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M phase induction in eukaryotic cell cycles is associated with a burst of protein phosphorylation, primarily at serine or
threonine followed by proline (S/TP motif). The mitotic phosphoprotein antibody MPM-2 recognizes a significant subset
of mitotically phosphorylated S/TP motifs; however, the required surrounding sequences of and the key kinases that
phosphorylate these S/TP motifs remain to be determined. By mapping the mitotic MPM-2 epitopes in Xenopus Cdc25C
and characterizing the mitotic MPM-2 epitope kinases in Xenopus oocytes and egg extracts, we have determined that
phosphorylation of TP motifs that are surrounded by hydrophobic residues at both —1 and +1 positions plays a dominant
role in M phase-associated burst of MPM-2 reactivity. Although mitotic Cdk and MAPK may phosphorylate subsets of
these motifs that have a basic residue at the +2 position and a proline residue at the —2 position, respectively, the majority
of these motifs that are preferentially phosphorylated in mitosis do not have these features. The M phase-associated burst
of MPM-2 reactivity can be induced in Xenopus oocytes and egg extracts in the absence of MAPK or Cdc2 activity. These
findings indicate that the M phase-associated burst of MPM-2 reactivity represents a novel type of protein phosphory-

lation in mitotic regulation.

INTRODUCTION

Induction of mitosis and meiosis in the eukaryotic cell cycle
is tightly associated with a burst of protein phosphorylation.
Among mitotic phosphoproteins, a large subset is recog-
nized by the mitotic phosphoprotein mAb 2 (MPM-2), which
preferentially stains mitotic cells across species (Davis ef al.,
1983; Davis and Rao, 1987). Because an mAb presumably
recognizes one specific epitope, the M phase-associated
burst of MPM-2 reactivity implies that a master protein
kinase(s) phosphorylates a widely shared sequence motif
during M phase induction. Because MPM-2-reactive pro-
teins include multiple mitotic regulators and structural pro-
teins in mitotic apparatus (Taagepera et al., 1993; Kuang et
al., 1994; King et al., 1995; Mueller et al., 1995; Stukenberg et
al., 1997; Wells et al., 1999; Tomashevski et al., 2001), phos-
phorylation of the MPM-2 epitope (sequence motif that be-
comes recognized by MPM-2 upon phosphorylation) is
likely to be a critical event in M phase induction. However,
despite a wide use of MPM-2 as a mitotic marker, the chem-
ical basis of and responsible kinases for the M phase-asso-
ciated burst of MPM-2 reactivity remain obscure.

Two systematic approaches have been utilized to deduce
the MPM-2 epitope consensus sequence. Westendorf et al.
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(1994) phosphorylated a 15-aa peptide library displayed on
phage particles with fractions of mitotic HeLa cell lysates
enriched in histone H1 kinase activity (indicative of Cdc2
kinase activity) and identified the phosphopeptides that
were immunoprecipitated by MPM-2. From 56 independent
isolations, 16 peptide sequences were identified, and each of
them contained one or two serine or threonine residues
followed by proline (S/TP) motifs. When the surrounding
sequences were analyzed, all of them appeared to be in a
string of five amino acids, and the sequence reflecting the
most frequent amino acid at each position was LTPLK,
meeting the Cdc2 phosphorylation consensus sequence S/T-
P-X-K/R (Langan et al., 1979; Nigg, 1991, 1993; Songyang et
al., 1994; Holmes and Solomon, 1996). However, the actual
MPM-2-reactive S/T-P-containing motifs in these peptides
were not mapped and characterized. In the identified MPM-
2-reactive proteins MPP1 and MPP2, most of the potential
MPM-2 epitope sequences were significantly different from
LTPLK. Moreover, phosphorylated peptide FTPLQ showed
a significantly higher affinity for MPM-2 than phosphory-
lated peptide LTPLK, suggesting that a basic residue at the
+2 position was selected by Cdc2 being the kinase rather
than by MPM-2 recognition. Thus the only concrete conclu-
sion from this pioneer work is that MPM-2 recognizes a
subset of phosphorylated S/T-P motifs that contains at least
four residues. To further define this subset of phosphory-
lated S/T-P motifs, Yaffe et al. (1997) screened degenerate
peptide libraries that centered on phosphorylated S or SP by
MPM-2 immunoprecipitation. Their results showed that
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MPM-2 preferentially recognizes phosphorylated SP motif that
is surrounded by aromatic or hydrophobic residues at the —1,
—2,and —3 and the +1 positions, supporting the concept that
MPM-2 recognizes a subset of phosphorylated S/T-P motifs.
However, whether this longer consensus sequence is required
for or maximizes the ability of SP phosphorylation to generate
MPM-2 reactivity was not determined. Neither was the de-
duced sequence verified in MPM-2-reactive proteins.

Cdc2/cyclin B is a master proline-directed protein kinase
that phosphorylates one or multiple S/TP motifs in a large
number of proteins involved in mitosis and meiosis (Holmes
and Solomon, 1996; Ubersax et al., 2003; Loog and Morgan,
2005; Miller et al., 2008; Holt et al., 2009; Errico et al., 2010),
making it possible that Cdc2-catalyzed phosphorylation is
one of the major reasons for the M phase—-associated burst of
MPM-2 reactivity. Consistent with this possibility, in vitro
phosphorylations of MPP1, MP68, MP110, MP48, Sox3,
Xbrl, MP30, and Oct91 by Cdc2 kinase generated MPM-2
reactivity (Westendorf et al., 1994; Stukenberg et al., 1997).
ERK-MAP kinases (MAPK) also phosphorylate S/TP motifs
in a large family of substrates (Alvarez et al., 1991; Clark-
Lewis et al., 1991; Gonzalez et al., 1991). Although ERK
activations are not M phase specific, phosphorylation of
human Cdc25C (hCdc25C) by ERKs has been demonstrated
to be M phase specific in somatic cells (Wang et al., 2007).
Thus, MAPK-catalyzed phosphorylation of S/TP motifs
may also contribute to the M phase-associated burst of
MPM-2 reactivity. Nevertheless, whether Cdc2/cyclin B
and/or MAPK indeed play major roles in the M phase-
associated burst of MPM-2 reactivity has not been deter-
mined.

