Molecular Biology of the Cell
Vol. 5, 1243-1251, November 1994

The MPM-2 Antibody Inhibits Mitogen-activated
Protein Kinase Activity by Binding to an Epitope
Containing Phosphothreonine-183

Salme Taagepera,* Paul Dent,t Jeng-Horng Her,#
Thomas W. Sturgill, 1§ and Gary J. Gorbsky*|

Departments of *Cell Biology, tPharmacology, {Microbiology, and §Internal Medicine, University
of Virginia Health Sciences Center, Charlottesville, Virginia 22908

Submitted August 5, 1994; Accepted September 23, 1994
Monitoring Editor: Joan Ruderman

Mitogen-activated protein (MAP) kinases are a family of serine /threonine kinases implicated
in the control of cell proliferation and differentiation. We have found that activated p42™P*
is a target for the phosphoepitope antibody MPM-2, a monoclonal antibody that recognizes
a cell cycle-regulated phosphoepitope. We have determined that the MPM-2 antibody
recognizes the regulatory region of p42™P*. Binding of the MPM-2 antibody to active
p42™P* in vitro results in a decrease in p42™* enzymatic activity. The MPM-2 phos-
phoepitope can be generated in vitro on bacterially expressed p42™P* by phosphorylation
with either isoform of MAP kinase kinase (MKK), MKK1, or MKK2. Analysis of p42™P*
proteins mutated in their regulatory sites shows that phosphorylated Thr-183 is essential
for the binding of the MPM-2 antibody. MPM-2 binding to Thr-183 is affected by the
amino acid present in the other regulatory site, Tyr-185. Substitution of Tyr-185 with
phenylalanine results in strong binding of the MPM-2 antibody, whereas substitution with
glutamic acid substantially diminishes MPM-2 antibody binding. The MPM-2 phospho-
epitope antibody recognizes an amino acid domain incorporating the regulatory phospho-
threonine on activated p42™P* in eggs during meiosis and in mammalian cultured cells

during the G, to G; transition.

INTRODUCTION

The mitogen-activated protein (MAP) kinases play crit-
ical roles in cell cycle control. MAP kinases or ERKs,
also known as extracellular signal-regulated kinases, are
a family of serine/threonine specific protein kinases that
mediate intracellular signal transmission in response to
external stimuli (Errede and Levin, 1992; Ruderman,
1993). p42™2P* requires phosphorylation on both Thr-
183 and Tyr-185 for full activation (Anderson et al.,
1990; Payne et al., 1991). In vivo, p42™P* is phosphor-
ylated and activated by MAP kinase kinase (MKK), also
known as MEK, a dual specificity protein threonine/
tyrosine kinase (Ahn et al., 1992; Crews and Erikson,
1993). p42™2P* homologues have been shown to play a
cell cycle-regulating role in the mating /meiosis response
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in both budding and fission yeast, in the G,/G; tran-
sition of mammalian somatic cells, and in the passage
of oocytes through meiosis (Pelech and Sanghera, 1992).

The importance of p42™P* function in meiosis is well
established in Xenopus laevis oocytes (Posada et al.,
1991; Posada and Cooper, 1992). A key event in meiotic
maturation is the activation of M-phase promoting fac-
tor (MPF), a complex of a serine/threonine kinase,
p34°2, and a regulatory subunit, cyclin (Gautier et al.,
1988). p42™2P%, which shares a considerable sequence
similarity with p34°? kinase (Pelech and Sanghera,
1992; Mazzoni et al., 1993), is also phosphorylated and
activated upon the first meiotic division (Haccard et al.,
1990; Ferrell et al., 1991; Posada and Cooper, 1992).
Activation of the p34°*? kinase appears to precede the
activation of p42™P* (Gotoh et al., 1991a,b) and is
thought to lead indirectly to the activation of p42™2Pk,
because microinjection of MPF into immature oocytes
or addition of MPF to cell-free extracts of interphase
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embryos results in the activation of p42™P* (Gotoh
et al., 1991a). However, in contrast to p34°“‘cz kinase
activity, which diminishes between the two meiotic di-
visions, p42™P* activity remains high (Ferrell et al.,
1991). It is thought that these high levels of p42™*
activity may explain why the oocyte remains in M-phase
between meiosis I and II, despite the loss of p34°*® ki-
nase activity (Verlhac et al., 1994). In addition to being
essential for proper oocyte maturation, p42™F* activity
is critical for arresting matured oocytes in meiosis II
(Haccard et al., 1993), presumably due to its indirect
activation by the c-mos protooncogene (Posada et al.,
1993; Shiqua and Ruderman, 1993). Addition of pu-
rified p42™?P* to extracts of interphase frog eggs results
in the reorganization of microtubules into a metaphase-
like pattern (Gotoh et al., 1991b), suggesting that p42™2F
may influence the meiotic cell cycle by altering micro-
tubule dynamics.

Whether p42™P* plays a significant role in mitosis
remains controversial. p42™* is apparently reactivated
during the early cell divisions after fertilization of sea
urchin and sea star eggs (Pelech et al., 1988) but not in
the early divisions of Xenopus eggs (Ferrell et al., 1991;
Posada et al., 1991). Tamemoto et al. (1992) have found
evidence for biphasic activation of p42™P* in mam-
malian cells, with levels of p42™* activity peaking at
S phase and the G,/M transition.

The MPM-2 monoclonal antibody was originally
prepared against extracts of mitotic HeLa cells (Davis
and Rao, 1987). MPM-2 recognizes a phosphoepitope
expressed on multiple proteins predominantly during
M-phase (Davis et al., 1983). In both meiotic and mitotic
cells, the MPM-2 antigen is concentrated at key struc-
tural elements, including the centrosomes, spindle fibers,
kinetochores, and chromosome arms (Taagepera et al.,
1993; Vandre et al., 1984). The MPM-2 phosphoepitope
appears to be expressed on proteins associated with
regulation of the cell cycle. Microinjection of the MPM-
2 antibody into Xenopus oocytes before progesterone
stimulation inhibits the appearance of MPF activity
(Kuang et al., 1989). Similarly, addition of MPM-2 to
Xenopus M-phase egg extracts results in the immu-
node;pletion of MPF activity (Kuang et al., 1989). As the
p34° kinase and cyclin B proteins do not express the
MPM-2 phosphoepitope (Kuang et al., 1994), these data
suggest that the MPM-2 antibody may be interacting
with proteins regulating MPF activity.

