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itogen-activated protein kinase

(MAPK) pathways play crucial
roles in developmental and adaptive
responses. Depending on the stimulus,
MAPK activation regulates a wide vari-
ety of plant cell responses, such as pro-
liferation, differentiation and cell death,
which normally require precise spatial
and temporal control. In this context,
protein phosphatases play important
roles by regulating the duration and
magnitude of MAPK activities. During
infection by non-host and incompatible
host microorganisms, MAPK activity
can promote a local cell death mecha-
nism called hypersensitive response
(HR), which is part of the plant defence
response. HR-like responses require sus-
tained MAPK activity and correlate with
oxidative burst. We recently showed
that MAPK phosphatase MKP2 posi-
tively controls biotic and abiotic stress
responses in Arabidopsis. MKP2 inter-
acts with MPK6 in HR-like responses
triggered by fungal elicitors, suggesting
that MKP2 protein is part of the mecha-
nism involved in MAPK regulation dur-
ing HR. Here we discuss the interplay of
MAPK and MKP2 phosphatase signal-
ing during cell death responses elicited
by host-pathogen interactions.

Different studies have identified con-
served components of MAPK pathways
in plants and have provided evidence
that MAPK signaling regulates a wide
variety of plant biological responses.' For
example, MAPK signaling is required for
the regulation of stomatal functions,*
hormone signaling®® and innate immu-
nity responses.”” An increasing number
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of reports indicate that plant MAPKs, in
particular tobacco SIPK/Ntf4 and WIPK
and their Arabidopsis orthologs, MPK6
and MPK3, are converging points for sig-
nals elicited by different pathogens and
play regulatory roles in disease responses."

One of the most efficient and imme-
diate immune responses dependent on
MAPK signaling is a mechanism of cell
death called hypersensitive response
(HR). HR is a rapid, localized cell death
process at the site of pathogen infection,
which is associated with specific molecular
effects such as the generation of reactive
oxygen species (ROS) and protein phos-
phorylation." The best evidence implicat-
ing MAPK activity in HR comes from
gain-of-function studies overexpressing
SIPK/Ntf4 and WIPK in tobacco leaves.
In these experiments, activation of SIPK/
Ntf4 kinases efficiently induces HR-like
cell death,'>" but the absence of endog-
enous WIPK function causes delayed
induction of this HR phenotype, sug-
gesting that WIPK activity facilitates or
potentiates the SIPK signal.* Similarly,
overexpression analyses of Arabidopsis
MPK3 and MPKG6 proteins, either alone
or co-expressed with activated upstream
regulators (MKK proteins), also triggers a
cell death phenotype,” suggesting a coor-
dinated role of MKK/MAPK signaling
modules in HR.® Thus, the involvement
of MAPK activities such as SIPK/MPK6
in HR cell death responses is supported by
different studies; however their regulation
by phosphatases remains less understood.

The main regulators of MAPKs are
specific phosphatases belonging to various
families, including PP2C Ser/Thr phos-
phatases, Tyr phosphatases (PTPs) or dual
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Figure 1. Cys109 is essential for MKP2 activity in vitro. (A) SDS-polyacrylamide gel electrophoresis
of GST-MKP2 (lane 1) and GST-MKP2C109S (lane 2) fusion proteins. Positions of molecular weight
markers are indicated on the left. (B) Phosphatase activity of wild-type and mutant GST-MKP2
proteins. Reactions were performed using the artificial substrate OMPF and 12 mg of each fusion
protein. Phosphatase activity was assayed at 30°C in 0.8 ml of reaction buffer (50 mM 3,3-dimeth-
ylglutaric acid, pH 7, 1 mM EDTA, 0.15 M NaCl, 500 .M OMPF). The amount of 3-O-methylfluores-

specificity phosphatases (DSPs) such as the
MAPK phosphatase (MKP) subgroup.'®"”
In general, dephosphorylation of MAPKSs
inactivates their function in many meta-
bolic, developmental or adaptive responses.
In the context of HR, we have recently
shown that Arabidopsis MKP phospha-
tase MKP2 interacts with MPKG6 in the
response triggered by fungal elicitors. In
particular, co-expression of MPK6 and
MKP2 proteins in infected tobacco leaves
significantly attenuates the cell death phe-
notype produced by expressing MPKG6
alone, suggesting that MKP2 negatively
regulates MAPK activities in this process.'®

Role of MKP2 Activity
in HR Responses

MKP2 is a MKP-family member, struc-
turally related to Arabidopsis DsPTP1
(64% of identity), a MAPK phosphatase
that has been shown to dephosphorylate
MPK4 in vitro."” Both proteins probably
represent a duplication that occurred
in Brassicacea,"” and are also related to
other low-molecular weight MAPK phos-
phatases such as mammalian VHR and
PAC-1 proteins.?®?! These enzymes share
a simple structural organization consist-
ing of a conserved catalytic region with-
out additional functional domains. A
common feature of this catalytic region
is the presence of a conserved Cys residue
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that is essential for activity."”** We and
others® have confirmed the requirement
of this residue (Cysl109) in the case of
MKP2 (Fig. 1).