Recent profiling of mitotic phosphorylation events in hu-
man cell lines by comprehensive and quantitative mass
spectrometry identified >1000 proteins with increased phos-
phorylations in mitosis, and the data clearly demonstrate
that the majority of M phase—specific phosphorylations oc-
cur at S/TP motifs (Dephoure et al., 2008; Malik et al., 2009;
Olsen et al., 2010). Because Cdc2 kinase is the only proline-
directed kinase identified that is specifically activated dur-
ing M phase induction, the M phase-specific phosphoryla-
tion of S/TP motifs has been generally attributed to Cdc2
kinase activity. Since MPM-2 recognizes a significant portion
of mitotically phosphorylated S/TP motifs, characterization
of the mitotic MPM-2 epitopes and responsible kinases may
provide insights on whether MAPK or other kinases also
play important parts in the mitotic phosphorylation of S/TP
motifs. In this study, we mapped the mitotic MPM-2 epitopes
in Xenopus Cdc25C (xCdc25C) and determined the role of
MAPK and Cdc2 kinase in the phosphorylation of the MPM-2
epitopes in xCdc25C and other MPM-2-reactive proteins in
Xenopus oocytes and egg extracts. Our results provide strong
evidence that phosphorylation of TP motifs that are sur-
rounded by hydrophobic residues at both —1 and +1 positions
plays a dominant role in the M phase-associated burst of
MPM-2 reactivity and that neither Cdc2/cyclin B nor MAPK is
the major kinase that produces the M phase-associated burst of
MPM-2 reactivity.

MATERIALS AND METHODS

Preparation of M Phase— and Interphase-arrested
Xenopus Egg Extracts

M phase-stabilizing egg extraction buffer (EB) consists of 80 mM B-glycero-
phosphate, 20 mM EGTA, and 15 mM MgCl, pH 7.4 (Wu and Gerhart, 1980).
M phase/interphase neutral egg extraction buffer (XB) consists of 100 mM
KCl, 0.1 mM CaCl,, 1 mM MgCl,, 10 mM HEPES, and 50 mM sucrose, pH 7.7
(Murray and Kirschner, 1989). M phase-arrested Xenopus egg extracts (MEE)
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were prepared in EB supplemented with 20 mM NaF, 5 mM DTT, 1 mM
ATP-y-S (Roche, Indianapolis, IN), 1 uM okadaic acid (OA; Calbiochem,
LaJolla, CA), and 10 ug/ml each of leupeptin, chymostatin, and pepstatin
(Roche; Kuang and Ashorn, 1993; Wang et al., 2007). Interphase-arrested
Xenopus egg extracts depleted mitotic cyclins (IE) were prepared by treating
cytostatic factor (CSF)-arrested Xenopus egg extracts prepared in XB with 0.4
mM CaCl, and 100 pg/ml cycloheximide (Solomon et al., 1990; Kuang et al.,
1994). IE was diluted with an equal volume of EB or XB and incubated at
room temperature with 1 uM OA or 3 uM microcystin (MC; Sigma, St. Louis,
MO).

Immunoblotting and Kinase Assays

MPM-2 ascites was produced in our previous studies (Kuang et al., 1989;
Kuang et al., 1994). Polyclonal antibodies used to immunoblot xCdc25C were
either a generous gift from Dr. William G. Dunphy (California Institute of
Technology) (Kumagai and Dunphy, 1992) or generated in our previous
studies (Wang et al., 2007). mAb used to immunoblot Cdc2 and polyclonal
antibodies used to immunoblot p42 MAPK were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Polyclonal antibodies used to immunoblot
phosphorylated/activated p42-MAPK and Y15-phosphorylated/inactivated
Cdc2 were obtained from Cell Signaling (Beverly, MA). Proteins were sepa-
rated by 12.5% SDS-PAGE and immunoblotted with primary antibodies and
horseradish peroxidase-conjugated secondary antibodies (GE Healthcare,
Piscataway, NJ) and developed with enhanced chemiluminescence (ECL)
Western blotting detecting reagents (GE Healthcare). Histone H1 and myelin
basic protein (MBP) kinase activities were assayed by 32P incorporation as
previously described (Kuang and Ashorn, 1993; Wang et al., 2007).

Production and Phosphorylation of Cdc25 Recombinant
Proteins

The pGEX4T3-based expression plasmids for glutathione S-transferase (GST)-
tagged 9-550 (xCdc25C), 9-205 (N), 205-550 (C), 9-129 (F1), 128-213 (F2), and
251-353 (F3) fragments of xCdc25C, T48V-F1, and hCdc25C were described
previously (Wang et al., 2007). The pGEX4T3-based expression plasmids for
GST-tagged P46A-F1, L47R-F1, T48S-F1, T48D-F1, T485T67V-F1, T48ST112V-
F1, and T48DT112V were generated by site-directed mutagenesis of the
expression construct for GST-F1 using ExSite PCR-based site-directed mu-
tagenesis kit (Stratagene, LaJolla, CA). All GST-tagged proteins were ex-
pressed in Escherichia coli BL-21 strain and affinity-absorbed onto glutathione
Sepharose (GE Healthcare; Wang et al., 2007). The immobilized proteins were
used as substrates in phosphorylation reactions. Activated recombinant
MAPK and semirecombinant Cdc2/cyclin B were prepared as previously
described (Wang et al., 2007).

Phosphorylation buffer was EB freshly supplemented with 20 mM Tris-
HCI, pH 7.4, 1 mM ATP, 0.5 uM OA, and 5 mM DTT. Kinase samples were
diluted with phosphorylation buffer to desired concentrations, and supple-
mented with 60 uM roscovitine (LC Laboratories, Woburn, MA) or 300 nM
RO-3306 (Calbiochem) whenever indicated. Diluted kinase samples of 50 ul
were incubated with 1 ug/5 ul immobilized recombinant proteins at room
temperature for indicated lengths of time. Phosphorylation reactions were
stopped by adding 100 ul of ice-cold phosphorylation buffer without OA, and
immobilized substrates were washed three times with the same buffer. Bound
proteins were eluted by heating washed beads in 30 ul of SDS-PAGE sample
buffer at 90°C for 10 min and immunoblotted with MPM-2.

Microinjection and Maturation of Xenopus Oocytes
Isolation, microinjection, maturation, UO126/UQ0124 treatment, and extrac-
tion of Xenopus oocytes were performed as previously described (Che et al.,
1999; Wang et al., 2007). The pCS2+MT-based expression constructs for
myc-tagged xCdc25C, T48V-xCdc25C, and CA-MEK were generated in our
previous studies (Wang et al., 2007). The pCS2+MT-based expression con-
struct for myc-tagged T48D-xCdc25C was generated from the expression
construct for myc-xCdc25C with ExSite PCR-based site-directed mutagenesis
kit (Stratagene). The pCS2+MT-based expression construct for myc-tagged
sea urchin cyclin B A-90 (Murray et al., 1989) was constructed by subcloning
the cDNA fragment encoding the sea urchin cyclin B A-90 into pCS2+MT
vector. In vitro transcription of RNA and RNA purification were performed
using mMESSAGE mMACHINE High Yield Capped RNA Transcription kit
(Ambion, Austin, TX).

