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Plant mitogen-activated protein kinase signaling cascades
Guillaume Tena*, Tsuneaki Asaif, Wan-Ling Chiu* and Jen Sheens

Mitogen-activated protein kinase (MAPK) cascades have
emerged as a universal signal transduction mechanism that
connects diverse receptors/sensors to cellular and nuclear
responses in eukaryotes. Recent studies in plants indicate that
MAPK cascades are vital to fundamental physiological functions
involved in hormonal responses, cell cycle regulation, abiotic
stress signaling, and defense mechanisms. New findings have
revealed the complexity and redundancy of the signaling
components, the antagonistic nature of distinct pathways, and
the use of both positive and negative regulatory mechanisms.
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Abbreviations

At Arabidopsis thaliana

CTR1 CONSTITUTIVE TRIPLE RESPONSE 1
DSP dual specificity MAPK phosphatase
EDR1 ENHANCED DISEASE RESISTANCE 1
ERK extracellular signal-regulated kinase
MAPK (or MPK) mitogen-activated protein kinase
MAPKK MAPK kinase

MAPKKK MAPKK kinase

MEK/MKK MAPK kinase

MEKK MAPKK kinase

MKP MAPK phosphatase

MMK Medicago MAPK

Ms Medicago sativa

NPK1 Nicotiana protein kinase

Nt Nicotiana tabacum

PTP phosphotyrosine phosphatase

SA salicylic acid

SAMK stress-activated MAPK

SAR systemic acquired resistance

SIMK salt-induced MAPK

SIMKK SIMK kinase

SIPK salicylic-acid-inducible protein kinase

WIPK wound-inducible protein kinase

Introduction

Plants possess integrated signaling networks that mediate
the perception of and responses to the hormones, nutri-
ents, and environmental cues and stresses that govern
plant growth and development. Our current knowledge
of plant signal transduction pathways has come from the
identification of the sensors and receptors that perceive
the signal, and of the transcription factors and target
genes that coordinate the response [1]. What is missing
from our understanding of most plant signal transduction
pathways, however, is the identity of the regulatory

components that link sensors/receptors to target genes
and other cellular responses.

In the past few years, it has become apparent that mitogen-
activated protein kinase (MAPK) cascades play some of the
most essential roles in plant signal transduction pathways
from cell division to cell death (Figure 1). MAPK cascades
are evolutionarily conserved signaling modules with essen-
tial regulatory functions in eukaryotes, including yeasts,
worms, flies, frogs, mammals and plants. The recent enthu-
siasm for plant MAPK cascades is backed by numerous
studies showing that plant MAPKs are activated by hor-
mones, abiotic stresses, pathogens and pathogen-derived
elicitors, and are also activated at specific stages during the
cell cycle [2]. Until recently, studies of MAPK cascades in
plants were focused on cDNA cloning [3,4] and used a
MAPK in-gel assay, MAPK and tyrosine-phosphate anti-
bodies, and kinase inhibitors to connect signals to MAPKs
[2]. 'The recent completion of the Arabidopsis thaliana (At)
genome sequence presents a new opportunity to identify
and isolate the large gene families encoding MAPKs and
their immediate upstream regulators, MAPK kinases
(MAPKKSs) and MAPKK kinases (MAPKKKSs) on the basis
of sequence conservation (Table 1). Various combinations
of this large set of genes provide the diversity and specificity
necessary to transmit a broad spectrum of signals in plants.
"The challenge ahead is to develop additional tools to better
define the components of plant MAPK cascades and to
determine the specific roles of individual MAPK cascade
genes in particular signal transduction pathways.

A general background to MAPK signaling cascades has
been provided by excellent reviews on organisms from
yeast, to mammals, to plants [2,5,6]. In this review, we offer
the first glance at the coding capacity for MAPK cascade
genes in the Arabidopsis genome (Table 1), and focus on
the most recent progress in the identification of plant
MAPK, MAPKK, and MAPKKK genes in specific signal
transduction pathways (Figure 1). We also discuss the
emerging feature of antagonistic interactions between
MAPK signaling cascades (Figure 2).

