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ABSTRACT By interference of the yeast pheromone mi-
togen-activated protein kinase (MAPK) pathway with an
alfalfa cDNA expression library, we have isolated the MP2C
gene encoding a functional protein phosphatase type 2C.
Epistasis analysis in yeast indicated that the molecular target
of the MP2C phosphatase is Stell, a MAPK Kkinase kinase
that is a central regulator of the pheromone and osmosensing
pathways. In plants, MP2C functions as a negative regulator
of the stress-activated MAPK (SAMK) pathway that is acti-
vated by cold, drought, touch, and wounding. Although acti-
vation of the SAMK pathway occurs by a posttranslational
mechanism, de novo transcription and translation of protein
factor(s) are necessary for its inactivation. MP2C is likely to
be this or one of these factors, because wound-induced acti-
vation of SAMK is followed by MP2C gene expression and
recombinant glutathione S-transferase-MP2C is able to in-
activate extracts containing wound-induced SAMK. Wound-
induced MP2C expression is a transient event and correlates
with the refractory period, i.e., the time when restimulation of
the SAMK pathway is not possible by a second stimulation.
These data suggest that MP2C is part of a negative feedback
mechanism that is responsible for resetting the SAMK cas-
cade in plants.

The mitogen-activated protein kinase (MAPK) cascade is a
universal signal transduction pathway found in both unicellular
and multicellular eukaryotes (1). Cells have multiple MAPK
pathways that are differentially activated by a variety of
external stimuli including growth factors, UV radiation, and
osmotic stress. MAPK cascades are usually composed of three
protein kinases. By phosphorylation of conserved threonine
and tyrosine residues, a MAPK becomes activated by a specific
MAPK kinase (MAPKK) (2, 3). A MAPKK kinase (MAP-
KKK) activates MAPKK through phosphorylation of con-
served threonine and/or serine residues (4).

Inactivation of MAPK pathways can be mediated through
dephosphorylation of MAPKs by the dual-specificity phos-
phatases, such as murine MKP-1 (5) or the yeast MSG5
product (6), or tyrosine phosphatases, encoded by the yeast
PTP2 and PTP3 genes (7). Serine/threonine phosphatases,
such as mammalian protein phosphatase 2A (PP2A) (8), and
yeast protein phosphatases type 2C (PP2Cs) can also function
as negative regulators of MAPK pathways (9-11).

By suppression of the budding yeast MAPK pathway that
mediates pheromone signaling, we have identified the alfalfa
MP2C gene, encoding a PP2C. Genetic analysis indicated that
the molecular target of MP2C is the MAPKKK, encoded by
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the yeast STEII gene. Several lines of evidence indicate that
MP2C also acts as a negative regulator in plants that may be
important for resetting a stress-signaling MAPK pathway.

MATERIALS AND METHODS

Yeast Strains and Techniques. For suppression analysis of
MP2C in the pheromone pathway, K2149 (MATa, HMLa,
HMRa, ho-Bgal, ura3, HIS4, ade2-1, canl-100, met, his3,
leu2-3, 112, trpl-1, barl::HISG) cells were transformed with
pGal-STE4 (12), pGal-STE20AN (13), pGal-STE11-4 (14),
pGal-STE12 (15), pPGAL-MP2C (pYEUra3-MP2C), or vector
(pYEUTra3).

For testing the ability of MP2C to inactivate the HOG1
pathway, TM222 (MATa, ura3, leu2, trpl, his3, lys2) was
transformed with pGAL-SSK2AN or pGAL-PBS2P-P, carry-
ing dominant active alleles of the MAPKKK and MAPKK,
respectively (7, 16), and pGal-MP2C (YCPlacl11 containing
GAL1/10p-MP2C from pYEura3-MP2C) or vector (YC-
Plac111).

The diploid strain GA2201, carrying the MATa and silent a
mating locus gene, was derived by mating strains CY2
(MATo::sup40, HMLa, HMRa, ho-Bgal, ura3, HIS4, ade6-0O,
ade2-1, canl-100, met, his3, leu2-3, 112, trpl-1, swi6::TRPI,
barl::HISG) and K2149 (MATa, HMLa, HMRa, ho-Bgal, ura3,
HIS4, ade2-1, canl-100, met, his3, leu2-3, 112, trpl-I,
barl::HISG). GA2201 was transformed with an alfalfa cDNA
expression library (17) that was constructed in the EcoRI site
of the pYEUra3 plasmid (CLONTECH).