RESULTS

The MAPK Phosphorylation Site T48 Resides in a Strong
MPM-2 Epitope

Our previous studies demonstrated that xCdc25C under-
goes a phosphorylation-dependent dramatic gel mobility
shift and becomes recognized by MPM-2 during progester-
one-induced meiotic maturation of Xenopus oocytes and cy-
clin B-induced activation of Cdc2 in interphase-arrested
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Figure 1. The MAPK phosphorylation site T48 resides in a strong
MPM-2 epitope. (A) Diagrams of GST-tagged xCdc25C fragments
used as substrates in phosphorylation. (B) GST-tagged N and C
fragments of xCdc25C were simultaneously phosphorylated with
1:5-diluted MEE for 30 min, washed, gel-separated, and immuno-
blotted with MPM-2. Total proteins were stained by Ponceau S. (C)
GST-tagged F1, F2, and F3 fragments of xCdc25C were treated as
described for B. (D) The wild type (WT) and the T48V mutant form
of GST-F1 were phosphorylated with activated recombinant MAPK
in the presence of [y-*?P]ATP, and washed substrates were gel-
separated and then subjected to autoradiography or immunoblotted
with MPM-2 and anti-GST antibodies. (E) The activated recombi-
nant MAPK and semirecombinant Cdc2/cyclin B were adjusted to
similar levels of MBP-phosphorylating activity as determined by 3*P
incorporation. (F) The wild type (WT) and the T48V mutant form of
GST-xCdc25C were phosphorylated with activated recombinant
MAPK and semirecombinant Cdc2/cyclin B used in E in the pres-
ence of [y-*?P]ATP, and washed substrates were gel-separated and
the subjected to autoradiography or immunoblotted with MPM-2.

Xenopus egg extracts (Kuang et al., 1994; Wang et al., 2007).
Both the gel mobility shift and generation of the MPM-2
reactivity can be recapitulated by incubation of GST-tagged
xCdc25C (GST-xCdc25C) with MEE (Che et al., 1998).
Among the M phase—specific proline-directed phosphoryla-
tion sites in xCdc25C, T48, and S205 are specifically phos-
phorylated by MAPK; 5285 and T308 are specifically phos-
phorylated by Cdc2/cyclin B, and T138 is phosphorylated
by both MAPK and Cdc2/cyclin B (Wang et al., 2007). These
previous studies make xCdc25C an excellent platform mol-
ecule to characterize the mitotic MPM-2 epitopes and re-
sponsible kinases.

To identify the mitotic MPM-2 epitopes in xCdc25C, we
first phosphorylated different GST-tagged fragments of
xCdc25C illustrated in Figure 1A with 1:5-diluted MEE for
30 min and immunoblotted the products with MPM-2. Strik-
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ingly, phosphorylation of the 9-205 (N) fragment of xCdc25C
generated strong MPM-2 reactivity, whereas a parallel treat-
ment of the 205-550 (C) fragment of xCdc25C generated no
detectable MPM-2 reactivity (Figure 1B). When GST-tagged
F1 (9-129), F2 (128-213), and F3 (251-353) fragments of
xCdc25C were phosphorylated, F1 became readily detect-
able by MPM-2 at 5-s exposure, whereas F2 and F3 showed
weak or no MPM-2 reactivity even at 5-min exposure (Figure
1C). Because F1 only contains the MAPK site T48, these results
indicate that only this phosphorylation site may reside in an
MPM-2 epitope. To test this possibility, we phosphorylated the
wild type and the T48V mutant form of GST-F1 with acti-
vated recombinant MAPK and immunoblotted the products
with MPM-2. Although phosphorylation of the wild-type
protein generated robust MPM-2 reactivity, the residual
phosphorylation of the mutant protein, which mostly oc-
curred at T67 (data not shown), did not generate MPM-2
reactivity (Figure 1D). We also phosphorylated the wild type
and the T48V mutant form of GST-xCdc25C with activated
MAPK or Cdc2/cyclin B and immunoblotted the products
with MPM-2. We should note that MAPK activity was ad-
justed to be two-fold higher than that in 1:5-diluted MEE
(data not shown) and that the Cdc2/cyclin B activity was
adjusted to match the MAPK activity toward the MAPK
preferred substrate MBP (Figure 1E). Because Cdc2/cyclin B
is known to phosphorylate MBP less efficiently than MAPK,
Cdc2/cyclin B was used at a higher molar concentration
than MAPK in this experiment. As shown in Figure 1F, the
two enzymes phosphorylated the wild type and the mutant
GST-xCdc25C to similar extents by S2P incorporation;
however, only MAPK-catalyzed phosphorylation of the
wild-type GST-xCdc25C generated MPM-2 reactivity. These
results demonstrate that of the five identified Cdc2/MAPK
phosphorylation sites in xCdc25C, only the MAPK phos-
phorylation site T48 resides in an MPM-2 epitope.

A Phosphorylated TP Motif That Is Surrounded by
Hydrophobic Residues at Both —1 and +1 Positions
Generates Strong MPM-2 Reactivity

Compared with the other four MAPK/Cdc2 phosphoryla-
tion sites in xXCdc25C, the T48-containing sequence ,,PLT-
PVTjy, is unique in that 1) the proline-directed phosphory-
lation site is surrounded by hydrophobic residues at both
—1and +1 positions; and 2) the residue at the —2 position of
the S/T-P motif is proline (Figure S1A). To determine
whether the first feature is critical for the T48 phosphoryla-
tion to generate MPM-2 reactivity, we individually mutated
L47 at the —1 position to R, V50 at the +1 position to K, and
T51 at the +2 position to K (as a negative control) and
phosphorylated the wild type and the mutant GST-F1 with
activated recombinant MAPK. None of the mutations af-
fected the phosphorylation of GST-F1 by MAPK, as deter-
mined by 32P incorporation (Figure 2A). However, when the
products were immunoblotted with MPM-2, the L47R mu-
tation eliminated the MPM-2 reactivity (Figure 2B), and the
V50K mutation dramatically reduced the MPM-2 reactivity
(Figure 2C). In contrast, the T51K mutation did not have
inhibitory effects on the MPM-2 reactivity (Figure 2D). These
results demonstrate that having a hydrophobic residue at
the —1 position is required for the T48 phosphorylation to
generate detectable MPM-2 reactivity and that having a
hydrophobic residue at both —1 and +1 positions is re-
quired for the T48 phosphorylation to generate strong
MPM-2 reactivity. Consistent with this conclusion, MAPK-
mediated phosphorylation of T48 in hCdc25C, which natu-
rally has R at the —1 position (**PRTPVG®') did not generate
detectable MPM-2 reactivity (Figure S1B).