Plant MAPK cascade genes

Known eukaryotic MAPKs can be divided into three
main subfamilies on the basis of their structural charac-
teristics, which often correlate with their functions in
distinct signal transduction pathways [7]. However, all
plant MAPK genes described so far belong to a single
group, the so-called extracellular signal-regulated kinase
(ERK) subfamily. In mammals, members of this
subfamily are mainly responsible for the transduction of
mitogenic signals but, in plants, ERKs seem to have
evolved in such a way as to be able to transmit a broader
range of stimuli [8].
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Figure 1
Plant Arabidopsis Tobacco Alfalfa Arabidopsis Tobacco
Signal Bacterial Oxidative Fungal Salt Abiotic Mitosis
elicitor stress elicitor stress stresses cytokinesis
Sensor FLS2? l l l AtHK1? l
AtMEKK1 AtANP1 l l AtMEKK1 NtNPK1
MAPKKK
(NtNPK1) (AtANP1)
AtMKK4/5 l NtMEK2 MsSIMKK AtMKK1/2 NtMEK 1 [
MAPKK (NtMEK?2) (AtMKK4/5) (AtMKK4/5) (NtSIPKK)
l (MsSIMKK) (MsSIMKK) (NtMEK?2)
AtMPK3/6 AtMPK3/6 NtSIPK/WIPK MsSIMK AtMPK4 NtNtf6 I
MAPK (NtWIPK/SIPK) (AtMPK3/6) (AtMPK®6) (MsMMK2) (MsMMK3)
(MsSAMK/SIMK B (MsSAMK/SIMK B (NtSIPK)
Target PAL(+) GST6, HSP18.2 (+) HMGR(+) 5 5 ”
genes GH3, ER7 (-) PAL(+)
Negative s AtMKP1? > AtMKP1? 5
regulator ’ AtPTP1? MsMP2C* AtPTP1? ’
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MAPK cascades in diverse plant signal transduction pathways.

A general schematic presentation of signal transduction pathways is
shown on the left. FLS2 is the putative receptor for the flagellin peptide
elicitor flg22. AtHK1 is the putative histidine kinase osmosensor. The
functionally defined MAPK-cascade components are shown in bold.
MAPK, MAPKK and MAPKKK homologs in three plant species, tobacco
(Nt), alfalfa (Ms) and Arabidopsis (At) are shown. *Alfalfa MsSAMK is
MsMMK4, MsSIMK is MsMMK1. **Tobacco NtMEK1 is the same as

NtNQKZ1, and tobacco NtNTF6 is NtNRK1. The negative regulators
shown here are limited to known MAPK-specific phosphatases: dual-
specificity MAPK phosphatase (AtMKP1), phosphotyrosine
phosphatase (AtPTP1), and protein phosphatase 2C (MsMP2C). ER?,
auxin-inducible enhancer; GH3 auxin-inducible promoter; GST,
glutathione-S-transferase; HMGR, 3-hydroxy-3-methylglutaryl CoA
reductase; HSP, heat shock protein; PAL, phenylalanine ammonia-lyase;
(+) positive regulation; () negative regulation.

In terms of physiological roles, the best-characterized plant
MAPK proteins are from Medicago sativa (alfalfa), Nicotiana
tabacum (tobacco) and Arabidopsis. A whole-genome survey
of the MAPK genes and the genes encoding their upstream
regulators (MAPKKs and MAPKKKSs) is, however, currently
possible only in Arabidopsis (Table 1). According to our
sequence search criteria with highly conserved signature
motifs, there are 23 MAPK and 9 MAPKK genes in the
Arabidopsis genome ('Table 1). The sequences of putative
MAPKKK genes [4] are more divergent than those of other
members of the MAPK cascades. In the Arabidopsis
genome, a comprehensive database search has identified
more than 25 MAPKKK gene candidates on the basis of
sequence conservation in the kinase domain (Table 1). The
MAPKKK gene candidates can be divided into at least two
main subfamilies, typified by their mammalian homologs:
Raf-like (e.g. A7CTRI and AzEDRI) and MEKK-like
(e.g. A7ANPI and AtMEKKI) [9,10°,11°°-13**]. The true
functional proof of any MAPK cascade component requires

a combination of physiological, genetic and/or biochemical
data. A global survey of the MAPK cascade gene expression
patterns using customized microarrays in Arabidopsis could
help to establish their functionality. A more systematic
nomenclature of MAPK cascade genes would also facilitate
information exchange among research groups working on
different plant species (see Figure 1 and Table 1).

MAPK cascades in hormonal responses

Extensive studies have linked MAPKs with mitogenic
stimuli in mammalian cells, thus providing the generic
name for this subclass of protein kinases. In plants, auxin
(as a mitogen) has previously been linked to MAPK acti-
vation in tobacco BY-2 cells [14]; however, at that time, the
extreme sensitivity of plant MAPKs to mechanical stress
was not recognized. Other researchers were unable to
show auxin activation of MAPK using the same system,
but did stimulate a strong MAPK-like activation by simply
re-suspending BY-2 cells in fresh medium or treating the
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Table 1

MAPK cascades components in the Arabidopsis genome.