Expression of Alfalfa MP2C in Bacteria. To study the MP2C
phosphatase, the alfalfa gene was cloned in the pGEX-3x
vector (Pharmacia). The reading frame was inserted into
pGEX3x via EcoRI. After transforming Escherichia coli with
the construct, positive clones containing the fragment in the
correct orientation were isolated and sequenced to verify that
no mutations had occurred in the ORF. Preparation of the
glutathione S-transferase (GST) fusion protein and affinity
purification was done according to the manufacturer’s instruc-
tions (Pharmacia). Protein concentration was determined with
a Bio-Rad detection system (Bio-Rad). Proteins were collected
in 50-ul aliquots, frozen in liquid nitrogen, and stored at
—80°C. The quality of the purification was checked on dena-
turing 10% polyacrylamide gels.
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Phosphatase Assays. Phosphatase activity of GST-MP2C
was determined with radiolabeled casein as described (18).
Briefly, dephosphorylated bovine casein (Sigma, product
C-4765) was 3?P-labeled with bovine heart cAMP-dependent
protein kinase (Sigma, product P-2645). Radiolabeled casein
was precipitated with 20% trichloroacetic acid. After washing
three times with 20% trichloroacetic acid and once with
acetone, the casein was dissolved in 0.2 M Tris'HCI (pH 8.0).
The phosphatase assay was done in a total volume of 50 ul
containing 60 mM Tris'HCI (pH 7.0), 0.1 mM EGTA, 10 mM
MgCl,, 10 mM 2-mercaptoethanol, 500 nM okadaic acid, and
100,000 cpm of radiolabeled casein. Bead-bound recombinant
GST-MP2C (15 ul) was incubated with the mixture for various
times at room temperature. The reaction was terminated by
the addition of 0.75 ml of an acidic charcoal mixture [0.9 M
HCI/90 mM sodium pyrophosphate/2 mM NaH,PO4/4%
(vol/vol) Norit A]. Samples were centrifuged, and the amount
of radioactivity in 0.4 ml of supernatant was determined by
scintillation counting.

Plant Culture Conditions. Alfalfa (Medicago sativa ssp.
varia, cv. Rambler, line A2) plants were grown in soil or under
sterile conditions on hormone-free MS medium (19).

Immunokinase Assays. Alfalfa leaves were mechanically
wounded by cutting the lamina with a razor blade to strips of
1 mm? Leaf extracts were prepared at various times after
wounding in extraction buffer [25 mM Tris-HCI, pH 7.5/15
mM MgCl,/5 mM EGTA/75 mM NaCl/1 mM DTT/0.1%
Nonidet P-40/15 mM p-nitrophenyl phosphate/60 mM B-glyc-
erophosphate/15 mM p-nitrophenyl phosphate/60 mM
B-glycerophosphate/0.1 mM NaVO3/1 mM NaF/1 mM phe-
nylmethylsulfonyl fluoride/leupeptine (10 pg/ml)/aprotinin
(10 ug/ml)/soybean trypsin inhibitor (10 wg/ml)/antipain (5
pg/ml)/chymostatin (5 ug/ml)/pepstatin (5 pg/ml)]. After
the centifugation at 100,000 X g for 1 h, the supernatant was
collected and used for further investigations.

Leaf extracts containing 100 wg of total protein were
immunoprecipitated with 5 ug of protein A-purified M7
antibody, which was produced against synthetic peptide en-
coding the carboxyl-terminal 10 amino acids of the alfalfa
stress-activated MAPK (SAMK) (20). The immunoprecipi-
tated protein was washed three times with buffer I (20 mM
TrissHCl/5 mM EDTA/100 mM NaCl/1% Triton X-100),
once with the same buffer but containing 1 M NaCl, and once
with kinase buffer (20 mM Hepes, pH 7.5/15 mM MgCl,/5
mM EGTA/1 mM DTT). Kinase reactions of the immuno-
precipitated protein were performed in 15 ul of kinase buffer
containing myelin basic protein at 0.5 mg/ml, 0.1 mM ATP,
and 2 uCi of [y-3?P]ATP (1 Ci = 37 GBq). The protein kinase
reaction was carried out at room temperature for 30 min. The
reaction was stopped by addition of SDS sample buffer. The
phosphorylation of myelin basic protein was analyzed by
autoradiography after SDS/PAGE.