Several recent advances have been made in the char-
acterization of the molecular nature of the MPM-2
phosphoepitopes. Certain reports suggest that epitopes
recognized by the MPM-2 antibody can be created in
vitro by proline-directed kinases (Kuang and Ashorn,
1993; Westendorf et al, 1994). Kuang and Ashorn
(1993) purified two separate kinase activities from un-
fertilized Xenopus eggs that were capable of generating
an MPM-2 phosphoepitope on immature Xenopus oo-
cyte proteins: a p42™#P*-like protein kinase and an un-
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identified high-molecular-weight protein kinase. Wes-
tendorf et al. (1994) demonstrated that p34°<
immunoprecipitated from extracts of M-phase cells was
capable of generating an MPM-2 phosphoepitope on
artificial substrate peptides. In each case, the purified
kinase catalyzed the creation of some, but not all, of
the phosphoepitopes formed in vitro by treatment with
whole M-phase cell extracts. The data summarized
above suggest that, in vivo, it is likely that multiple
kinases are involved in the creation of the MPM-2
phosphoepitopes.

Here we show that the phosphoepitope antibody,
MPM-2, recognizes the activated form of p42™P%, The
MPM-2 phosphoepitope is present on p42™* that has
been activated either in vivo or in vitro. Addition of the

MPM-2 phosphoepitope antibody to active p42™* re-

sults in a reduction of p42™P* catalytic activity. Using
bacterially expressed p42™** mutants altered in their
regulatory sites (Her et al., 1993), we have determined
that the MPM-2 phosphoepitope antibody recognizes
the activating phosphorylation on p42™P* Thr-183.

MATERIALS AND METHODS
Preparation of Xenopus Egg Extracts

Adult Xenopus laevis were purchased from Xenopus 1 (Ann Arbor,
MiI). Females were induced to ovulate by the injection of human cho-
rionic gonadotropin (ICN Biochemicals, Costa Mesa, CA). Matured
eggs were dejellied in 2% cysteine (pH 7.9) as described by Newport
and Kirschner (1982). All of the following steps were carried out at
4°C. For immunoblotting of egg extracts, 10 eggs were homogenized
for each sample by shearing through a 26-gauge needle in 250 ul of
buffer containing 50 mM tris(hydroxymethyl)aminomethane (Tris)-
HCI (pH 7.5), 100 mM NaCl containing protease inhibitors (aprotinin,
leupeptin, antipain, pepstatin, chymostatin; each at 5 ug/ml), and
phosphatase inhibitors (100 nM microcystin-LR and 1 mM sodium
orthovanadate).

Yolk proteins were extracted from lysates following the procedures
of Gurdon and Wickens (1983). Briefly, egg extracts were treated with
an equal volume of 1,1,2-trichlorotrifluoroethane (Freon), (T-5271,
Sigma Chemical, St. Louis, MO) vortexed, and chilled. Extracts were
centrifuged in a microcentrifuge for 10 min at 16 000 X g. The upper
aqueous phase was recovered and transferred to a clean tube. The
extracts were either used immediately by adding 1:5 volume of 5X
sodium dodecyl sulfate (SDS) sample buffer and boiling or were frozen
in liquid nitrogen and stored at —70°C.

For immunoprecipitation experiments, extracts were prepared in
the following manner from eggs before and 50 min after fertilization.
Eggs (10 per sample) were disrupted by pipetting in 100 gl of buffer
(40 mM NaCl, 10 mM Tris, 10 mM EDTA, pH 7.5) (Ferrell et al.,
1991) containing the protease and phosphatase inhibitors described
above. Extracts were then centrifuged in a microcentrifuge for 90 s
at 16 000 X g. The aqueous phase was collected and used immediately
for immunoprecipitation experiments.

Cell Culture, Serum Starvation, and Preparation of
Cell Extracts

NIH mouse 3T3 fibroblasts were grown to confluence in 100-mm
dishes in Dulbecco’s modified Eagle’s medium with 10% (vol/vol)
fetal calf serum. Confluent cells (~107 cells per dish) were rinsed and
incubated for 18 h in serum-free medium. Quiescent cell were stim-
ulated to reenter the cell cycle with the addition of 10% (vol/vol,
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final concentration) fetal calf serum. At various times after stimulation,
plates were placed on ice and quickly rinsed with cold phosphate-
buffered saline (4.3 mM Na,HPO, and 1.4 mM KH,PO,, pH 7.4,
137 mM NaCl, 2.7 mM KCl). All the subsequent steps were carried
out at 5°C. The cells were scraped into ice-cold HO buffer (50 mM
N-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, pH 7.5 at 4°C,
100 mM NaCl, 2 mm EDTA, 1% Nonidet P-40) containing the protease
inhibitors pepstatin (1 uM), leupeptin (1 ug/ml), aprotinin (2 ug/ml),
and phenylmethylsulfonyl fluoride (0.2 mM) and the phosphatase
inhibitors sodium orthovanadate (0.2 mM) and 4-nitrophenyl phos-
phate (PNPP) (40 mM). Crude cell homogenates were clarified by
centrifugation in a microcentrifuge for 5 min at 16 000 X g, and the
supernatants were used directly in the p42™#* immunoprecipitation
experiments described below.

Electrophoresis and Immunoblot Analysis

Protein samples were analyzed by electrophoresis on SDS/5-20%
gradient polyacrylamide gels. Xenopus extract proteins were electro-
phoresed on single-well gels and transferred onto nitrocellulose. The
nitrocellulose was cut into strips, and the strips were blocked for 2 h
in TBST (10 mM Tris, pH 8.0, 150 mM NaCl, 0.05% Tween-20) con-
taining 3% bovine serum albumin (BSA). Nitrocellulose strips were
then incubated for 2 h with one of the following antibodies:
MPM-2, the phosphoepitope monoclonal antibody, kindly provided
by Potu Rao (ascites fluid diluted 1:5000); the anti-phosphotyrosine
monoclonal antibody 4G10 (Upstate Biotechnology, Lake Placid, NY)
at 1.0 ug/ml; or monoclonal anti-p42™P* antibody B3B9, provided
by Dr. Michael J. Weber at 0.4 ug/ml. For detection, nitrocellulose
strips were rinsed in TBST, incubated with anti-mouse or anti-rabbit
horseradish peroxidase antibodies (Jackson Immunoresearch, West
Grove, PA) at a concentration of 0.16 ug/ml for 1 h and processed
with the Renaissance Western Blot Chemiluminescence System
(DuPont NEN, Boston, MA). Immunoprecipitated p42™** and recom-
binant p42™** proteins were similarly processed for inmunoblotting
with the MPM-2, anti-phosphotyrosine or anti-p42™* antibodies.

