 and Mad2 localization at kinetochores.

Identification of Phosphorylated Residues in Madl—The col-
lective results above do indicate that Madl phosphorylation
and the kinase activity of Plk1 are important for SAC function
of Mad1l. We next wished to identify the phosphorylated resi-
dues in Mad1 and ask whether their phosphorylation is affected
by Plkl. Toward these aims, we immunoprecipitated FLAG-
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tagged Mad1 from HeLa cells transfected without or with a P1k1
expression vector. The immunoprecipitated Madl was treated
with protease, and the resulting phosphopeptides were ana-
lyzed by tandem mass spectrometry (MS/MS) (see “Experimen-
tal Procedures”). Using this approach, we completed a 90% cov-
erage (650 of 718 amino acids) of Mad1. Within the sensitivity
of this assay, the MS/MS results revealed Ser®®, Ser®®®, and
Thr”°® as Mad1 phosphor-residues in mock-transfected cells,
and Ser??, Ser®’, Ser*?%, Ser®?, Thr®®°, and Thr’°® as phospho-
rylated amino acids in Plkl-transfected cells. (The phos-
phopeptide sequences identified by MS/MS are listed in Fig. 54;
an illustrative MS/MS example spectrum that identified Thr®®°
phosphorylation is provided in supplementary Fig. S3A.) Thus
Madl is phosphorylated at multiple residues, and its phosphor-
profile is changed when PIk1 is overexpressed.

To ask if Mad1 could be a direct substrate for Plk1 in vitro, we
immunoprecipitated overexpressed HA-tagged Madl from
human cells and performed an in vitro kinase assay using com-
mercially purchased purified bioactive Plk1. Compatible with
the in vivo findings, the in vitro results are in part consistent
with the ability of P1k1 to phosphorylate Mad1 directly (supple-
mentary Fig. S3B).

Our MS/MS results agree with the previously reported Ser
phosphorylation in Mad1 (52). However, in our experiments,
phosphorylation of Ser*?® was not influenced by Plk1 overex-
pression. Alignment of the sequences surrounding Ser??, Ser®®,
and Thr®® (the three amino acids whose phosphorylation
appears to be influenced by Plkl) from different organisms
(Homo sapiens, Mus musculus, Xenopus laevis, and Drosophila
melanogaster; Fig. 5B) showed that Ser®? and Thr®®°® are well
conserved, whereas Ser?? is less so. This suggests that phospho-
rylation at some of these residues may be maintained across
different species.

To understand better the significance of Madl phosphoryl-
ation, we wondered if any of the six identified phosphor-resi-
dues in Madl might influence its kinetochore localization. To
address this question, we reasoned that if phosphorylation at
one or more of the six sites is needed for Mad1 attachment to
kinetochores, then mutation of the responsible residue(s) to an
amino acid incapable of being phosphorylated should create a
Mad1 mutant(s) that cannot associate with spindle-unattached
kinetochores. We, thus, individually mutated all 6 Mad1l phos-
phor-sites and tested the ability of each mutant to locate at
kinetochores.