In Vitro Inactivation of SAMK Pathway. To study the factors
involved in the inactivation of the SAMK pathway, protein
extracts were prepared from leaves 10 min after wounding, a
time, when the SAMK activity was decreasing. The initial
extraction was performed in a buffer containing no phospha-
tase inhibitors [25 mM Tris-HCL, pH 7.5/15 mM MgCl,/15
mM EGTA/75 mM NaCl/1 mM DTT/0.1% Nonidet P-40/1
mM phenylmethylsulfonyl fluoride/leupeptine (10 ug/ml)/
aprotinin (10 pg/ml)/soybean trypsin inhibitor (10 ug/ml)/
antipain (5 wg/ml)/chymostatin (5 pg/ml)/pepstatin (5 pg/
ml)]. After the centifugation at 100,000 X g for 1 h, aliquots of
the supernatant were incubated for 30 min at room temper-
ature in the absence or presence of GST-MP2C and various
combinations of the following inhibitors: 500 nM okadaic acid
and 0.1 mM NaVOj; (+1Inh) and/or 10 mM EDTA (+EDTA).
After incubation, the activation state of the SAMK pathway
was determined by in vitro kinase assays of the immunopre-
cipitated SAMK.
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RNA Gel Blot Analysis. RNA was extracted from leaves as
described (17). Two micrograms of poly(A)" RNA was sepa-
rated per lane on a denaturing formaldehyde gel. After
blotting to nylon membranes, the blot was sequentially hybrid-
ized with radiolabeled fragments, containing the MP2C
cDNA, the 3’ nontranslated region of the SAMK gene, and the
coding region of the MsWIP gene (21). As a control, the blot
was hybridized with a radiolabeled EcoRI-Xhol fragment of
the constitutively expressed Msc27 gene (22).

RESULTS

MP2C Suppresses the Pheromone-Induced MAPK Signal
Transduction Pathway in Yeast. To identify plant genes that
are involved in the regulation of MAPK signaling pathways, we
conditionally expressed a plant cDNA library in a pheromone-
hypersensitive yeast strain and selected for cells that could
override pheromone-induced cell cycle arrest and form colo-
nies in the presence of pheromone (17). One of the cDNAs
putatively encodes a PP2C and was, therefore, denoted as
MP2C for Medicago phosphatase 2C.

The addition of a pheromone has multiple effects on yeast:
it results in the activation of a MAPK pathway inducing a
transcriptional program with characteristic morphological
changes (projection formation called shmooing) and an arrest
in the G; phase of the cell cycle. These two responses are
thought to be due to a bifurcation of the pathway at the level
of the Fus3 and Kss1 MAPKs. In the absence of a-pheromone,
yeast cells expressing the previously identified cyclin cycMs3
(17) or MP2C cDNA did not show significant morphological
differences compared with nontransformed cells (Fig. 1).
Yeast cells expressing cycMs3 responded to a-pheromone by
exhibiting projection formation (shmooing) but no cell cycle
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FiG. 1. MP2C suppresses pheromone-induced cell cycle arrest and
projection formation. The diploid strain GA2201 (17) was transformed
with pYES, pYES-MP2C, and pYES-cycMs3. Yeast cells grow nor-
mally in the absence of pheromone (— pheromone) but show cell cycle
arrest and projection formation in its presence (+ pheromone). Cells
expressing MP2C grow normally in the absence and presence of
pheromone. In contrast, GA2201 cells, expressing the cycMs3 cyclin,
grow normally in the absence of pheromone, but addition of phero-
mone induces projection formation but not cell cycle arrest.
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FiG. 2. Sequence alignment of predicted protein sequences of yeast PTC1 (7), human PP2C (26), Arabidopsis ABI1 (24, 25), and alfalfa MP2C.
Gaps were introduced for optimal alignment and are shown by dashes. Identical amino acid residues are indicated with black boxes, and similar

amino acids are indicated with shaded boxes.

arrest (Fig. 1), indicating that cycMs3 acts downstream of the
bifurcation point. In contrast, expression of MP2C suppressed
both projection formation and cell cycle arrest (Fig. 1). Ac-
cording to the model described above, these results suggest
that MP2C acts at or upstream of the Fus3 and Kssl kinases
of the pheromone signaling pathway.