Immunoprecipitation

Before immunoprecipitation, Xenopus egg extract proteins were de-
natured by adding SDS to a final concentration of 1% from a 10%
stock solution and boiling for 5 min. The rest of the immunoprecip-
itation procedure was carried out at 4°C. Extracts were cleared by
centrifugation in a microcentrifuge at 16 000 X g for 5 min. The SDS
was diluted to a final concentration of 0.1% by the addition of 500
ul of 2X immunoprecipitation buffer (final 1X concentration: 150 mM
NaCl, 10 mM Tris, pH 7.4, 1% Triton-X 100, 0.5% NP-40 containing
the protease and phosphatase inhibitors described above) and 400 ul
distilled H,0. Protease and phosphatase inhibitors, as described in
the preparation of Xenopus extracts, were used in all buffers. The
p42™ P was precipitated by incubating the extracts with 7.5 ul (dry
volume) of anti-p42™P* antibody conjugated to agarose beads (cat
no. sc-154 AC, Santa Cruz Biotechnology, Santa Cruz, CA) for 2 h.
The immune complexes were collected by centrifugation for 30 s at
16 000 X g in a microcentrifuge, washed four times in RIPA buffer
(50 mM Tris, pH 8, 150 mM NaCl, 1% Nonidet P-40, 0.5% deoxy-
cholate, 0.1% SDS). After the final centrifugation, the beads were
resuspended in 50 ul SDS sample buffer and 5 ul §-mercaptoethanol
and then boiled for 2 min. The sample was centrifuged, and the su-
pernatant containing the released proteins was analyzed by electro-
phoresis and immunoblotting.

Immunoprecipitation of p42™P* from NIH 3T3 cell extracts was
performed as follows. For each sample a 10-ul aliquot of rabbit TR-
10 anti-p42™** serum (provided by Dr. Michael Weber) was adsorbed
to 50 ul (dry volume) of Protein A trisacryl beads (Pierce, Rockford,
IL) in 200 ul HO buffer for 1 h. The antibody-Protein A-trisacryl
complex was washed three times with HO buffer by centrifugation
and resuspension and then added to 200 ul of cell extract and incubated
for 2 h. The immune complexes were collected and washed four times
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in HO buffer. An aliquot of the sample was assayed for p42™** en-
zymatic activity. The rest was resuspended in SDS sample buffer with
B-mercaptoethanol and boiled in preparation for electrophoresis and
immunoblotting.

p42mPk Activity Assay

Enzymatic activity of the immunoprecipitated p42™P* was measured
using MBP as substrate, as described Ereviously (Erickson et al., 1990).
Briefly, immunoprecipitated p42™P* was incubated at 30°C for
30 min in 40 gl (total volume) of 25 mM Tris/HCl (pH 7.5 at 20°C),
15 mM MgCl,, 40 mM PNPP, 0.1% (vol/vol) S-mercaptoethanol,
0.1 mM [y-**PJATP (5000 cpm/pmol), with MBP at 0.5 mg/ml. The
reaction was terminated by spotting 38 ul of each reaction mixture
onto (1 cm?) P81 cellulose paper (Whatman, Maidstone, UK), and
immersing the filter in 180 mM H;PO,. Filters were washed three
times with H;PO, and retained radioactivity was quantified. Incor-
porated radioactivity, corrected for background, was expressed in
pmol/min.

Activation of Recombinant p42™** and p42™**
Mutants with MKK

Homogeneous nonphosphorylated recombinant p42™*P* was purified
as described (Her et al., 1993). The p42™P* mutants used in this study
were T183A, Y185F, T183A/Y185F, T183E, and Y185E, where the
first letter indicates the amino acid at the number indicated in the
wild-type protein and the second letter indicates the amino acid present
at that position in the mutant protein. (His)6-tagged MKK1 and MKK2
proteins were expressed in insect cells by baculovirus vectors (Dent
et al., 1994). Partially active preparations of both MKK proteins were
prepared by coinfection of insect cells with additional recombinant
viruses expressing the Raf-1, c-Ha-ras, and c-Src (Y527F) proteins,
followed by purification to near homogeneity on successive Nickel-
chelate and Mono Q ion-exchange chromatography (Fabian et al.,
1993; Dent et al., 1994). Purified recombinant p42™** protein was
incubated with partially active MKK protein in a phosphorylation
buffer containing 25 mM Tris/HCI (pH 7.5 at 20°C), 15 mM MgCl],
and either 0.1 mM labeled [y-**PJATP (5000 cpm/pmol) or unlabeled
ATP, in a total volume of 40 ul, for 15 min at 30°C. Reactions were
terminated by the addition of 10 ul SDS polyacrylamide gel electro-
phoresis (5X) sample buffer, and samples were electrophoresed on
SDS-containing polyacrylamide gels. **P-labeled p42™P* bands were
excised from the gel and their phosphate incorporation determined.
Samples prepared with nonradioactive ATP were immunoblotted with
the MPM-2, anti-phosphotyrosine, and anti-p42™** antibodies.

Assay for MPM-2 Inhibition of p42™%* Activity

The MPM-2 monoclonal antibody was purified from ascites fluid by
binding to Protein G Sepharose beads in binding buffer containing
50 mM Tris/HCI, pH 7.5 at 4°C, 0.1 mM EDTA, 0.1 mM ethylene
glycol-bis(8-aminoethyl ether)-N,N,N',N'-tetraacetic acid, and 0.1%
Triton-X 100 containing 5 mg/ml BSA. This technique was designed
to minimize loss of the MPM-2 phosphoepitope antibody during an-
tibody purification procedures. A control ascites (anti-SV-40 T antigen,
Zymed Laboratories, South San Francisco, CA) was used in these
experiments to assess nonspecific effects of mouse antibody on p42™
activity. The antibody/Protein G Sepharose bead complexes were
rinsed in binding buffer and incubated with 0.5 g recombinant ac-
tivated p42™P for 2 h at 4°C. Activity of the p42™P* present in these
solutions was determined by assaying for MBP kinase activity as de-
scribed above.