Studies in animal systems suggest that
MAPK phosphates are often involved in
negative feedback regulation of MAPK
signals.?>**  Accordingly, expression of
many MKPs correlates with MAPK acti-
vation and rapidly increases in response
to MAPK-dependent stimuli. However,
there is less evidence for the existence of
similar feedback loops in plants. We find
significant induction of MKP2 transcripts
in seedlings that are exposed to a variety
of stimuli known to involve MAPK acti-
vation. As shown in Figure 2, there is
clear upregulation of MKP2 expression
in response to stress conditions caused by
ABA or salt treatment, both of which are
associated with activation of MAPK path-
ways. In addition, ubiquitous expression
of an MKP-GFP chimera in transgenic
plants revealed a tissue-specific pattern
of MKP2-GFP accumulation that might
correspond to cell-types with elevated
MAPK  activation’® (e.g., the stomata
and meristematic cells), suggesting that
MKP2 is stabilized by MAPK activity.
Therefore, it appears that MKP2 expres-
sion can be induced by MAPK signaling
via transcriptional and/or post-transcrip-
tional mechanisms, and we suggest that

this induction represents a feedback
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Figure 2. ABA/salt treatments induce

MKP2 expression. Northern blot analysis of
7-day-old seedlings treated during 3 h with
100 uM ABA (A) and 250 mM NaCl (S). RAB18
expression is also shown as a positive control
induced by ABA and salt treatments.

inhibitory mechanism to restrict the mag-
nitude or duration of MAPK activation,
for example during HR-like responses.
Indeed, our genetic analyses of MKP2
function in Arabidopsis support a role of
MKP2 in limiting the spread of the HR
response in vivo.'®

Nevertheless, MKP2 activity may also
be inhibited during the HR response as a
result of ROS-mediated oxidation. Studies
in animal systems have shown that oxida-
tion of the conserved Cys residue charac-
teristic of MKP-family enzymes inhibits
their catalytic activity, for example upon
treatment with ROS agents.? It is there-
fore conceivable that ROS accumulation
during HR responses also leads to oxi-
dation and inhibition of MKP2 (Fig. 3).
Perhaps this negative effect on MKP2
activity plays a role in ensuring the cor-
rect balance of MAPK signaling that
leads to localized cell-death induction.
Interestingly, other phosphatases that
have been implicated in regulating MAPK
activities in plants, including the PP2C-
family proteins, AP2C1,” and ABIL,* are
also highly sensitive to the redox status of
the cell.?”?® These phosphatases, which do
not contain the same Cys in their active
site motif, may also undergo oxidation or
ROS-dependent inhibition, and it will be
interesting to ascertain whether they play
a regulatory role in the responses to patho-
gen infection.

Conserved Regulation of HR and
Animal Apoptosis?

Interestingly, VHR and PAC-1 have been

implicated in the negative inhibition of
MAPK activities during programmed cell
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death responses.”*" This raises the pos-
sibility that related MAPK phosphatases
play similar functions during animal and
plant cell death responses. Although HR
cell death shows molecular differences
to animal apoptosis such as the absence

in plants of some key components;?!

sev-
eral morphological and biochemical traits
including cellular shrinking, cytoskeletal
rearrangements or chromatin processing
are conserved hallmarks.? Consequently,
signaling by MAPK cascades and their
negative regulation by specific phosphates
may also represent a conserved mecha-
nism of cell death control in animals and
plants, although further studies are neces-
sary before we can understand this appar-
ent conservation, and the links between
MAPK signaling and other hormonal
pathways in cell death processes.

Conclusions

Recent progress by different groups is
revealing a complex regulatory network
controlling plant responses to pathogen
infection. This network depends on dif-
ferent regulatory pathways and effectors,
the functions of which are beginning
to be elucidated. Signaling by MAPK
modules appear to play a central role in
HR-like responses, although the precise
contribution of individual MAPK iso-
forms and their downstream effectors in
this context remain largely unknown.
Similarly, increasing evidence indicates
that regulation of MAPK activity by
specific phosphatases such as MKP2 is
essential for achieving a correct balance
of HR-mediated cell death. This probably
requires the precise regulation of MAPK
phosphatase activity by both transcrip-
tional and post-transcriptional mecha-
nisms, which may take place at different
steps in the HR response (Fig. 3). The
challenge for future studies will be to
define the specific components and rate-
limiting steps of MAPK cascades in HR
processes, as well as the mechanisms that
integrate MAPK-dependent activities with
other signaling pathways during host-
pathogen interactions.
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Figure 3. Hypothetical model of MKP2 function in plant HR cell death. Different mechanisms may
be converging such as transcriptional (I) and post-transcriptional regulation (Il), which may take
place to balance and control the induction of cell-death response.
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