MP2C Encodes a Plant PP2C. Sequence analysis of the
MP2C cDNA revealed an ORF of 1160 nucleotides potentially
encoding a 45-kDa protein. MP2C showed significant homol-
ogy to PP2Cs such as Ptcl from yeast (23), ABIl from
Arabidopsis (24, 25), and human PP2C (26). The similarity
between these proteins is restricted to the catalytic domains
(Fig. 2), and MP2C has a unique amino terminus that shows
no similarity with any known protein.

MP2C Encodes a Functional PP2C. Protein phosphatases
can be divided into two major classes: protein serine/threonine
phosphatases and protein tyrosine phosphatases. Protein
serine/threonine phosphatases are further categorized into
four groups according to their substrate specificities, divalent
cation requirements, and sensitivity to inhibitors: types 1
(PP1), 2A (PP2A), 2B (PP2B), and 2C (PP2C) (27). Whereas
PP1, PP2A, and PP2B share approximately 40% identity in
their catalytic domains, the encoded PP2C proteins have no
apparent sequence homology to the other classes of phospha-
tases (28). PP2C enzymes also have the unique feature of
occurring as monomers, whereas the other classes form oli-
gomeric complexes with regulatory subunits, which are
thought to regulate activity, substrate specificity, and cellular
localization of the phosphatases (27, 28). In many respects,
PP2C also differs from the other serine/threonine phospha-
tases in that PP2C requires Mn?* and/or Mg?* and is insen-
sitive to the phosphatase inhibitor okadaic acid (27). To test
whether the MP2C cDNA encodes a functional enzyme that
has the properties of PP2C enzymes, we expressed MP2C as a
GST fusion protein in E. coli. The phosphatase activity of
affinity-purified GST-MP2C protein was determined with
32P-phosphorylated casein as substrate. GST-MP2C was able
to dephosphorylate casein, and this ability was strictly depen-
dent on the presence of Mg?* or Mn?" (Fig. 3, lanes 2 and 3,
respectively). As a control, GST was incubated with 3%P-
labeled casein but was unable to release P; (Fig. 3, lane 1). The
ABII gene encodes a PP2C that has an EF hand motif that is
thought to regulate the activity of the enzyme in a Ca?*-
dependent manner. Although no such motif was found in the
MP2C amino acid sequence, we also tested an influence of
Ca’" on the phosphatase activity of GST-MP2C. GST-MP2C
was completely inactive when Mg?* or Mn?* was replaced by

Ca?* (Fig. 3, lane 4). Moreover, the addition of Ca®* to
GST-MP2C containing Mg?* or Mn?* did not affect the
phosphatase activity of MP2C (data not shown). PP2Cs are
Mg?"- or Mn?"-dependent enzymes and can be inhibited by
the chelating agent EDTA. When 10 mM EDTA was added to
active GST-MP2C containing Mg?>* or Mn?", the dephos-
phorylation of 3?P-labeled casein was completely inhibited
(Fig. 3, lanes 5 and 6, respectively). Protein serine/threonine
phosphatases other than PP2C are sensitive to okadaic acid
(28). Addition of 500 nM okadaic acid did not inhibit the
phosphatase activity of GST-MP2C in vitro and was, therefore,
included in all PP2C assays (Fig. 3, lanes 1-6). These data
indicate that MP2C encodes an enzyme that has all the
properties of type 2C protein phosphatases.