RESULTS

p42m¥* in Meiotic Xenopus Eggs Contains the
MPM-2 Phosphoepitope

Using proteins extracted from Xenopus eggs, we com-
pared the electrophoretic mobilities of MPM-2-anti-
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body-positive bands with those of known cell cycle-
regulatory proteins. The components of MPF, p34%<,
or cyclin B did not appear to co-migrate with MPM-2
positive bands. We did find that a minor MPM-2 anti-
body-reactive band co-migrated with a band recognized
by monoclonal antibody to p42™P* (Figure 1A). Active
p42™Pk has previously been identified as a relatively
nonabundant protein in extracts of mature Xenopus eggs
(Gotoh et al., 1991b; Barrett et al., 1992).

To test whether active p42™P* contained the MPM-
2 phosphoepitope, p42™P* was immunoprecipitated
from extracts prepared from unfertilized meiotic egg
extracts and from eggs 50 min after fertilization. The
p42™P* immunoprecipitated from unfertilized meiotic
egg extract, but not the interphase extract, was recog-
nized by the MPM-2 antibody (Figure 1B). As previously
reported (Ferrell et al., 1991), the p42™*P* immunopre-
cipitated from meiotic, but not interphase extracts, was
also recognized by phosphotyrosine antibody.

p42™* Found in Interphase Mammalian Cells
Undergoing the Go/ G, Transition Contains the
MPM-2 Phosphoepitope

In mammalian somatic cells, p42™P* is activated in cells
undergoing the Go/G; transition. To examine whether
MPM-2 reactivity is generated in concert with p42™P*
activation, confluent NIH 3T3 cells, rendered quiescent
by overnight incubation in serum-free medium, were
stimulated with serum and then lysed at various times.
The p42™*P* was immunoprecipitated from the cell ex-
tracts and analyzed for kinase activity and MPM-2
reactivity (Figure 2). The activity of p42™* was maximal
at 4 min after the addition of serum (Figure 2A). The
binding of the MPM-2 antibody to p42™#P* coincided
with the appearance of kinase activity, with maximal
levels of MPM-2 reactivity at 4-6 min after stimulation
(Figure 2B). Unstimulated cells did not contain
MPM-2 reactive p42™*F*. The binding of phosphoty-
rosine antibody to p42™#* followed a similar time course
to that of the MPM-2 antibody.

Both MKK1 and MKK2 Generate the MPM-2
Phosphoepitope on p42™°* In Vitro

To determine if the MPM-2 antibody recognized one
of the activating phosphorylations on p42™P* catalyzed
by MKK, bacterially expressed and purified wild-type
p42™2Pk protein was incubated with ATP in the presence
of MKK1 or MKK?2 expressed by baculovirus. Treatment
of the unphosphorylated p42™2P* with either MKK re-
sulted in the activation of p42™*, as assayed by phos-
phorylation of MBP. Unphosphorylated and MKK-
phosphorylated p42™P* were assayed for MPM-2 and
phosphotyrosine antibody reactivity on Western blots
(Figure 3A). Only the MKK-treated p42™*P* was bound
by the MPM-2 antibody. As expected, the activated form
of p42™*Pk was also recognized by phosphotyrosine an-
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Figure 1. Immunoblotting evidence for the presence of the
MPM-2 phosphoepitope on p42™* from Xenopus eggs. (A) Whole
cell extracts from mature Xenopus eggs were electrophoresed on a
SDS/5-20% gradient polyacrylamide gel and transferred onto nitro-
cellulose. Strips of nitrocellulose were immunoblotted with the
MPM-2 phosphoepitope (MPM-2), anti-phosphotyrosine (P-Tyr), or
monoclonal anti-p42™P* (MAPK) antibodies. Position of p42™F* is
indicated with an arrow. (B) Xenopus meiotic egg and interphase one-
cell embryo extracts were immunoprecipitated with Sepharose-con-
jugated anti-p42™** antibody. The resulting immunoprecipitated
proteins were electrophoresed and immunoblotted with MPM-2,
monoclonal anti-p42™P* and anti-phosphotyrosine antibodies. The
p42™* protein immunoprecipitated from meiotic extracts (M) is rec-
ognized by the MPM-2 and anti-phosphotyrosine antibodies. In con-
trast, the p42™P* found in interphase extracts (I) does not express the
MPM-2 or phosphotyrosine epitopes. The position of p42™P* is in-
dicated by the arrow.

tibody. The p42™* incubated without MKK showed a
basal level of phosphotyrosine antibody-binding due to
autophosphorylation activity on Tyr-185. Immuno-
blotting with the anti-p42™#* antibody showed that
equal amounts of p42™#P* were present.

To test whether the MPM-2 phosphoepitope was
generated by MKK and or by p42™2Pk autocatalytic ac-
tivity, the K52R mutant of p42™*P* was used in similar
experiments. The substitution of arginine for the active-
site lysine in this construct results in a p42™P* protein
that has no kinase activity. The K52R p42™*P* mutant
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was treated with either MKK1 or MKK2 in the presence
of ATP and analyzed for MPM-2 reactivity. Both MKK1
and MKK2 were capable of generating the MPM-2
phosphoepitope in the mutant K52R p42™P* (Figure 3B),
confirming that p42™P* catalytic activity is not required
for the formation of the MPM-2 phosphoepitope.