Total Minimal signature  cDNA Function described Subfamilies
number motif described
Members Act. Loop
MAPK 23 TXYVxxRWYRAPE 9 3: Group 1: AtMPK3, AtMPK6 3 TEY
AtMPK3, 4, 6 Group 2: AtMPK4, AtMPK5 5 TEY
[10°,11~,43"] Group 3: AtMPK1, AtMPK2, AtMPK7 4 TEY
Group 4: AtMPK8, AtMPK9 8 TDY
Group 5: AtMHK 3 TEY
Members
MAPKK 9 [STIXxGTXxXYMXPER 5 4: Group 1: AtIMEK1, AtMKK2 3
AtMEK1, AtMKK2 Group 2: AtMKK4, AtMKK5 2
AtMKK4, 5 [25] Group 3: AtMKK3 1
(T Asai, G Tena, Group 4: No described cDNA 3
unpublished data)
Putative members
MAPKKK >25  MEKK family: 10 6: MEKK:-like Group 1: AtANP1
DIWSXG CTXXExXXTxxxP AtCTR1, AtEDR1 MEKK-like Group 2: AtMEKK1
Raf family: AtMEKK1, AtANP1, 2, 3 MEKK:-like Group 3: AtMAP3Kalpha
GVXXWELXTxxxPW [9,11*—-13"] Raf-like Group 1: AtCTR1, AtEDR1

Raf-like Group 2: No described cDNA
Raf-like Group 3: AtMAP3Kthetal
Other Groups?

NVNWOoOOoOWhAW

An overview of the MAPK cascade genes in the Arabidopsis genome.
The MAPK and MAPKK genes are defined by the minimal signature
motifs. An estimated number and putative signature motifs are given
for MAPKKK genes because of the divergence of the encoded
proteins and the lack of sufficient functional data. The minimal

cells with a high concentration of 2,4-D (2,4-dichlorophe-
noxyacetic acid), which induced cytosolic acidification [15].

The use of an Arabidopsis leaf protoplast transient expres-
sion assay provided critical evidence that an oxidative stress
MAPK cascade, involving AtANP1 and both AtMPK3 and
AtMPKB6, negatively regulates early auxin responses [11°°].

signature motifs for classification were determined through alignment
of the most conserved structural sequences using all available plant
gene sequences for a given class of proteins. The minimal signature
motifs shown here are sufficient to identify all members of the MAPK
and MAPKK gene families in the Arabidopsis genome.

The assay used well-defined auxin-responsive promoters
and enhancers fused to a reporter gene. Using the same
system, H,O, was shown to trigger this stress MAPK
signaling cascade and activate transcription, thus demon-
strating that the same cascade can mediate both negative
and positive regulation of transcription [11°°]. The possibility
that another MAPK cascade is involved in activating auxin

Figure 2
- H,0, - Unknown
stress Ethylene signal
ctrl mpk4
l l PDOROS0 l l mtant l l At
/ NtSIPK
Unknown  ? | ALANPL Unknown ? | AtCTR1 ?  AtMPK4
MAPK MAPK MAPK I MAPK A,\t/ll\ng | | MAPK
cascade cascade cascade cascade cascade cascade
Signal integration etrl Signal integration Signal integration
Y mutant Y Y
Output Output Output
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Antagonistic MAPK signaling pathways. Three hypothetical interactions of MAPK cascades are shown in auxin, ethylene, and jasmonate (JA)

signaling. PD98059 and U0126 are mammalian MEK inhibitors.




responses has, however, not been excluded. More recently,
using Arabidopsis seedling roots, a rapid transient activation
of an unknown MAPK by biologically active auxin has been
shown unequivocally [16°]. This auxin-induced MAPK acti-
vation — but not the one induced by salt stress — is almost
abolished in the @x74 mutant, which is impaired in its root
growth response to auxin. Surprisingly, the inhibitors of the
mammalian mitogenic MEKs, PD98059 and U0126, do not
inhibit but greatly enhance auxin-dependent MAPK
activation, although the same inhibitors repress the
auxin-responsive reporter gene BA3:GUS in a transgenic
Arabidopsis line [16°]. This unexpected result could be
partially explained by the observation that these inhibitors
can also block stress MAPK cascades in plants (see below
and T Asai, ] Sheen, unpublished data). It is consistent with
the earlier finding that a stress MAPK cascade inhibits auxin
responses [11°%,17]. The link between auxin activation of
MAPK and auxin-dependent gene expression requires
further investigation. It appears that antagonistic MAPK
cascades exist in the same cells and the final physiological
output is more dependent on the balance of the qualitative
and quantitative activities of multiple MAPK pathways
rather than a simple linear on/off switch (Figure 2).