The Molecular Target of MP2C in Yeast Is the Stell Kinase.
To define the target of MP2C in the pheromone pathway,
suppression analysis of MP2C was performed in yeast cells that
conditionally overexpressed genes encoding either the Gf
protein subunit Ste4 (12), the transcription factor Stel2 (15),
or dominant active forms of the MAPKKK Stell (Stell-4)
(14) or MAPKKK activator Ste20 (Ste20AN) (13). Whereas
MP2C expression suppressed the lethal phenotype mediated
by ectopic expression of the STE4, STE20AN and STE11-4
genes, no suppression was obtained in yeast that overexpressed
STEI12 (Fig. 44). These results indicate that MP2C acts at or
below the Stell kinase but above the Stel2 transcription
factor.

Because Stell activates both the Ste7 kinase of the phero-
mone pathway and the Pbs2 kinase of the osmosensing HOG1
pathway (7, 16), suppression of the dominant active Stell-4
allele by MP2C would be possible only if MP2C acted on Stell
itself or on downstream components of both the pheromone
and osmosensing pathways. To distinguish between these
possibilities, yeast cells that conditionally overexpressed a
constitutively active SSK2 allele (SSK2AN) were analyzed for
the ability of MP2C to inactivate the downstream target Pbs2
or Hogl. MP2C was not able to suppress the SSK2AN-
mediated lethal phenotype (Fig. 4B), indicating that it does not
act on Pbs2 or other downstream components of the Hogl
cascade. In agreement with these results, MP2C was also not
able to suppress a constitutively active PBS2 allele (PBS2P:P),
indicating that MP2C does not act on Hogl or other down-
stream components of the Hogl pathway (Fig. 4B). Thus, the
genetic analysis suggests that MP2C-mediated inactivation of
the pheromone and osmosensing pathways is mediated via the
Stell kinase.
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FiG. 3. MP2C encodes an active PP2C. The MP2C gene was
expressed as a GST fusion protein in E. coli. Affinity-purified GST-
MP2C was incubated with 32P-labeled casein, and the released 32P; was
taken as a measure for the phosphatase activity. 32P; released by
incubation of 3?P-labeled casein with GST containing Mg?* (bar 1),
GST-MP2C containing Mg?* (bar 2), GST-MP2C containing Mn?*
(bar 3), GST-MP2C containing Ca* (bar 4), GST-MP2C containing
Mg2* and 10 mM EDTA (bar 5), GST-MP2C containing Mn?* and
10 mM EDTA (bar 6) is shown.

MP2C Gene Expression Is Induced by Wounding and
Correlates with Inactivation of the SAMK Pathway. Because
MP2C appears to act as a negative regulator on the pheromone
MAPK pathway in yeast, we tested the possibility that MP2C
might also be involved in regulation of a plant MAPK pathway.
The stress-induced SAMK pathway is a MAPK cascade that is
activated in response to cold, drought, touch, and wounding,
leading to the transient activation of SAMK (20, 21, 29). The
transient activation of SAMK was shown to be dependent on
two opposing processes: on an activating posttranslational
mechanism and on inactivating protein factor(s) that is syn-
thesized de novo (21). To test whether the MP2C gene expres-
sion pattern might qualify for the negative regulatory process
that is responsible for the inactivation of the SAMK pathway,
gel blot analysis was performed with RNA extracted from
leaves before and after wounding. MP2C gene expression was
induced within 10 min after wounding (Fig. 5). After maximal
expression at 30 min, MP2C transcript amounts gradually
decreased to nondetectable levels. Transcript amounts of the
SAMK gene also showed transient accumulation with maximal
levels at 30 min (Fig. 5). In contrast to SAMK transcript, no
MP2C mRNA was detected in nonwounded leaves (Fig. 5, at
0 min). Whereas the MP2C and SAMK genes are rapidly and
transiently induced, the systemically expressed MsWIP gene,
encoding a Bowman-Birk type protease inhibitor (21), was
only induced at 60 min after wounding and showed gradual
transcript accumulation over many hours (Fig. 5). Hybridiza-
tion of the same filter with a radiolabeled fragment of the
constitutively expressed Msc27 gene (Fig. 5) showed that the
fluctuation of MP2C and SAMK transcripts was not due to
differences in the loading of the RNA gel blot. The similar
kinetics of the wound-induced expression of the SAMK and
MP2C genes and the fact that these genes were induced shortly
after activation of SAMK suggest that the expression of these
genes might be regulated by the SAMK pathway.
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FiG. 4. Inactivation of the Stell MAPKKK by MP2C. (4) MP2C
suppresses the lethal phenotype caused by overexpression of STE4,
STE20AN, and STE11-4 but not STEI2. For suppression analysis of
MP2C in the pheromone pathway, K2149 cells were transformed with
pGal-STE4, pGal-STE20AN, pGal-STE11-4, pGal-STE12, pGAL-
MP2C, or vector. All strains containing the vector are viable on glucose
but show galactose-induced lethality. MP2C can suppress the galactose-
induced lethality of STE4, STE20AN, and STE11-4, but not that of
STEI2. (B) For testing the ability of MP2C to inactivate the HOG1
pathway, TM222 was transformed with pGAL-SSK2AN or pGAL-
PBS2P:DP, carrying dominant active alleles of the MAPKKK and
MAPKK, respectively, and pGal-MP2C or vector. All strains containing
the vector are viable on glucose but show galactose-induced lethality.
MP2C expression was unable to suppress the galactose-induced lethality.