Molecular Biology of the Cell
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Previous studies by others suggested that a proline at the
—2 position enhances MAPK-catalyzed phosphorylation of
certain S/T-P motifs (Sanghera et al., 1990; Alvarez et al.,
1991; Clark-Lewis et al., 1991). To determine whether proline
at the —2 position is also important for the T48 phosphory-
lation to generate strong MPM-2 reactivity, we mutated P46
in F1 to A46 and phosphorylated the wild type and the
mutant GST-F1 with activated recombinant MAPK. The
P46A mutation greatly reduced the MAPK-catalyzed phos-
phorylation of F1 (Figure 2E), consistent with the previous
results. However, the low levels of MAPK-phosphorylated
F1 were detectable by MPM-2 (Figure 2F), indicating that
having a proline at the —2 position is not important for
MPM-2 recognition.

Although MPM-2 is thought to recognize a subset(s) of
phosphorylated S/T-P motifs, only phospho-threonine was
detected in the MPM-2 immunoprecipitates from mitotic
HeLa cells lysates (Zhao et al., 1989), suggesting that TP
phosphorylation is more efficient than SP phosphorylation
in generating MPM-2 reactivity. To test this possibility, we
mutated T48 to 548 and phosphorylated the wild type and
the T48S mutant form of GST-F1 with activated recombinant
MAPK. Although the T48S mutation did not affect the ability
of MAPK to cause a slight gel mobility shift of GST-F1,
it dramatically reduced the phosphorylation-generated
MPM-2 reactivity (Figure 2G). When MAPK-catalyzed phos-
phorylation of the wild type and the T485-T67V or the T48D
mutant form of GST-F1 was determined by 2P incorpora-
tion, the phosphorylation efficiency of the double mutant
protein was only slightly lower than that of the wild-type
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GST-F1 but much higher than that of the T48D mutant
GST-F1 (Figure 2H), indicating that MAPK phosphorylates
T48 and S48 with similar efficiencies. These results demon-
strate that having T as the phospho-acceptor site is an im-
portant determinant for the T48 phosphorylation to generate
strong MPM-2 reactivity.

In summary, our characterization of the T48-containing
MPM-2 epitope indicates that a phosphorylated TP motif
that is surrounded by hydrophobic residues at both —1 and
+1 positions generates strong MPM-2 reactivity.

The T48-containing MPM-2 Epitope LTPV Represents a
Common Mitotic MPM-2 Epitope

To determine whether the T48-containing MPM-2 epitope
LTPV represents a common mitotic MPM-2 epitope, we first
analyzed mitotically phosphorylated TP motifs in a recently
published database (Dephoure et al., 2008) and determined
the frequency of the LTPV-like motifs. Among 230 mitoti-
cally phosphorylated TP motifs in the A-F categories, 24 had
hydrophobic residues at both —1 and +1 positions (Table
S1A), reaching >10% frequency. We then analyzed the
MPM-2-reactive peptides previously identified from the
phage peptide display library phosphorylated by Cdc2 ki-
nase—enriched fractions of mitotic cell lysates (Westendorf et
al., 1994). Among the 13 high-affinity MPM-2-reactive pep-
tides isolated at 0.1 nM MPM-2, 11 peptides contain a TP
motif surrounded by hydrophobic residues at both —1 and
+1 positions (Table S2), reaching 85% frequency. The re-
maining two peptides contained the SP motifs IFSPP and
IFSPL, and both have an aromatic hydrophobic residue at
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—1 position and hydrophobic residues at the —2 and +1
positions, meeting the previously determined SP-containing
consensus sequence that generates MPM-2 reactivity (Yaffe et
al., 1997). Together, these results demonstrate that LTPV rep-
resents a common high-affinity mitotic MPM-2 epitope. Strik-
ingly, 10 of the 11 LTPV-like motifs in Table S2 have a basic
residue at the +2 position of the TP motif, which is the most
influential determinant for Cdc2-catalyzed phosphorylation
(Holmes and Solomon, 1996). Such a strong preference
indicates that Cdc2/cyclin B specifically phosphorylates
the subset of LTPV-like motifs that have a basic residue at
the +2 position.

The Novel Phosphorylation site T112 Also Resides in an
MPM-2 Epitope

Because phosphorylation of GST-xCdc25C by both MAPK
and Cdc2 is insufficient to reconstitute the dramatic gel
mobility shift and full activation of GST-xCdc25C induced
by MEE (unpublished data), full phosphorylation and acti-
vation of xCdc25C during M phase induction may involve
phosphorylation at additional sites, and some of the addi-
tional phosphorylations may also generate MPM-2 reactiv-
ity. To explore this possibility, we first mutated T48 in F1 to
D48 and determined that this phospho-mimetic mutation
did not mimic the MAPK-catalyzed phosphorylation of T48
to generate MPM-2 reactivity (Figure 3A). We then ectopi-
cally expressed the wild type and the T48V or T48D mutant
form of myc-xCdc25C in Xenopus oocytes and immunopre-
cipitated mature oocyte extracts with MPM-2 or anti-myc
antibodies. MPM-2 immunoprecipitation followed by myc
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immunoblotting showed that neither the T48V nor the T48D
mutation abolished the immunoprecipitation of myc-xCdc25C
by MPM-2 (Figure 3B). The T48V mutation reduced the
MPM-2 bound myc-xCdc25C to ~20% of the wild-type level,
predicting that xCdc25C in mature Xenopus oocytes is phos-
phorylated at additional S/TP motifs besides the five de-
fined Cdc2/MAPK phosphorylation sites and that at least
one of the additional phosphorylation sites resides in an
MPM-2 epitope. In contrast to the T48V mutation, the phos-
pho-mimetic T48D mutation increased the MPM-2 bound
myc-xCdc25C by two- to three-fold, indicating that the
phosphorylation of the additional MPM-2 epitope may be
facilitated by the T48 phosphorylation.