The role of MAPK cascades in ethylene responses is
still unresolved. CTR1 (CONSTITUTIVE TRIPLE
RESPONSE 1), a homolog of the mammalian MAPKKK
Raf, has been shown genetically to act as a negative regula-
tor in ethylene signaling: the recessive ¢#7/ mutant displays
striking phenotypes that mimic constitutive ethylene
responses [9]. Although genetic data have provided impres-
sively detailed information on the ethylene signaling
pathway from the perception of ethylene to the activation
of nuclear gene expression, to date, no components of a
MAPK cascade have been identified downstream of CTR1
[18]. Curiously, ethylene treatment induces a MAPK-like
activity in Arabidopsis 1eaves and this MAPK-like activity is
greatly enhanced in the ¢/ mutant ([19]; Y Kovtun,
J Sheen, unpublished data). This situation is similar to the
enhancement of auxin-dependent MAPK activation by
MEK inhibitors in Arabidopsis roots [16°]. Apparently, the
inhibition of one MAPK cascade can enhance the activation
of another antagonistic and distinct MAPK cascade. The
genetically defined negative regulators could be positive
regulators of an antagonistic signaling pathway, as demon-
strated in the case of auxin and H,0, signaling [11°°]. The
final physiological responses to ethylene may depend on
the combination of multiple outputs from different kinase
cascades (Figure 2).

MAPK cascades in cell cycle regulation

"To elucidate the function of MAPK cascades in cell cycle
regulation, synchronized alfalfa and tobacco BY-2 suspen-
sion culture cells have been used to analyze the
expression, activity and localization of an alfalfa MAPK
(Medicago MAPK [MMK3]) and a tobacco MAPKKK
(Nicotiana protein kinase [NPK1]) [13°°,20]. Both MMK3
and NPK1 are transiently activated after the removal of
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propyzamide, which arrests cells in metaphase. Systematic
immunostaining experiments show that the subcellular
localization of NPK1 in BY-2 cells is dynamic. In mitosis,
the protein moves from the nucleus during prophase to a
thin equatorial zone of the phragmoplast. MMK3 shows
similar localization in fava bean and alfalfa root-tip cells at
various stages of mitosis. Both studies suggest that, during
cytokinesis, a MAPK cascade functions in cell-plate forma-
tion. In an elegant experiment using transgenic cell lines
expressing a dominant-negative NPK1 under the control
of an inducible promoter, multinucleated cells were
observed, revealing a clear defect in cytokinesis [13°°].
The use of dominant-negative NPK1 fusions with green
fluorescent protein (GFP) provided a visual correlation of
the cytokinesis defect and revealed a partial inhibition of
lateral expansion of the phragmoplast [13°*]. In transgenic
tobacco plants, cotyledon guard cells show the most
striking aberrant phenotypes in cytokinesis.

Using the yeast two-hybrid system, a putative upstream
activator of NPK1, NACK1 (with sequence similarity to
kinesin-like proteins), and two possible downstream com-
ponents of this cascade, NtNQK1 and NtNRK1, have been
isolated [13°°]. As NPK1 activity is modulated by phosphoryl-
ation, its regulation by cyclin-dependent protein kinases is
also an attractive possibility. Using yeast two-hybrid, pull-
down and kinase assays, it has been shown that NtN'TF6
(which is identical to NtNRK1) and NtMEK1 (identical to
NtNQK1) are components of a MAPK cascade, possibly
acting downstream of NPK1. Interestingly, transcription of
NtMEK] and activation of NtN'TF6 are both found in cells
whose division has been induced by auxin and cytokinin
treatment [21]. The identification of phosphorylation
substrates will uncover the molecular action of NPK1 in
cytokinesis. Whether MAPK cascades control other steps of
the cell cycle in plants, as they do in yeasts, frogs and
mammals, and whether a MAPK cascade is required in
cytokinesis await further studies.