Because Mad1l can homodimerize (12, 30), to avoid complex
interpretations that could emerge from a mutant Mad1 protein
dimerizing with a cell endogenous WT Madl moiety, we
treated cells first with Mad1-siRNA for 48 h prior to a second
transfection with either a Madl WT or mutant expressing plas-
mid (Fig. 5C). Madl siRNA transfection showed a 70-75%
knockdown of its target protein (Fig. 5C; however, the actual
amount knocked down in the successfully transfected cells is
probably closer to >90% because only 70% of the bulk cells were
successfully transfected by siRNA; data not shown). We then
immunostained cells transfected with siRNA for the trans-
fected Madl proteins. In interphase cells, all six transfected
Madl mutants decorated the nuclear periphery, in a manner
indistinguishable from wild type Mad1 (supplementary Fig. S4).
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FIGURE 5. Identification of phosphorylated residues in Mad1 by LC-MS/MS spectrometry. A, phosphopep-
tides identified by MS/MS from FLAG-Mad1 immunoprecipitated (/P) from cells without or with Plk1 overex-
pression. Mad1 phosphorylation at Ser*?%, Ser®®?, and Thr’°® was seen in mock transfected cells. Three addi-
tional phosphorylation sites, Ser®?, Ser®®, and Thr®8 were identified in cells overexpressing transfected PIk1.
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Ser?®, Thr®® (in boxes) and their surrounding residues in Mad1 from H. sapiens, M. musculus, X. laevis, and
D. melanogaster. C, depletion of cell endogenous Mad1 by siRNA. Two sets of Mad 1 siRNA duplex were used (as
described under “Experimental Procedures”). A ~70% knockdown in the bulk cell culture was achieved 48 h
after transfection. D, subcellular distributions of HA-tagged (green) Mad1-WT or S22A, S29A, T680A, S428A,
S699A, and T708A mutants in cells knocked down for endogenous Mad1 using siRNA. CREST serum was used

not Madl-T680A, in these Madl
knockdown cells reconstituted SAC
function as measured by an increase
in nocadozole-induced mitotic
index (Fig. 6, A and B). Thus the
T680A mutation, unlike the S22A
or S29A change, is inactivating the
SAC function for Madl. To ask fur-
ther if phosphorylation of Thr®®°
contributes to SAC, we mutated
threonine 680 to glutamate, thus
creating an amino acid change that
mimics phosphorylation. We next
tested the Mad1-T680E mutant for
function. Unlike the T680A mutant
that reduced the cells’ sensitivity
to nocodazole-induced M-arrest,
cells expressing the Madl-T680E
mutant showed the expected nocoda-
zole-induced M-arrested phenotype
(Fig. 6A, panels 18—-21). This result is
compatible with the interpretation
that phosphorylation of Thr®* is
important for the SAC activity of
Madl.

to stain centromeres (red). DNA is in blue. Sum of z-stack images is shown. /B, immunoblot.

However, in mitotic cells, visibly reduced kinetochore staining was
observed for the Madl T680A mutant (the great majority of
T680A was dispersed into the mitotic cytosol; Fig. 5D, panels
10-12). On the other hand, the S22A, S29A, S428A, and S699A
mutants, like WT Mad1, were seen at kinetochores (Fig. 5D). We
also saw reduced kinetochore association by the T708A mutant
(Fig. 5D, panels 19-21), suggesting that phosphorylation at this
residue also influences the location at kinetochores for Mad1.
The Madl T680A Mutant Is Attenuated for SAC Function—
SAC function requires Madl localization to kinetochores.
Accordingly, a Madl mutant that cannot associate with kineto-
chores is expected to be checkpoint defective. To verify this
expectation, we first knocked down cell endogenous Madl by
siRNA, and then introduced, by a second transfection 48 h later
WT Madl or mutant Madl transgenes into cells. The SAC
activity of the cells was assayed by monitoring for nocodazole-
induced mitotic arrest (Fig. 6, A and B). Cells with intact SAC
would manifest efficient arrest, whereas cells with deficient
SAC would not. By immunostaining for histone H3 phospho-
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DISCUSSION

Madl is a SAC component whose
role remains incompletely understood. Unlike other SAC pro-
teins (e.g Mpsl, Bubl, and Cdc20), which are expressed selec-
tively just prior to the onset of mitosis and then degraded rap-
idly during/after chromosome separation (54—57), human
Madl is expressed continuously throughout the cell cycle, sug-
gesting that its regulation cannot wholly be exerted via simple
synthesis and degradation. A mechanism for Mad1 regulation
may reside with changing its subcellular locations during the
cell cycle. Accordingly, in interphase, Madl is at the nuclear
pore complex, whereas in mitosis, Madl and its partner Mad2
protein move to spindle-unattached kinetochores. Currently, it
is generally agreed that Mad1 is required to convey Mad2 to
kinetochores (13, 14) and that the kinetochore localization of
Mad2 is needed for the SAC function of the cell (17). What
remains unclear are the requirements for the movement of
Mad1 to kinetochores.