Identification and Characterization of the MPM-2
Phosphoepitope

Previous work by Zhao et al. (1989) suggested that the
MPM-2 antibody recognizes a phosphothreonine epi-
tope. Because phosphorylation of p42™#P* by MKK cre-
ates the MPM-2 epitope and MKK specifically phos-
phorylates p42™#P* on Thr-183 and Tyr-185 (Ahn et al.,
1992), it seemed likely that MPM-2 recognized an epi-
tope containing Thr-183. To confirm that the MPM-2
antibody recognized the Thr-183 phosphorylation, we
analyzed a series of bacterially expressed p42™*P* mu-
tants altered at amino acids 183 and 185, the sites of
regulatory phosphorylation (Her et al., 1993). The
p42™P* mutants were treated with MKK in the presence
of ATP and assayed for MPM-2 and phosphotyrosine
reactivity on immunoblots (Figure 4A). Before phos-
phorylation of the p42™*P* mutants with MKK, the mu-
tant proteins were MPM-2 negative. After phosphor-
ylation, the wild-type p42™#P* and the mutant in which
Tyr-185 was substituted with phenylalanine (Y185F)
were strongly reactive with the MPM-2 antibody.
However, substitution of Thr-183 with alanine (T183A)
resulted in a complete loss of MPM-2 reactivity of the
p42™P* protein. These data show that phosphorylated
p42™2P* Thr-183 is essential for MPM-2 recognition. As
expected, the untreated wild-type and T183A p42™P*
proteins bound phosphotyrosine antibody, because
these proteins were phosphorylated on Tyr-185 either
through the activity of MKK or via autophosphorylation.

Substitution of Thr-183 with the negatively charged
glutamic acid resulted in loss of MPM-2 recognition
similar to the loss seen in the T183A mutant (Figure
4B). This result demonstrates that a negatively charged
amino acid in position 183 is not sufficient for binding
of the MPM-2 antibody. To test if a nonaromatic amino
acid could substitute in the Tyr-185 position, we ex-
amined a p42™* mutant in which this site had been
changed to glutamic acid (Y185E), preserving the neg-
ative charge of the original phosphotyrosine. After
phosphorylation of Thr-183 by MKK, the mutant pro-
tein bound the MPM-2 antibody much more weakly
than did the wild-type. Both the Y185F and Y185E
p42™P* mutants were found to incorporate equal
amounts of *’P[ATP], suggesting that MKK phosphor-
ylated each mutant equally. Thus, the binding of MPM-
2 to phosphorylated Thr-183 is affected by the amino
acid present in p42™?P* position 185. The presence of a
tyrosine or phenylalanine downstream of the phos-
phorylated threonine-183 appears to promote MPM-2
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Figure 2. Expression of the MPM-2 phosphoepitope coincides with
the appearance of p42™P* enzymatic activity in serum-stimulated cells.
(A) NIH 3T3 cells were starved for 18 h in serum-free medium and
then stimulated to reenter the cell cycle with the addition of serum.
Samples were taken at various times after stimulation and immuno-
precipitated with the p42™#* antibody. Immunoprecipitated p42™r«
was analyzed for enzymatic activity, as seen by phosphorylation of
MBP. (O) Stimulated cells, (W) control nonstimulated cells. (B) The
p42™2 protein immunoprecipitated from serum-stimulated NIH 3T3
cells was processed for immunoblotting with the MPM-2, anti-phos-
photyrosine, and anti-p42™#* antibodies. Numbers at top indicate
minutes after serum stimulation.

binding, whereas substitution of this residue with a
glutamic acid hinders MPM-2 antibody binding.

Binding of MPM-2 to Active p42™* In Vitro
Inhibits Kinase Activity

We were interested in determining if binding of the
MPM-2 antibody to the regulatory site on p42™** would
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affect the enzymatic activity of p42™P*. Purified p42™*
was activated with MKK in the presence of ATP and
then incubated with increasing amounts of the MPM-
2 or control monoclonal antibody. Binding of the MPM-
2 antibodx to the active p42™P* resulted in a decrease
in p42™®P* enzyme activity with 50% inhibition of
p42™2Pk activity occurring at ~15-fold molar -excess
MPM-2 antibody (Figure 5). Higher concentrations of
MPM-2 resulted in a maximal inhibition of 60%. The
control monoclonal antibody to a nonrelated protein
had no effect on p42™?P* enzymatic activity.

DISCUSSION

The reversible phosphorylation of proteins regulates
transitions between phases of the cell cycle and the cy-
toarchitectural changes necessary for cell division. An-
tibodies specific for phosphoepitopes can be powerful
tools in distinguishing various types of in vivo phos-
phorylations. In some cases, phosphoepitope antibody
recognition seems to require only a particular phospho-
amino acid. The widely used anti-phosphotyrosine an-
tibodies are examples of this type. However, in some
cases, phosphoepitope antibodies include in their an-
tigenic determinants the amino acids adjacent to the
target phosphoamino acid, increasing their specificity
and allowing for the identification of groups of proteins
that share a consensus phosphorylation domain.

The MPM-2 monoclonal antibody reacts with certain
phosphothreonine epitopes, its specificity apparently
dependent on the amino acids adjacent to the target
phosphothreonine. The MPM-2 antibody defines a
group of phosphoepitopes that are predominantly ex-
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pressed during M-phase on key structural elements such
as centrosomes, spindle fibers, and chromosomes
(Vandre et al., 1984; Taagepera et al., 1993). Some of
the proteins expressing the MPM-2 phosphoepitope
have been identified (Tombes et al., 1991; Kuang and
Ashorn, 1993; Taagepera et al., 1993; Kuang et al., 1994).
However, the exact epitopes of proteins from living cells
that are recognized by the MPM-2 antibody have not
been well characterized at the molecular level.

p42merk Activated In Vivo Expresses the MPM-2
Phosphoepitope

In this study, we have shown that active p42™* con-
tains a cell cycle-regulated phosphoepitope recognized
by the MPM-2 antibody. The MPM-2 phosphoepitope
is present on activated p42™¥* that has been in meiotic
Xenopus eggs or in mammalian somatic cells undergoing
the Go/G; transition. In the stimulated somatic cells,
the expression of the MPM-2 phosphoepitope coincided
with the appearance of p42™P* enzymatic activity. In
these cells, maximal expression of the MPM-2 phos-
phoepitope lagged that of the phosphotyrosine epitope,
indicating that phosphorylation of Thr-183 temporally
follows that of Tyr-185, as suggested by Haystead
et al. (1992).

MKK1 and MKK2 Are Members of the MPM-2
Kinase Family

The MPM-2 phosphoepitope can be created on purified
p42™* in vitro by either isoform of MKK: MKK1 or
MKK2. In addition, a kinase-defective mutant of p42™*
(K52R) served as an effective in vitro substrate for the
generation of the MPM-2 phosphoepitope by MKK1
and MKK2, demonstrating that autophosphorylation by
p42™°P* was not required. Thus, MKK1 and MKK2 are
necessary and sufficient for formation of the MPM-2
phosphoepitope on p42™P% As the MKKs have been
shown to phosphorylate p42™* in vivo (Ahn et al.,
1992; Wu et al., 1992), we can identify MKK1 and MKK2
as two enzymes capable of creating the MPM-2 epitope
in living cells.