MAPK activation in abiotic stress signaling
Plants possess sophisticated protection mechanisms to
cope with various environmental stresses such as cold,
freezing, heat, drought, ozone, UV light, salinity, osmotic
shock, and mechanical wounding [22-24]. Accumulating
evidence indicates that plants rapidly activate MAPKs
when exposed to multiple abiotic stress stimuli [2,8]. The
identity, roles, and specificity of MAPK cascades in the
regulation of diverse abiotic stress responses, and their
link to defense mechanisms (see below) and growth regu-
lation, are the focal points of intensive research. The
current lack of any MAPK cascade mutants in abiotic
stress signaling has promoted the use of alternative
research strategies, including molecular cloning on the
basis of sequence homology, biochemical purification,
specific antibody recognition, the use of inhibitors, /z vitro
kinase measurements, yeast mutant complementation and
two-hybrid assays, protoplast transient expression and
transgenic plant analyses.
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Extensive two-hybrid analysis and mutant complementa-
tion in yeast has allowed the first Arabidopsis MAPK
cascade, consisting of AAMEKK1, AIMEK1/AtMKK2, and
AtMPK4, to be proposed [25]. This hypothetical cascade is
supported by the finding that AtMPK4 is activated by
AMEKT n vitro [26]. Using specific MAPK antibodies,
recent analyses have identified AtMPK4 and AtMPK6 as
the MAPKSs activated by low temperature, low humidity,
hyper-osmolarity, touch, and wounding in Arabidopsis
plants [10°]. In analogy to the yeast SLLN1 osmosensing
and HOG1 MAPK signaling pathways [6], it is tempting to
speculate that the AIMEKK1, AtMEK1/AtMKK2, and
AtMPK4 signaling cascade is involved in abiotic stress
responses with a putative upstream hybrid histidine kinase
osmosensor, AtHK1 in Arabidopsis (Figure 1; [3]). As
AtMPK4 and AtMPK6 show distinct levels and kinetics of
activation, they may serve different functions [10°].

High NaCl or hyperosmotic conditions activate SIMK
(salt-induced MAPK) in alfalfa cells and SIPK (salicylic-
acid-inducible protein kinase) in tobacco cells [27°,28]. The
specific upstream regulator of SIMK is SIMK kinase
(SIMKK; an ortholog of AtMKK4,5), which was identified
by a yeast two-hybrid screen [27°]. This result raises the
possibility that different MAPKs may interact with specific
MAPKKSs and multiple MAPK cascades may be induced by
the same signal. Whether the abiotic-stress-activated
AtMPKs (AtMPK4 and AtMPK®6) are regulated by the same
or different MAPK signaling cascades and whether they
serve similar or distinct functions in abiotic stress signaling
requires functional analysis in plant cells. In transfected
parsley protoplasts, SIMK is hardly activated by NaCl
unless SIMKK is co-transfected [27°]. Thus, SIMKK seems
to be a limiting factor in this putative MAPK cascade. This
well-established plant transient expression system will aid
in the functional analysis of SIMK and SIMKK ## vive.

Although each stress stimulus may involve a distinct per-
ception process and trigger specific responses, there appear
to be some common underlying mechanisms for abiotic
stress signaling. The convergent points include the produc-
tion of second messengers, such as calcium and H,0,,
and/or the reliance on common signaling cascades and tran-
scription factors [11°%,22,29]. A connection between the
activation of a plant MAPK cascade and one common sec-
ond messenger, H,0,, which is generated by diverse stress
stimuli, has been demonstrated using the Arabidopsis proto-
plast transient expression assay. The study shows that
functional redundancy is found in MAPK cascades in
plants, as also found in yeast and mammals. For instance,
H,0, activates AtMPK3 and AtMPK6, which act down-
stream of the redundant MAPKKKs, ANP1, ANP2 and
ANP3. The versatile system also allows the link from the
H,0, signal to the MAPK cascade and to the target genes.
It has been shown that H,O, activates the GS76 and
HSPI18.2 promoters but represses the auxin-responsive
GH3 promoter. The same effect can be mimicked by the
constitutively active versions of ANP1, ANP2 and ANP3.

Interestingly, the abscisic-acid-/drought-/cold-inducible
RDZ29A promoter is not activated by this oxidative-stress-
induced MAPK cascade. It is further demonstrated that
transgenic tobacco plants expressing the constitutively
active version of NPK1, a tobacco ortholog of ANP1, exhibit
tolerance to multiple stresses such as cold, heat, drought and
high salinity. As described above, activation of this MAPK
cascade results in the repression of the auxin-responsive
GH3 promoter, providing a molecular link between stress
and hormone signaling (Figure 2; [11°°]).