MP2C Inactivates the SAMK Pathway. MP2C expression is
correlated with the inactivation of the SAMK pathway in
plants. To test whether MP2C can inactivate the SAMK
pathway in a direct way, wound-induced leaf extracts were
incubated in the absence or presence of active recombinant
GST-MP2C. After 30 min of incubation of the extracts, the
activity of the SAMK was determined by immunocomplex
kinase assays (Fig. 6). Different MAPKs can be inactivated by
the serine/threonine-specific phosphatase PP2A (8), tyrosine-
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FiG. 5. MP2C gene is transiently induced after wound-induced
SAMK activation. Alfalfa plants were grown under sterile conditions
on hormone-free MS medium (19). RNA was extracted from leaves as
described (17) before (0 min) and 10, 30, 60, 120, and 240 min after
wounding. Poly(A)"™ RNA (2 pg) was separated per lane on a
denaturing formaldehyde gel. After blotting to nylon membranes, the
blot was sequentially hybridized with fragments containing the coding
regions of the MP2C and MsWIP genes, and the 3’ nontranslated
region of the SAMK gene, respectively (21). As a control, the blot was
hybridized with a radiolabeled fragment of the constitutively expressed
Msc27 gene (22).
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Fi1G. 6. MP2C inactivates the SAMK pathway. MP2C-mediated
inactivation of the SAMK pathway was determined by incubating
wound-induced extract that was prepared 10 min after wounding and
contained 100 pg of total protein for 30 min at room temperature with
GST-MP2C, no protein, or GST and various combinations of the
following phosphatase inhibitors: 500 nM okadaic acid, 0.1 mM
NaVOs; (+Inh), and 10 mM EDTA (+EDTA). After incubation, the
activity of the SAMK was determined by immunocomplex kinase
assays.

specific phosphatases (7), and dual-specificity phosphatases (5,
6). PP2A is highly sensitive to okadaic acid, and the tyrosine-
directed phosphatases can be inhibited by vanadate (27).
Because MP2C is insensitive to these drugs, leaf extracts were
incubated with GST-MP2C in the presence (+1Inh) or absence
(—Inh) of okadaic acid and vanadate. In the presence of
okadaic acid and vanadate, GST-MP2C still showed signifi-
cant inactivation of SAMK (Fig. 6, +Inh —EDTA). However,
when EDTA was included in the reaction buffer, the MP2C-
dependent inactivation was completely blocked (Fig. 6, +Inh
+EDTA). Although it can be argued that EDTA might affect
other enzymes besides MP2C, the addition of GST alone
showed no inactivation of SAMK under these conditions (Fig.
6). These results strongly support the idea that MP2C is a
negative regulator of the SAMK pathway, suggesting that the
wound-induced expression of the MP2C gene constitutes a
feedback mechanism for resetting this stress signaling pathway.