Within cells multiple kinases may be capable of gen-
erating an MPM-2 phosphoepitope. The MKKs are
highly specific, with no other known substrates besides
p42™2Pk (Seger et al., 1992). In vivo topoisomerase II
from mitotic cells is recognized by the MPM-2 antibody
(Taagepera et al., 1993). However, we have found that
purified topoisomerase II cannot be made reactive with
the MPM-2 antibody by treatment with MKK. Thus, in
living cells, other kinases are responsible for creating
the MPM-2 phosphoepitope on topoisomerase II.

In vitro phosphorylation experiments have suggested
that proline-directed kinases are capable of generating
an MPM-2 phosphoegitope. Westendorf et al. (1994)
have shown that p34°®> immunoprecipitated from mi-
totic extracts can phosphorylate short peptides and ren-
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Figure 4. Identification and characterization of the MPM-2 phos-
phoepitope in p42™Pk, (A) Bacterially expressed wild-type p42™Pk
and mutant p42™* proteins were incubated with ATP either in the
absence (—MKK) or presence (+MKK) of MKK2. The p42™* protein
samples were electrophoresed and immunoblotted with the MPM-2,
anti-phosphotyrosine, and p42™* antibodies. Phosphorylated
Thr-183 is essential for recognition by the MPM-2 antibody. (B) Bind-
ing of the MPM-2 antibody is affected by substitutions in p42™*Pk
Thr-183 and Tyr-185. Purified recombinant proteins were treated as
above, and analyzed for binding of the MPM-2 antibody. Substitution
of Tyr-185 with phenylalanine results in strong binding, whereas
substitution with glutamic acid diminishes MPM-2 antibody binding.

der them reactive with the MPM-2 antibody. However,
crude mitotic extracts, when normalized for equal
amounts of p34°*?/H1 kinase activity, were much more
efficient in generating MPM-2 phosphoepitopes, sug-
gesting that other kinases in the mitotic extract were
contributing to the creating the MPM-2 phosphoepi-
topes. Kuang and Ashorn (1993) suggested that p42™#P*
can generate the MPM-2 phosphoepitope on other pro-
teins. These authors identified a p42™P*-like kinase,
which they named ME kinase-L, from Xenopus egg ex-
tracts. They showed that this kinase was capable of cre-
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ating the MPM-2 phosphoepitope on microtubule-as-
sociated protein 2 (MAP2). These authors did not find
that their p42™2P-like enzyme, ME kinase-L, was itself
recognized by the MPM-2 antibody. We conclude that
either the ME kinase-L identified by these workers is
an isoform of p42™%F* that does not contain the MPM-
2 recognition site, or that the binding of MPM-2 anti-
body to the enzyme was not detected under the con-
ditions used by these authors. Whether proline-directed
kinases participate in creating MPM-2 phosphoepitopes
in vivo remains to be determined.

Molecular Characterization of the MPM-2
Phosphoepitope

Using p42™P* mutants that had been altered in their
regulatory sites, we demonstrated that phosphorylation
of Thr-183 was critical for MPM-2 recognition of active
p42™P*. Substitution of Thr-183 with alanine or glu-
tamic acid eliminated all binding of the MPM-2 anti-
body. Although the phosphotyrosine at position 185
could be substituted with another aromatic amino acid,
phenylalaine, substitution of Tyr-185 with glutamic acid
greatly reduced the binding of the MPM-2 antibody.
These results suggest that the presence of a tyrosine or
phenylalanine at the +2 position from the target phos-
phothreonine is an important determinant of a strong
MPM-2 epitope. The importance of other amino acids
near Thr-183 to the MPM-2 epitope in p42™** js un-
certain.

We showed previously that DNA topoisomerase Ila
and DNA topoisomerase II8 present in mitotic chro-
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Figure 5. Inhibition of p42™** enzymatic activity by binding of the
MPM-2 phosphoepitope antibody. Purified p42™** was phosphory-
lated by MKK in vitro and incubated with either the MPM-2 phos-
phoepitope antibody (M) or control antibody (0), both of which had
been purified from ascites fluid by binding to agarose beads. The
enzymatic activity of the p42™P was assayed, using MBP as a test
substrate. Incubation of active p42™** with the MPM-2 antibody re-
sults in substantial inhibition of p42™*P* enzymatic activity.
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mosomes contain the MPM-2 phosphoepitope (Taa-
gepera et al., 1993). Other proteins known to react with
the MPM-2 antibody include the microtubule associated
proteins, MAP1B (Tombes et al., 1991), MAP2 (Kuang
and Ashorn, 1993), MAP4 (Tombes et al., 1991; Vandre
et al., 1991), and Xenopus cdc-25 (Kuang et al., 1994).
Westendorf et al. (1994) reported two additional pro-
teins, termed MPP1 and MPP2, that react with MPM-
2 when phosphorylated with mitotic extracts in vitro.
By phosphorylating an array of random short peptides
with mitotic extracts, these authors described consensus
sequences for their in vitro phosphorylations. As re-
ported, the sequence most often recognized by the
MPM-2 antibody was LTPLK. The p42™%* protein,
which we have shown in this paper to contain an
MPM-2 phosphoepitope in vivo, does not contain a do-
main resembling this sequence. Similarly, the 170- and
180-kDa forms of DNA topoisomerase II, which are
major MPM-2 reactive proteins in mitotic cells in vivo
(Taagepera et al., 1993), likewise do not contain such a
sequence. Thus, further molecular analysis of proteins
found to be targets for the MPM-2 antibody in vivo
will be required to fully characterize the MPM-2 phos-
phoepitope.