Some recent studies have begun to clarify the hierarchy of
protein coalescence at kinetochores (58, 59). For example, in
cell-free Xenopus extracts, Mpsl and Bubl1 are loaded first on
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kinetochores followed by BubR1 and Plx1 (the Xenopus homo-
logue of Plk1), and then finally Madl and Mad2 (36). Our cur-
rent study adds further detail to the assembly events in human
cells by suggesting that phosphorylation of Mad1 at threo-
nine 680 and 708 may be important for the protein to engage
kinetochores. In our investigation, we also found that Mad1l
co-immunoprecipitated with Plk1, that knockdown of Plk1
in human cells abolished both Mad1l and Mad2 localization
to kinetochores, and that phosphorylation of Madl at
Thr®®, but not 708, was enhanced by Plkl overexpression.
These results suggest that Plk1 is influential of Mad1l phos-
phorylation. Nevertheless, we were puzzled that the amino
acid motif surrounding Thr®®® in Mad1 is inconsistent with a
typical Plk1 target (60 — 62), raising the possibility that P1k1-
enhanced Madl phosphorylation is either atypical or that
the phosphorylation occurs indirectly via other kinases. We
note that our two-dimensional gel results are consistent with
Mad1 being phosphorylated at multiple amino acid residues.
Currently, although our data support that the kinase activity
of PIk1 is important, they do not exclude that other kinases
also contribute to Madl phosphorylation and function. In
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this regard, we note that the kinase activity of Mps1 has been
recently reported to be important for the kinetochore local-
ization of Mad2, but not of Mad1 (63).

PIk1 function is important for normal mitotic progression.
Indeed, cells arrest in mitosis when Plk1 is depleted by siRNA or
when PIk1 function is interrupted or by kinase inhibitors (45)
(Figs. 3C and 4A). However, it has been unclear what specific
Plk1 downstream steps are responsible for the observed mitotic
arrest and whether Mad2-APC/C interaction could account for
this finding. Because congression of Madl and Mad2 to kineto-
chores is a pre-requisite for a Mad2-mediated mitotic arrest
exerted via its inhibition of the proteasomal activity of
p55CDC-APC/C (64, 65), our current results that a failure by
either Madl or Mad2 to locate to kinetochores when PIk1 is
depleted imply that the Mad1/2-APC/C (66) unlikely explains
the mitotic arrest seen upon Plk1 depletion. Thus, a P1k1 deple-
tion-triggered mitotic arrest probably does not emanate from
the Mad2-microtubule-attachment sensing pathway, but might
instead arise from the BubR1-microtubule-tension sensing
pathway (66, 67). Compatible with this interpretation are two
studies that reported that a Plk1-BubR1 interaction acted in
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tension sensing and in the stabilization of kinetochore-micro-
tubule engagement (43, 68).

Plk1 overexpression is a common finding in cancers (69).
Aberrant expression of Mad1 (21, 22), Mad2 (70, 71), and the
loss of SAC function (72, 73) are also seen in human tumors.
Our data suggest that overexpressed Plkl in tumors may fur-
ther impact SAC function through an influence on Mad1 phos-
phorylation. Indeed, the investigation of Madl phosphoryla-
tion status and its effect on SAC function in primary human
malignancies that overexpress Plk1 warrants future study.

Finally, our results when viewed with the previous finding on
Mad2 (65) suggest that Mad1 and Mad2 activities may be con-
trolled significantly through phosphorylation. However, phos-
phorylation appears to be inactivating for Mad2, but activating
for Mad1. Phosphorylation of APC/C also appears to be impor-
tant for its mitotic function (74). Indeed, additional informative
insights likely will emerge from further examination of this
post-translational mechanism in mitosis.
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