To understand the complete picture of oxidative stress
signaling, ranging from signal perception to nuclear
transcription events, the upstream and downstream com-
ponents of this cascade — such as the H,0O, sensor and the
transcription factors activated by AtMPK3/6 — will need
to be identified. As H,0, acts as a second messenger in
tomato wounding responses, multiple levels of MAPK
activation could be involved in wounding signaling cascades,
both before and after jasmonic acid synthesis [24,30].
Using the MEK inhibitor, PD98059, a link between ozone,
calcium and the oxidative-stress-activated MAPK cascade
involving SIPK (an AtMAPK®6 ortholog) has been shown in
tobacco [31]. UV-C and genotoxic stress also activate
unidentified MAPKSs in Arabidopsis [32°]. A major question
is how the same AtMPK3 and AtMPK®6 respond to diverse
upstream signals — abiotic stresses, H,O, and pathogen
elicitors (see below) — and trigger distinct responses in
Arabidopsis cells. It is possible that different signaling
complexes with distinct MAPKKs and MAPKKKSs, as well
as scaffold proteins, could be involved (Figure 1).

MAPK cascades in pathogen defense

MAPK activation by pathogens, pathogen-derived elicitors
and defense-related second messengers is as complicated as
MAPK activation by abiotic stress [2,8]. Two tobacco
MAPKs, SIPK and WIPK (wound-inducible protein
kinase), are activated by various pathogen-related signals
through both race-specific and non-race-specific elicitation
mechanisms [33-35]. As both of these MAPKSs are also acti-
vated by diverse abiotic stresses, pathogen defense signaling
is a part of the integrated stress-signaling network in plants.
SIPK and WIPK may provide convergence points for many
distinct signaling cascades in plant defense and stress
responses [28,31,34-37]. Orthologs of SIPK and WIPK in
Arabidopsis (AtMPK6 and AtMPK3, respectively) and alfalfa
(SIMK and SAMK [stress-activated MAPK], respectively)
are also activated by both biotic and abiotic stresses, further
supporting this idea [3,8,10°,11°°,38,39]. The question then
is how can these MAPKs mediate the induction of stimulus-
specific defense responses. Recent studies suggest that
different stimuli activate these MAPKSs to different levels
and with different kinetics. Thus, these MAPKs may
participate in distinct signaling complexes [35,38,39].

The recent identification of NtMEK2, which interacts
with SIPK and WIPK in yeast cells, has been particularly
informative [40°°]. NtMEK?2 is activated concurrently with



SIPK and WIPK in tobacco cells treated with cryptogein —
a fungal elicitor that induces hypersensitive cell death and
the expression of defense genes. Using an elegant condi-
tional gain-of-function approach, the authors demonstrate
that a constitutively active NtMEK2 activates endogenous
SIPK and WIPK in transiently transformed tobacco leaf
cells. Importantly, the constitutively active NtMEK2
induces hypersensitive cell death and the expression of
defense genes in the absence of cryptogein. Other consti-
tutively active tobacco MAPKKSs neither activate SIPK or
WIPK nor induce the defense responses [40°°]. These
results strongly suggest that the MAPK cascade containing
NtMEK?2, SIPK and WIPK is specifically involved in the
expression of pathogen defense responses in tobacco. It
remains to be shown whether a tobacco MAPKKK acts
upstream of NtMEK2 and whether the activation of this
MAPK cascade will enhance pathogen resistance in plants.

In Arabidopsis, AtMPKG6 is activated with different kinetics
by a flagellin peptide (flg22), hexameric chitin fragments,
xylanase or pectic fragments [39]. A recent study using a
GSTI1::L.UC transgenic Arabidopsis line and the MEK
inhibitor, PID98059, offers interesting insight into redox
signaling and MAPK-dependent transcription after infec-
tion by an avirulent strain of Pseudomonas syringae [41]. The
authors of this work speculate that a specific MAPK cas-
cade may contribute both to the establishment of plant
disease resistance and to the development of cellular pro-
tection mechanisms. The use of the Arabidopsis protoplast
transient expression system has enabled the identification
of a complete MAPK cascade (Figure 1; T Asai, G Tena,
unpublished data) that is responsible for the action of flg22
elicitor and its receptor FLLS2, a leucine-rich-repeat recep-
tor-like kinase ([42°°]; 'T' Romeis, pp 407-414). The
expression of the components of this MAPK cascade con-
fers pathogen resistance in the leaves of intact Arabidopsis
plants (T Asai, ] Sheen, unpublished data). Future
research will reveal whether the flg22 MAPK cascade also
responds to other pathogens and pathogen-derived
elicitors in Arabidopsis.