In conclusion, previously, the MPM-2 antibody had
been found to bind phosphorylated forms of several
key enzymes and microtubule-associated proteins.
However, whether the phosphorylation recognized by
the MPM-2 antibody played a significant role in regu-
lating the activity or function of these proteins remained
uncertain. In the present work, we have demonstrated
that the MPM-2 antibody recognizes a domain previ-
ously known to be an important regulator of the func-
tion of p42™#P* in meiotic maturation and in the Gy to
G, transition. Given the diversity of proteins that bind
the MPM-2 antibody, the question remains whether the
sharing of MPM-2 antibody recognition by various pro-
teins has functional significance or is mere coincidence.
We suspect that the MPM-2 phosphoepitope does in-
deed define a particular class of phosphorylation im-
portant in the cell cycle regulation of several enzymes
and structural proteins. Only further identification of
proteins that bind the MPM-2 antibody, sequencing of
the phosphoepitopes, and characterization of function
by mutagenesis experiments will resolve this issue.

ACKNOWLEDGMENTS

We are grateful to Michael J. Weber for his generous gifts of the
purified wild-type p42™** and p42™*P* mutant proteins (prepared by
Jeng-Horng Her), the anti-p42™* antibodies, and many valuable dis-
cussions. We thank Potu N. Rao and Jian Kuang for supplying the
MPM-2 monoclonal antibody. For providing amphibian materials and
advice in their handling, we thank Mark Hens and Joe Ramos in the
laboratory of Doug DeSimone as well as Les Cook and Carol Kienzle
in the laboratory of Rob Grainger. We thank William A. Ricketts and
Leigh Ann Vincent for their valuable technical support. This research
was supported by grants from the American Cancer Society to G.J.G.
(ACS CB84A) and T.W.S. (ACS BE69D).

1250

REFERENCES

Ahn, N.G,, Seger, R., and Krebs, E.G. (1992). The mitogen-activated
protein kinase activator. Curr. Opin. Cell Biol. 4, 992-999.

Anderson, N.G., Maller, J.L., Tonks, N.K., and Sturgill, T.W. (1990).
Requirement for integration of signals from two distinct phosphory-
lation pathways for activation of MAP kinase. Nature 343, 651-653.

Barrett, C.B., Erikson, E., and Maller, ].L. (1992). A purified S6 kinase
kinase from Xenopus eggs activates S6 kinase II and autophosphor-
ylates on serine, threonine, and tyrosine residues. J. Biol. Chem. 7,
4408-4415.

Crews, C.M., and Erikson, R.L. (1993). Extracellular signals and re-
versible protein phosphorylation: what to MEK of it all. Cell 74, 215-
217.

Davis, F.M., and Rao, P.N. (1987). Antibodies to mitosis-specific
phosphoproteins. In: Molecular Regulation of Nuclear Events in Mi-
tosis and Meiosis, eds. R.A. Schlegel, S. Halleck, and P.N. Rao, Or-
lando, FL: Academic Press, 259-293.

Davis, F.M., Tsao, T.Y., Fowler, S.K., and Rao, P.N. (1983). Monoclonal
antibodies to mitotic cells. Proc. Natl. Acad. Sci. USA 80, 2926-2930.

Dent, P., Chow, Y.-H., Wy, J., Morrison, D.K., Jove, R., and Sturgill,
T.W. (1994). Expression, purification, and characterization of recom-
binant MAP kinase kinases, MKK1 and MKK2. Biochem J. 303, 105-
112.

Erickson, A K., Payne, M., Martino, P.A., Rossomando, A.]., Shaba-
nowitz, J., Weber, M.J., Hunt, D.F., and Sturgill, T.W. (1990). Iden-
tification by mass spectrometry of threonine 97 in bovine myelin basic
protein as a specific phosphorylation site for mitogen-activated protein
kinase. J. Biol. Chem. 265, 19728-19735.

Errede, B., and Levin, D.E. (1992). A conserved kinase cascade for
MARP kinase activation in yeast. Curr. Opin. Cell Biol. 5, 254-260.

Fabian, J.R., Daar, 1.O., and Morrison, D.K. (1993). Critical tyrosine
residues regulate the enzymatic and biological activity of Raf-1 kinase.
Mol. Cell. Biol. 13, 7170-7179.

Ferrell, ].E., Wu, M., Gerhart, ].C., and Martin, S. (1991). Cell cycle
tyrosine phosphorylation of p34%? and a microtubule-associated
protein kinase homolog in Xenopus oocytes and eggs. Mol. Cell. Biol.
11, 1965-1971.

Gautier, J., Norbury, C., Lohka, M., Nurse, P., and Maller, J. (1988).
Purified maturation-promoting factor contains the product of a Xen-
opus homolog of the fission yeast cell cycle control gene cdc2+. Cell
54, 433-439.

Gotoh, Y., Moriyama, K., Matsuda, S., Okumura, E., Kishimoto, T.,
Kawasaki, H., Suzuki, K., Yahara, L., Sakai, H., and Nishida, E. (1991a).
Xenopus M phase MAP kinase: isolation of its cDNA and activation
by MPF. EMBO ]. 10, 2661-2668.

Gotoh, Y., Nishida, E., Matsuda, S., Shiina, N., Kosako, H., Shiokawa,
K., Akiyamas, T., Ohta, K., and Sakai, H. (1991b). In vitro effects on
microtubule dynamics of purified Xenopus M phase-activated MAP
kinase. Nature 349, 251-254.

Gurdon, ].B., and Wickens, M.P. (1983). The use of Xenopus oocytes
for the expression of cloned genes. Methods Enzymol. 101, 370-386.

Haccard, O., Jessus, C., Cayla, X., Goris, J., Merlevede, W., and Ozon,
R. (1990). In vivo activation of a microtubule-associated protein kinase
during meiotic maturation of the Xenopus oocyte. Eur. J. Biochem.
192, 633-642.

Haccard, O., Sarcevic, B., Lewellyn, A., Hartley, R., Roy, L., Izumi,
T., Erikson, E., and Maller, J.L. (1993). Induction of metaphase arrest
in cleaving Xenopus embryos by MAP kinase. Science 262, 1262-1265.

Haystead, T.A., Dent, P., Wu, J., Haystead, C.M., and Sturgill, T.W.
(1992). Ordered phosphorylation of p42mapk by MAP kinase kinase.
FEBS Lett. 306, 17-22.

Molecular Biology of the Cell



Her, ].-H., Lakhani, S., Zu, K,, Vila, J., Dent, P., Sturgill, T.W., and
Weber, M.]. (1993). Dual phosphorylation and autophosphorylation
in mitogen-activated protein (MAP) kinase activation. Biochem. J. 296,
25-31.