To locate the additional MPM-2 epitope(s) in xCdc25C, we
phosphorylated the wild type and the T48S mutant form of
GST-F1 in parallel with GST-F2 and GST-F3 with 1:5-diluted
MEE for up to 2 h and immunoblotted the products with
MPM-2. As shown in Figure 3C, MPM-2 recognized a
slightly shifted band at 15 and 30 min (presumably phos-
phorylated at T48) and dramatically shifted bands at 80 and
120 min in the wild-type GST-F1. The T48S mutant form of
GST-F1 showed dramatically reduced MPM-2 reactivity in
the slightly shifted band at early time points as expected but
showed comparable MPM-2 reactivity in the dramatically
shifted bands at 80 and 120 min. Figure 3D shows that F2
and F3 neither became reactive to MPM-2 nor underwent gel
mobility shifts at the end of the phosphorylation. These
results indicate that F1 contains at least one additional
MPM-2 epitope that is phosphorylated after MAPK-cata-
lyzed phosphorylation of T48.
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To identify the additional MPM-2 epitope in F1, we ana-
lyzed the F1 protein sequence for an additional TP-contain-
ing motif that might be a strong MPM-2 epitope. Although
both T67 and T112 are followed by proline, neither is sur-
rounded by hydrophobic residues at both —1 and +1 posi-
tions. However, the T112-containing sequence ""°LFTPD'14
contains F at the —1 position and an additional hydrophobic
residue at the —2 position (Figure 3E), similar to the two
SP-containing high-affinity MPM-2 epitopes in Table S2. Be-
cause previous studies demonstrated that phosphorylated
FTPLQ has higher affinity than phosphorylated LTPLK for
MPM-2 (Westendorf et al., 1994) and that aromatic or hydro-
phobic residues at —1, —2, and —3 positions of phosphory-
lated SP all favor MPM-2 reactivity (Yaffe et al., 1997), it is
conceivable that these enhancing features compensate for
the lack of a hydrophobic residue at the +1 position, allow-
ing the T112 phosphorylation to generate strong MPM-2
reactivity. To test this possibility, we produced the T67V and
the T112V mutant forms of T48S-F1 and examined their
abilities to become MPM-2 reactive upon 2-h phosphoryla-
tion with 1:5-diluted MEE. As shown in Figure 3F, the T67V
mutation reduced the gel mobility shift but did not eliminate
the MPM-2 reactivity of T48S-F1. In contrast, the T112V
mutation eliminated the MPM-2 reactivity but not the gel
mobility shift of T485-F1. These results demonstrate that
T112 resides in the additional MPM-2 epitope. To determine
whether the T112-containing MPM-2 epitope LFTP repre-
sents a common mitotic MPM-2 epitope, we determined the
frequency of LFTP-like motifs in Table S1A. In contrast to
LTPV-like motifs, no LFTP-like motifs are found in this
dataset, indicating that LFTP represents one of the rare
MPM-2 epitopes.

The robust phosphorylation of T112 by MEE predicts that
T112 is phosphorylated in mature Xenopus oocytes. To test
this prediction, we ectopically expressed the wild type and
the T112V or T112D mutant form of myc-tagged D48-F1
(myc-D48-F1) in Xenopus oocytes and immunoprecipitated
extracts of progesterone-matured oocytes with MPM-2.
Immunoblotting of the immunocomplexes with anti-myc
antibodies showed that both the T112V and T112D muta-
tions dramatically reduced the ability of myc-D48-F1 to be
immunoprecipitated by MPM-2 (Figure S2A), indicating
that the T112-containing MPM-2 epitope is phosphorylated
in mature oocytes. We also ectopically expressed the wild
type and the T112V mutant form of myc-xCdc25C in Xeno-
pus oocytes at suboptimal levels and compared their abilities
to induce Xenopus oocyte maturation. At the same low ex-
pression levels, the wild-type myc-xCdc25C induced ~20%
of oocyte maturation at 5.5 h, whereas the T112V mutant
form of myc-xCdc25C only induced ~10% of oocyte matu-
ration. Doubling the expression level of the mutant protein
reduced the difference (Figure S2B). These results indicate
that the T112 phosphorylation has positive effects on
xCdc25C activation.

Phosphorylation of the T112-containing MPM-2 Epitope
Is Facilitated by the Prior Phosphorylation at T48

The significant delay of the T112 phosphorylation compared
with the T48 phosphorylation predicts that the efficient T112
phosphorylation involves a preparation process. To charac-
terize this process, we first tested the hypothesis that the
prior phosphorylation at T48 facilitates the T112 phosphor-
ylation. For this objective, we phosphorylated the wild type
and the T48V mutant form of GST-F1 with 1:5-dilued MEE
and immunoblotted the products with MPM-2. As shown in
Figure 4A, the phospho-defective T48V mutation not only
eliminated the MPM-2 reactivity at early time points but also
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dramatically reduced the dramatically shifted MPM-2-reac-
tive bands at later time points. However, when we per-
formed a similar experiment with the T48S and T48D mu-
tant forms of GST-F1, the phospho-mimetic T48D mutation
only moderately delayed the appearance of the shifted
MPM-2-reactive bands (Figure 4B). Moreover, when we si-
multaneously phosphorylated the T48D, T48S, T48V, and
T48D-T112V mutant forms of GST-F1 with undiluted MEE,
the phospho-defective T48V mutation greatly reduced the
MPM-2 reactivity, whereas the phospho-mimetic T48D mu-
tation had little effect on the MPM-2 reactivity. The T48D-
T112V double mutations completely eliminated the MPM-2
reactivity as expected (Figure 4C). Together, these results
demonstrate that the prior phosphorylation at T48 facilitates
the T112 phosphorylation and that the phospho-mimetic
T48D mutation partially mimics the T48 phosphorylation in
this capacity.