An even more complex scenario is evident in alfalfa, which
shows activation of four MAPKs (SIMK, MMK2, MMK3
and SAMK) by multiple pathogen-derived elicitors [38]. It
remains to be determined whether single or multiple
MAPK cascades activate these MAPKs and whether any of
the activated MAPK serve a physiologically significant role
in pathogen defense in alfalfa.

Interestingly, the recent isolation of two MAPK-cascade
mutants in Arabidopsis reveals negative regulatory roles of
putative MAPK cascades in plant defense mechanisms
([12°°,43°°,44°]; 'T" Romeis, pp 407-414). As discussed
above for auxin and ethylene signaling, antagonistic
MAPK cascades are also important in plant defense
(Figure 2). The edrl mutant contains a mutation in a puta-
tive MAPKKK gene that belongs to the (¢7R7 subfamily
and exhibits enhanced pathogen resistance [12°°]. As the
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mutant plants do not display constitutive expression of the
pathogenesis-related gene PRI, the resistance is not
caused by constitutive activation of a plant immune
response, known as systemic acquired resistance (SAR).
Instead, defense responses are induced by pathogen sig-
nals more rapidly in edrl plants than in wild-type plants.
The recessive nature of the edr/ mutation implies that
EDRI1 acts as a negative regulator in the expression of
defense responses. It is likely that upon pathogen attack,
two signaling events must occur in plant cells to induce
defense responses. One is to inhibit negative regulators
such as EDR1 and the other is to activate positive regula-
tors [12°°,44°]. 'The Arabidopsis MAPK cascade activated
by flg22 could be one of the positive regulators. Whether
EDRI1 truly activates a MAPK cascade and whether it
responds to specific stimuli remain open questions.

The isolation of the Arabidopsis mpk4 mutant reveals
another unexpected role of MAPKSs in plants [43°*]. Unlike
the edrl mutant, the mpk4 mutant exhibits constitutive
SAR, leading to increased pathogen resistance. The con-
stitutive SAR is caused by elevated levels of salicylic acid
(SA), an endogenous signaling molecule necessary for the
induction of SAR. The kinase activity of AtMPK4 is
required for complementation of the mpk4 mutant under
normal growth conditions. These results suggest that the
kinase activity of AtMPK4 suppresses cellular SA levels in
wild-type plants and negatively regulates SAR. It is still
unclear, however, whether the kinase activity of ActMPK4
is really required to suppress SAR in wild-type plants,
although the authors demonstrate that a kinase-inactive
mutant of AtMPK4 is unable to complement the constitu-
tive SAR phenotype of the mpk4 mutant. To confirm the
role of AtMPK4 as a repressor of SAR, it is critical to deter-
mine whether wild-type plants inactivate AtMPK4 after
pathogen attack thereby increasing cellular SA concentra-
tions. AtMPK4 may also act as a positive regulator of the
expression of jasmonate-responsive genes such as PDF1.2
and 7HI2.1. In the mpk4 mutant, induction of these genes
by jasmonate is suppressed ([43°°]; Figure 2). This result is
unlikely to be due to the antagonizing effect of SA because
the suppression is also observed in the mpé4 mutant
expressing an SA hydroxylase, NahG, unless a low concen-
tration or transient elevation of SA is sufficient to block
jasmonate signaling. Whether AtMPK4 kinase activity is
required for the induction of these genes is unknown. It
will be interesting to determine which aspect of the
wounding response is impaired in the mpk4 mutant as a
result of jasmonate insensitivity, and which MAPKKK and
MAPKK act upstream of AtMPK4. The mutant also offers
a tool to directly test the hypothetical MAPK cascade —
AtMEKK1, AIMEK1/AtMKK2 and AtMPK4 — proposed
to be important for multiple abiotic stress signaling [10°].

Negative regulation of MAPK cascades

Given the importance of MAPK signaling cascades in
responding to cellular and environmental cues, one would
expect inactivation of MAPKs or other components of the
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cascades to be just as tightly regulated as activation of
the pathways. Enzymatic dephosphorylation of either the
threonine or tyrosine residue within the activation loop
motif TXY (using the single letter code for amino acids,
where X indicates any amino acid) can by itself result in
inactivation of MAPKs.