Kuang, J., and Ashorn, C.L. (1993). At least two kinases phosphorylate
the MPM-2 epitope during Xenopus oocyte maturation. J. Cell Biol.
123, 859-868.

Kuang, J., Ashorn, C.L., Gonzalez-Kuyvenhoven, M., and Penkala,
J.E. (1994). cdc25 is one of the MPM-2 antigens involved in the ac-
tivation of maturation-promoting factor. Mol. Biol. Cell 5, 135-145.

Kuang, J., Zhao, J-Y., Wright, D.A., Saunders, G.F., and Rao, P.N.
(1989). Mitosis-specific monoclonal antibody MPM-2 inhibits Xenopus
oocyte maturation and depletes maturation-promoting activity. Proc.
Natl. Acad. Sci. USA 86, 4982-4986.

Mazzoni, C., Zarzov, P., Rambourg, A., and Mann, C. (1993). The
SLT2 (MPK1) MAP kinase homolog is involved in polarized cell growth
in Saccharomyces cerevisiae. J. Cell Biol. 123, 1821-1833.

Newport, J., and Kirschner, M. (1982). A major developmental tran-
sition in early Xenopus embryos. I. Characterization and timing of
cellular changes in the midblastula stage. Cell 30, 675-686.

Payne, D.M., Rossomando, A.J., Martino, P., Erickson, A K., Her, ].H.,
Shabanowitz, J., Hunt, D.F., Weber, M.]., and Sturgill, T.W. (1991).
Identification of the regulatory phosphorylation sites in pp42/mitogen-
activated protein kinase (MAP kinase). EMBO J. 10, 885-892.

Pelech, S.L., and Sanghera, ].S. (1992). Mitogen-activated protein ki-
nases: versatile transducers for cell signaling. Trends. Biochem. Sci.
17, 233-238.

Pelech, S.L., Tombes, R.M., Meijer, L., and Krebs, E.G. (1988). Acti-
vation of myelin basic protein kinases during Echinoderm oocyte
maturation and egg fertilization. Dev. Biol. 130, 28-36.

Posada, J., and Cooper, J.A. (1992). Requirements for phosphorylation
of MAP kinase during meiosis in Xenopus oocytes. Science 255, 212-
215.

Posada, J., Sanghera, J., Pelech, S., Aebersold, R., and Cooper, ].A.
(1991). Tyrosine phosphorylation and activation of homologous pro-
tein kinases during oocyte maturation and mitogenic activation of
fibroblasts. Mol. Cell. Biol. 11, 2517-2528.

Posada, J., Yew, N., Ahn, N.G., Vande Woude, G.F., and Cooper,
J.A. (1993). Mos stimulates MAP kinase in Xenopus oocytes and ac-
tivates a MAP kinase kinase in vitro. Mol. Cell. Biol. 13, 2546-2553.

Ruderman, J.V. (1993). MAP kinase and the activation of quiescent
cells. Curr. Opin. Cell Biol. 5, 207-213.

Vol. 5, November 1994

MPM-2 Binds p42™P* at Phospho-Thr-183

Seger, R., Ahn, N.G,, Posada, J., Munar, E.S., Jensen, AM., Cooper,
J.A., Cobb, M.H., and Krebs, E.G. (1992). Purification and character-
ization of mitogen-activated protein kinase activator(s) from epidermal
growth factor-stimulated A431 cells. J. Biol. Chem. 267, 14373-14381.

Shibuya, E.K., and Ruderman, J.V. (1993). Mos induces the in vitro
activation of mitogen-activated protein kinases in lysates of frog oo-
cytes and mammalian somatic cells. Mol. Biol. Cell 4, 781-790.

Taagepera, S., Rao, P.N., Drake, F.H., and Gorbsky, G J. (1993). DNA
topoisomerase Ila is the major chromosome protein recognized by
the mitotic phosphoprotein antibody MPM-2. Proc. Natl. Acad. Sci.
USA 90, 8407-8411.

Tamemoto, H., Kadowaki, T., Tobe, K., Ueki, K., Izumi, T., Chatani,
Y., Kohno, M., Kasuga, M., Yazaki, Y., and Akanuma, Y. (1992). Bi-
phasic activation of two mitogen-activated protein kinases during the
cell cycle in mammalian cells. . Biol. Chem. 267, 20293-20297.

Tombes, R.M., Peloquin, ].G., and Borisy, G.G. (1991). Specific as-
sociation of an M-phase kinase with isolated mitotic spindles and
identification of two of its substrates as MAP4 and MAP1B. Cell Regul.
2, 861-874.

Vandre, D.D., Centonze, V.E., Peloquin, J., Tombes, R.M., and Borisy,
G.G. (1991). Proteins of the mammalian mitotic spindle: phosphor-
ylation/dephosphorylation of MAP-4 during mitosis. J. Cell Sci. 98,
577-588.

Vandre, D.D., Davis, F.M., Rao, P.N., and Borisy, G.G. (1984). Phos-
phoproteins are components of mitotic microtubule organizing centers.
Proc. Natl. Acad. Sci. USA 81, 4439-4443.

Verlhac, M.-H., Kubiak, J.Z., Clarke, H.J., and Maro, B. (1994). Mi-
crotubule and chromatin behavior follow MAP kinase activity but
not MPF activity during meiosis in mouse oocytes. Development 120,
1017-1025.

Westendorf, ].M., Rao, P.N., and Gerace, L. (1994). Cloning of cDNAs
for M-phase phosphoproteins recognized by the MPM2 monoclonal
antibody and determination of the phosphorylated epitope. Proc. Natl.
Acad. Sci. USA 91, 714-718.

Wu, J., Rossomando, A.J., Horng-Her, J., Weber, M.J., and Sturgill,
T.W. (1992). Apparent sufficiency of a dual-specificity tyrosine/thre-
onine kinase for activation of MAP kinase poses new questions for
the dual-phosphorylation mechanism. Biochem. Soc. Trans. 20, 675-
677.

Zhao, ]., Kuang, J., Adlakha, R.C., and Rao, P.N. (1989). Threonine
phosphorylation is associated with mitosis in HeLa cells. FEBS Lett.
249, 389-395.

1251