The T112 Phosphorylation Involves an Additional
Preparation Step

To determine whether the T48 phosphorylation is the only
reason for the delayed nature of the T112 phosphorylation,
we phosphorylated the T48S mutant form of GST-F1 that is
with or without prior phosphorylation by recombinant
MAPK (Figure S3A) and examined the kinetics of the ap-
pearance of the MPM-2-reactive bands. As shown in Figure
4D, the prior phosphorylation by MAPK did not accelerate
the appearance of MPM-2-reactive bands, indicating that
the T112 phosphorylation involves an additional prepara-
tion step(s). To ascertain whether the additional preparation
step for the T112 phosphorylation is likely to involve one or
multiple factors, we first examined the relationship between
MEE concentration and the T112 phosphorylation. If the
additional preparation step involves only one factor, the
MEE concentration should correlate with the T112 phos-
phorylation without significantly affecting the lag period.
However, when the T48D mutant form of GST-F1 was phos-
phorylated with undiluted, 1:2-diluted, or 1:4-diluted MEE,
increasing the MEE concentration from 25 to 50% strength
reduced the lag period by fourfold and increased the T112
phosphorylation by more than fourfold (Figure 4E). When
the wild type and the T48S mutant form of GST-F1 were
phosphorylated with 1:10-, 1:20-, and 1:40-diluted MEE, only
1:10-diluted MEE generated readily detectable levels of dra-
matically shifted MPM-2-reactive bands. In contrast, MEE at
all three dilutions generated strong MPM-2 reactivity in the
slightly shifted band in the wild-type GST-F1, indicative of
the T48 phosphorylation by MAPK (Figure S3B). These re-
sults demonstrate that phosphorylation of the T112-contain-
ing MPM-2 epitope has a nonlinear relationship with MEE
concentration. Next, we fractionated MEE and followed the
T112 phosphorylating activity that makes T48D-F1 MPM-2
reactive. If the additional preparation step for the T112
phosphorylation involves multiple factors, fractionation of
MEE is likely to result in great or complete loss of the T112
phosphorylating activity. As shown in Figure S3D, only 25%
of the start activity was recovered from Superose 6 gel
filtration of the 40% ammonium sulfate precipitates of MEE.
Further fractionation of the pooled positive fractions by
Q-Sepharose chromatography resulted in a near complete
loss of the T112 phosphorylating activity (data not shown).
Together, these results support the hypothesis that the ad-
ditional preparation step for the T112 phosphorylation in-
volves multiple factors in MEE.
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Figure 4. Phosphorylation of the T112-containing MPM-2 epitope is facilitated by the prior phosphorylation at T48. (A) The wild type (WT)
and the T48V mutant form of GST-F1 were phosphorylated with 1:5-diluted MEE for indicated minutes, and washed substrates were
gel-separated and immunoblotted with MPM-2 after protein staining with Ponceau S. (B) The T48S and the T48D mutant forms of GST-F1
were treated as described for A. (C) Indicated mutant forms of GST-F1 were phosphorylated with undiluted MEE for indicated minutes, and
washed and gel-separated substrates were immunoblotted with MPM-2 after protein staining with Ponceau S. (D) The T48S mutant form of
GST-F1 was first phosphorylated with recombinant MAPK or mock-treated, and then phosphorylated with 1:4-diluted MEE for indicated
minutes. The washed and gel-separated substrates were immunoblotted with MPM-2 after protein staining with Ponceau S. (E) The T48D
mutant form of GST-F1 was phosphorylated with indicated dilutions of MEE for indicated minutes, and washed substrates were gel-

separated and immunoblotted with MPM-2 after protein staining with Ponceau S.

Neither MAPK Nor Cdc2 Is Responsible for the
Phosphorylation of the T112-containing MPM-2 Epitope

Because the T112 phosphorylation is likely to be a complex
process that involves multiple factors, the inability of MAPK
or Cdc2 kinase alone to phosphorylate T112 does not ex-
clude the possibility that MAPK or Cdc2 kinase is the ulti-
mate kinase factor for the process. To determine the involve-
ment of MAPK in the T112 phosphorylation, we injected
Xenopus oocytes with a nondegradable cyclin B, which ar-
rests M phase even in the absence of MAPK activity (Murray
et al., 1989), in the continued presence or absence of the MEK
(MAPK/ERK kinase) inhibitor UO126 and stimulated the
oocytes with progesterone. Mature oocyte extracts (MOE)
prepared from these oocytes were then used to phosphory-
late the T48D mutant form of GST-F1, which does not re-
quire the MAPK-mediated T48 phosphorylation for the T112
phosphorylation. As shown in Figure 5A, UO126 completely
inhibited MAPK activation but did not inhibit Cdc2 activa-
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tion in the cyclin B-injected and progesterone-stimulated
oocytes. Figure 5B shows that MOE without MAPK activa-
tion (MOE1) and MOE with MAPK activation (MOE2) made
T48D-F1 MPM-2 reactive with similar kinetics. These results
demonstrate that MAPK is not the kinase factor for the T112
phosphorylation.

To determine the involvement of Cdc2 kinase in the T112
phosphorylation, we inhibited Cdk activity in MEE by 60
M roscovitine or 300 nM RO-3306 (Vassilev et al., 2006) and
phosphorylated the T48D mutant form of GST-F1 with ei-
ther mock-treated or Cdk inhibitor-treated MEE. Because we
had previously determined that >80% of the histone H1
kinase activity in MEE is due to Cdc2 kinase (Kuang et al.,
1991), H1 kinase activity assay was used to monitor Cdc2
inhibition. As shown in Figure 5C, both roscovitine and
RO-3306 inhibited Cdc2 kinase activity in MEE. Figure 5D
shows that neither of these drugs significantly affected the
kinetics of the T112 phosphorylation as determined by
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Figure 5. Neither MAPK nor Cdc2 is responsible for the phosphorylation of the T112-containing MPM-2 epitope. (A) Xenopus oocytes
cultured in the absence or continued presence of UO126 were first injected with a nondegradable cyclin B and then stimulated by
progesterone. Extracts of oocytes collected at the indicated hours after progesterone stimulation were immunoblotted with antibodies for
activated-MAPK (pMAPK), total MAPK, and inactive Cdc2 (pCdc2). UO126-treated mature oocyte extracts (MOE1) and non-UO126-treated
mature oocyte extracts (MOE2) were used for phosphorylation in B. (B) The T48D mutant form of GST-F1 was phosphorylated with MOE1
and MOE2 described in A for the indicated minutes, and the washed substrates were gel-separated and immunoblotted with MPM-2 after
protein staining with Ponceau S. (C) Undiluted MEE was incubated with DMSO, 300 nM RO-3306, or 60 uM roscovitine (ROSCO) for
indicated minutes, and histone H1 kinase activity was determined by 2P incorporation. (D) The T48D mutant form of GST-F1 was
phosphorylated with undiluted MEE supplemented with DMSO, 300 nM RO-3306 or 60 uM roscovitine (ROSCO) for indicated minutes. The
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washed substrates were gel-separated and immunoblotted with MPM-2 after protein staining with Ponceau S.

MPM-2 immunoblotting. Consistent with these results, de-
pletion of Cdc2 kinase from MEE by affinity absorption with
immobilized p13s-<! protein did not remove the T112-phos-
phorylating activity (Figure S4). Together, these results dem-
onstrate that Cdc2 kinase is not the kinase factor for the T112
phosphorylation.