In yeast and mammalian cells, enzymes capable of inactivating
MAPKSs include serine/threonine-specific protein phos-
phatases, such as PP2A and PP2C, and some members of the
protein phosphotyrosine phosphatase (P'T'P) superfamily,
especially dual specificity MAPK phosphatases (DSPs) [45].
Often, activation of a MAPK pathway leads to the transcrip-
tional activation of protein phosphatases that can inactivate the
same MAPK pathway, resulting in a negative-feedback control
loop. In plants, several protein phosphatases have been charac-
terized that are able to inactivate MAPKSs, at least 2 vitro.
These enzymes include members of the PP2C, PTP, and DSP
families [26,46,47]. DSPs are members of a subfamily of PTPs
that contain a short conserved signature motif around their
catalytic sites. Members of the DSP subfamily are well known
to inactivate MAPKSs in mammalian cells. These enzymes
display differences in specificity for MAPK family members,
tissue-specific expression, and subcellular localization.

The conservation of the DSP signature motif throughout
eukaryotes facilitated the isolation of a DSP member in
Arabidopsis, AtDsP'TP1 [48]. Although AtDsP'TP1 is able to
dephosphorylate and inactivate AtMPK4 iz vitro, its biologi-
cal function remains unknown. According to the presence of
the DSP signature motif, there are an estimated 11 DSPs in
the Arabidopsis genome. Thus far, the only known biological
function of plant DSPs is revealed from the analysis of the "I
DNA tagged MAPK phosphatase (MKP) mutant m4p1 [32°].
"The mkpl null mutant does not exhibit a visible phenotype
under normal growth conditions but displays hypersensitivity
after UV-C and methyl methanesulfonate treatments.
Exposure of wild-type Arabidopsis seedlings to UV-C induced
a dose-dependent activation of a 49-kDa MAPK within
five minutes. The level of activity of this 49-kDa MAPK is
higher in the #4p7 mutant in wild-type plants under the same
treatment. On the other hand, a transgenic line that over-
produces AtMKP1 is more resistant to activation of the
49-kDa MAPK by UV-C and methyl methanesulfonate.
These results indicate that AtMKP1 is a crucial regulator of
the MAPK pathway responding to DNA-damaging agents.
Interestingly, the level of AtMKP1 mRNA remains constant
during and after genotoxic stress treatments. This result
suggests that post-transcriptional regulation can also be an
important step in modulating AtMKP activities. It remains to
be determined which MAPK cascade is regulated by
AtMKP1 and how the balance between MAPK and MAPK
phosphatases is achieved in the genotoxic stress response to
ensure plant survival.

Conclusions and perspectives
Judging from the large number of MAPK cascade genes
found in the smallest plant genome, our current

understanding of MAPK-cascade functions in plants rep-
resents only a small beginning. MAPK signaling in plants
involves the redundancy of signaling components, antag-
onism among distinct pathways and both positive and
negative regulatory mechanisms. Consequently, a thorough
understanding of each plant MAPK signaling cascade will
require futher systematic analysis of the genes involved
using genetic, genomic, and proteomic [49] approaches, as
well as 7z vivo functional assays. Characterization of loss-
of-function mutants of MAPK signaling components
would undoubtedly advance our understanding of their
functions in whole plants; however, it appears to be difficult
to obtain such mutants. It is likely that some MAPK
signaling components are essential for cell growth and
development. It is also possible that many single-knockout
mutants lack readily detectable phenotypes as a result of
functional redundancy [11°*]. Because of the transient
nature of MAPK activation in many responses, the indirect
and long-lasting phenotypes of MAPK signaling mutants
could be misleading or confusing. Mutant phenotypes
may not always represent the primary targets of the mutated
signaling pathway [44°]. Curiously, all of the MAPK
signaling mutants isolated so far — 71, edrl, mpk4 and
m#kpl — indicate only a negative regulatory role of MAPK
cascades in Arabidopsis. Therefore, it is essential to
combine various assay techniques to identify the true
functions of MAPK signaling cascades in plants. Besides
the core MAPK cascade components and scaffold/anchoring
proteins, the role of negative regulators such as various
protein phosphatases and the identification of upstream
signals, receptors/sensors, adaptor proteins, transcription
factors, MAPK substrates and target genes will help us
piece together the biological functions of a large number
of plant gene products that are involved in the essential
signaling network of protein phosphorylation.
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