DISCUSSION

PP2Cs: Common Negative Regulatory Elements of Eukary-
otic MAPK Pathways. Signal transduction processes are based
on the reversible phosphorylation of signaling components and
MAPK cascades are key players in several of these pathways.
To identify and study the function of negative regulatory
components of MAPK pathways, we have used a heterologous
approach that makes use of the pheromone-mediated MAPK
cascade of yeast cells. Interference of this yeast signaling
cascade by expression of an alfalfa cDNA library led to the
isolation of the MP2C gene that encodes a PP2C. A common
function of yeast PP2Cs from fission yeast and budding yeast
is their action on MAPK pathways that are responsible for
adaptation to abiotic stresses, such as heat shock and hyper-
osmolar conditions (9-11). Although the MP2C gene was
identified in a screen for genes that suppress pheromone
signaling, genetic analysis indicated that the target of MP2C is
Ste11,a MAPKKK that plays a role in both the pheromone and
the osmosensing yeast MAPK cascade. Furthermore, we pro-
vide evidence that MP2C has a negative function on a plant
MAPK cascade, suggesting that PP2Cs might be common
negative regulators of eukaryotic MAPK pathways.

Proc. Natl. Acad. Sci. USA 95 (1998)

MP2C Is a Negative Regulator of the Stress-Activated
MAPK Pathway in Plants. Abiotic stresses such as cold,
drought, touch, and wounding induce the activation of the
SAMK pathway (20, 21, 29). The stress-induced activation of
SAMK is a transient process, indicating the operation of
activating and inactivating mechanisms. We have previously
shown that the activation of the SAMK cascade is a posttrans-
lational event but that the inactivation requires the transcrip-
tion and translation of a protein factor(s). Several lines of
evidence strongly indicate that MP2C might be this or one of
the factors responsible for the inactivation of the SAMK
pathway. (i) Active recombinant GST-MP2C was able to
inactivate the SAMK pathway in vitro. (i) MP2C gene expres-
sion occurred rapidly and transiently after wounding. (iii) The
presence of MP2C transcript was correlated with the length of
the refractory period, i.e., when an inactivation mechanism
prohibits reactivation of the SAMK pathway by a second
stimulus.

SAMK-Dependent MP2C Expression Provides a Regulatory
Mechanism to Reset the Stress Signaling Pathway. A cell
requires sensing mechanisms to monitor various extracellular
parameters, such as environmental conditions and nutrients,
and potential enemies, such as microbial pathogens. After
activation of a plasma-membrane-located sensor, the informa-
tion is transmitted through intracellular signaling mechanisms
to distinct effectors, in many cases transcription factors in the
nucleus where expression of specific target genes is induced.
Because a cell requires continuous monitoring of the extra-
cellular environment, a mechanism must exist that turns the
signal transduction cascade off again. One way to do this is
through inactivation of the MAPK by dephosphorylation. In
yeast HOG1 pathway, the tyrosine phosphatases Ptp1 and Ptp2
appear to inactivate Hogl by a posttranslational mechanism
(7). However, as shown for for the dual-specificity phosphatase
genes MSG5 and MKP-1 (5, 6), MAPK cascades can also be
inactivated through transcriptional induction of their respec-
tive phosphatase genes. The plant SAMK pathway is inacti-
vated through the transcriptional induction of negative regu-
latory gene(s) and our evidence indicates that MP2C belongs
to this class of genes. As long as the MP2C gene is expressed,
de novo activation of the pathway will be counteracted by the
accumulating MP2C phosphatase, resulting in the inability to
transmit further incoming signals. This situation is known as a
refractory period, when restimulation of a pathway is not
possible, but an intriguingly simple solution to this inherent
dilemma is provided by coupling MP2C gene expression to the
activity state of the SAMK. Under these conditions, MP2C-
mediated inactivation of the SAMK pathway will also lead to
a halt in MP2C gene expression, allowing the reactivation and
transduction of further signals. In the SAMK pathway, such a
mechanism appears to operate, because restimulation is gen-
erally found to be completely inhibited 30 min after applying
the first stimulus. Thereafter, it usually takes another 30 min
to obtain a full response upon restimulation (21). Not only does
the refractory period coincide with the time of MP2C gene
expression, but the amounts of MP2C transcript also tightly
correlate with the activation levels of the SAMK. Because
MP2C can inactivate MAPK pathways in yeast and plants, it
would not be surprising to find that PP2Cs are common
negative players in other MAPK cascades.
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