MAPK or Cdc2 Does Not Play a Major Role in the M
Phase-associated Burst of MPM-2 Reactivity

Our characterization of the MPM-2 epitopes in xCdc25C and
analysis of the previously identified high-affinity MPM-2—
reactive peptides led us to divide the mitotic MPM-2
epitopes into three main subtypes according to their phos-
phorylating kinases. One subtype has a proline at the —2
position and is phosphorylated by MAPK (MAPK subtype).
Another subtype has a basic residue at the +2 position and
is phosphorylated by Cdc2 kinase (Cdc2 subtype). The third
subtype does not have either of these features and is phos-
phorylated by a yet-to-be identified kinase (kinase X sub-
type). To estimate the contribution of mitotic Cdk and
MAPK to the M phase-associated burst of MPM-2 reactivity,
we first determined the relative abundance of the three
subtypes of the LTPV-like motifs in mitotically phosphory-
lated peptides listed in Table S1IA. Among 24 phosphory-
lated LTPV-like motifs in this dataset, three (12.5%) belongs
to the MAPK subtype that has a proline residue at the —2
position, three (12.5%) belongs to the Cdc2 subtype that has a
basic residue at the +2 position, and the remaining 18 (75%)
belongs to the kinase X-subtype that has neither of these
features (Table S1B). Similar results were obtained when the
entire database (A-Z) was analyzed by custom-designed
computer programs (data not shown). These results pre-
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dicted that Cdc2 or MAPK does not play a major role in the
M phase-associated burst of MPM-2 reactivity.

To determine the role of MAPK in the M phase associated
burst of MPM-2 reactivity, we induced Xenopus oocyte mat-
uration by injection of MEE or mRNA for inhibitory phos-
phorylation-insensitive Cdc2 (Cdc2-AF) in the continued
presence or absence of the MEK inhibitor UO126 and exam-
ined appearance of MPM-2-reactive proteins. In MEE-in-
jected oocytes, complete inhibition of MAPK activation by
UO126 only prevented appearance of a very small subset
of MPM-2-reactive proteins (Figure 6A). Although UO126
caused a moderate reduction in the overall MPM-2 reactivity
at later time points, this could be explained by a compro-
mised M phase arrest in the absence of MAPK-dependent
CSF activity (Gross ef al.,, 1999; Maller et al., 2001, 2002;
Tunquist et al., 2002; Nishiyama et al., 2007; Wu and Korn-
bluth, 2008). In Cdc2-AF expressed oocytes, UO126 delayed
but did not prevent the appearance of MPM-2-reactive pro-
teins. The delay could be explained by delayed M phase
entry, as judged by H1 kinase activity (Figure 6B). These
results indicate that MAPK-catalyzed phosphorylation of
the MPM-2 epitope does not play a major role in the M
phase-associated burst of MPM-2 reactivity. To further test
this hypothesis, we induced Xenopus oocyte maturation by
progesterone stimulation of nondegradable cyclin B-in-
jected oocytes in the continued presence or absence of
UO126 and examined the induction of MPM-2-reactive pro-
teins. As shown in Figure 6C, although UO126 treatment
completely inhibited MAPK activation, it did not affect the
level or pattern of the induced MPM-2-reactive proteins. In
addition, we ectopically expressed below M phase-inducing
levels of a constitutively active MEK (CA-MEK) in Xenopus
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oocytes and examined appearance of MPM-2-reactive pro-
teins. As shown in Figure 6D, forced activation of MAPK in
the absence of M phase induction only induced low levels of
very few MPM-2-reactive proteins. Consistent with each
other, these results demonstrate that MAPK-catalyzed phos-
phorylation of the MPM-2 epitope does not play a major role
in the M phase-associated burst of MPM-2 reactivity.

To determine the role of Cdc2 in the M-phase associated
burst of MPM-2 reactivity, we first stimulated control or
Weel-injected Xenopus oocytes with progesterone and ex-
amined the appearance of MPM-2-reactive proteins. Al-
though complete inhibition of activation of Cdc2 and
xCdc25C by Weel prevented the burst of the MPM-2-reac-
tive proteins (data not shown), initially incomplete inhibi-
tion of xCdc25C and Cdc2 did not prevent the appearance of
most of the MPM-2-reactive proteins even when xCdc25C
and Cdc2 activations were completely inhibited in the end
(Figure 7A). These results suggested that Cdc2 does not play
a major role in the M-phase-associated burst of MPM-2
reactivity. To test this hypothesis, we induced an M phase-
like state in IE that was depleted of mitotic cyclins by com-
binational treatment with the phosphatase inhibitor OA and
a classical MPF extraction buffer (EB). These treatments were
previously shown to both cause the dramatic gel mobility
shift of xCdc25C and to induce nuclear envelope breakdown
and chromosome condensation in the absence of Cdc2 and
Cdk2 proteins (Izumi and Maller, 1995). Immunoblotting of
samples collected at different time points with MPM-2 and
anti-xCdc25C antibodies showed that EB plus OA induced
high levels of MPM-2-reactive proteins similar to those in
MEE and the dramatic gel mobility shift of xCdc25C,
whereas treatment with OA alone had much smaller effects
(Figure 7B). The induction of MPM-2-reactive proteins was
not sensitive to the above-mentioned Cdk inhibitors rosco-
vitine and RO-3306 (Figure D), which inhibited H1 kinase
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activity in MEE in parallel assays (Figure 7C). In addition to
containing high levels of MPM-2-reactive proteins, IE
treated with OA plus EB was also able to make the T48D
mutant form of GST-F1 MPM-2 reactive (Figure 7E), indi-
cating that the T112-phosphorylating system was activated.
In contrast to these positive effects, OA plus EB did not
increase the histone H1 kinase activity in IE (Figure 7F),
confirming its lack of mitotic cyclins. Together, these results
demonstrate that Cdc2 does not play a major role in the M
phase-associated burst of MPM-2 reactivity. Consistent with
this conclusion, adding high levels of biochemically purified
Cdc2/cyclin B (Figure S5) to IE did not induce MPM-2-
reactive proteins although the added Cdc2/cyclin B was
able to enhance the ability of OA (but not EB) to induce
MPM-2-reactive proteins (Figure 7G). However, the enhanc-
ing effect of Cdc2/cyclin B could be explained by positive
roles of Cdc2/cyclin B in one of the pathways that activate
the key MPM-2 epitope kinase(s).

DISCUSSION

A burst of MPM-2 reactivity on a large family of mitotic
phosphoproteins is a conserved phenomenon that is tightly
associated with M phase induction. Because phosphoryla-
tion of the MPM-2 epitope is likely to be a critical event for
M phase induction, defining the mitotic MPM-2 epitopes
and identifying the key kinases that phosphorylate these
epitopes are likely to be important steps toward a complete
understanding of mitotic regulation. Historical efforts to
deduce the MPM-2 epitope consensus sequence with pep-
tide libraries generated a concept that the M phase-associ-
ated burst of MPM-2 reactivity is mainly due to phosphor-
ylation of certain S/TP motifs. However, the surrounding
sequences that make phosphorylated S/T-P motifs MPM-2
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Figure 7. The Cdc2-catalyzed phosphorylation
of the MPM-2 epitope does not play a major role
in the M phase-associated burst of MPM-2 reac-
tivity. (A) Extracts of oocytes collected at indicated
hours after injection of Xenopus Weel or Xp95
(control) RNA were immunoblotted with
MPM-2, anti-xCdc25C antibodies or antibodies
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interphase xCdc25C; asterisk, gel mobility—
shifted xCdc25; and X, a nonspecific band rec-
ognized by anti-xCdc25C antibodies. (C) After
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reactive were ill defined, and thus there was not a solid
foundation for identifying the key MPM-2 epitope kinases.
In this study, we demonstrate that recognition of phosphor-
ylated S/T-P motifs by MPM-2 is highly selective. Among
seven phosphorylated S/T-P motifs identified in xCdc25C,
only two are recognized by MPM-2. One of them is
47LTPVy,, and its strong MPM-2 reactivity depends on hav-
ing T as the phosphorylation site and surrounding phos-
phorylated TP by hydrophobic residues at both —1 and +1
positions. Because LTPV-like motifs account for >10% of
mitotically phosphorylated TP motifs in a current phosphor-
ylation database (Table S1A) and are present in most of the
previously identified high-affinity MPM-2-reactive peptides
(Table S2), this sequence motif represents a common mitotic
MPM-2 epitope. The other one is {;(,LFTP,,5, which in the
N-terminus resembles the previously determined SP-con-
taining motifs that generate strong MPM-2 reactivity (Table
S2). In contrast to LTPV-like motifs, LFTP-like motifs are
rare in the mitotic phosphorylation database. Together,
these findings strongly suggest that phosphorylation of
LTPV-like motifs plays a dominant role in the M phase-
associated burst of MPM-2 reactivity. Further studies are
required to define the full-spectrum of TP- and SP-contain-
ing motifs that generate strong and weak MPM-2 reactivity.

After the historical finding that MPM-2 recognizes a sub-
set(s) of phosphorylated S/TP motifs in 1994 (Westendorf et
al., 1994), key questions in studies on the MPM-2 epitope
kinases were whether Cdc2/cyclin B and MAPK are able to
phosphorylate the proteins that become MPM-2 reactive in
mitosis and make them MPM-2 reactive in vitro. Although
positive results were obtained for both Cdc2/cyclin B and

Vol. 21, May 1, 2010

3 5

=
_—

=y, TR
— —

A G2r 1
32p-H1

32p.H1

& t
) B ' b P4
. . . MPM-2 . = F

3 5 (h) -~ 0 10 20 30 40 50 O 10 20 30 40 50 (min)

-~
p

. —
*

—

RO-3306

D DMSO buffer ROSCO __ pmso DMSO
MS 0 15 30 60 60 O 15 30 60 60 MS 0 15 30 60 60

e | ¥
s -'t &
- —

PR
-s=ss s=8ss

Treat IE with
Cde2 - + - + - + X
4 OApM - - 0.5 05 1.0 1.0 MEE

MPM-2

e

[ =

TR

oM -

MAPK in some of the substrates examined (Kuang and
Ashorn, 1993; Westendorf et al., 1994; Stukenberg et al.,
1997), these occasional examples did not resolve the issue of
whether one or both of these two kinases are the key kinases
that produce the M phase-associated burst of MPM-2 reac-
tivity. In this study, we made the first attempt to address this
issue in a systematic manner. Our results show that having
proline residue at the —2 position is required for MAPK to
efficiently phosphorylate the T48-containing MPM-2 epitope
in xCdc25C even though the other two MAPK sites T138 and
5205 do not have a proline at the —2 position. Our analysis
of previously identified MPM-2-reactive peptides, resulting
from Cdc2-catalyzed phosphorylation made us realize that
almost all of the LTPV-like motifs have a basic residue at the
+2 position even though the Cdc2 phosphorylation sites
T138 and 5285 in xCdc25C do not have this feature. How-
ever, the majority of mitotically phosphorylated LTPV-like
motifs in currently available databases do not have these
features that support the MAPK- or Cdc2-catalyzed phos-
phorylation of LTPV-like motifs. More importantly, we fur-
ther showed that the M phase-associated burst of MPM-2
reactivity can be induced in Xenopus oocytes and egg ex-
tracts in the absence of MAPK and Cdc2 activities. Together,
these findings eliminate MAPK and Cdc2 kinase from being
the key kinases that produce the M phase-associated burst
of MPM-2 reactivity.

Because neither MAPK nor Cdc2 kinase is the key MPM-2
epitope kinase in mitosis, there are currently no good can-
didates for the key kinases that produce the M phase-asso-
ciated burst of MPM-2 reactivity. Although Polo-like ki-
nases, Aurora kinases, and the NIMA-related kinases (Nrk)
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are activated in mitosis, and each phosphorylates many
substrates (Nigg, 2001; O’Connell ef al., 2003; Brittle and
Ohkura, 2005; Marumoto et al., 2005; Petronczki et al., 2008;
Kelly and Funabiki, 2009; Lindqvist et al., 2009), none of
these kinases prefers proline-directed and hydrophobic resi-
due-surrounded phosphorylation sites (Songyang et al.,
1996; Nakajima et al., 2003; Ferrari et al., 2005; Gadea and
Ruderman, 2006; Zhang et al., 2007; Miller ef al., 2008). There
are other proline-directed kinases, including other members
of Cdk family (Pines and Hunter, 1991; Holmes and
Solomon, 1996; Songyang et al., 1996; Miller et al., 2008),
other members of the MAPK family (Karin, 1994; Cano and
Mahadevan, 1995; Treisman, 1996; Miller et al., 2008), RCKs
(Fu et al., 2006; Miller et al., 2008), GSK3 (Yang et al., 1993; Ye
et al., 1995; Miller ef al., 2008), mTOR (LoPiccolo et al., 2008;
Miller et al., 2008), and DYRK1A (Himpel et al., 2000; Camp-
bell and Proud, 2002). However, these kinases are neither
preferentially activated in mitosis nor critically involved in
M phase induction. Thus, the widespread phosphorylation
of the MPM-2 epitope is likely to represent a novel mechanism
in mitotic regulation, and identification of the key players in
this mechanism and defining its unique functional impact will
advance our understanding of mitotic regulation.
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