Proc. Indian Natl. Sci. Acad. B71 No. 3 & 4 pp 181-190

Regulation of Plant Signalling Pathways by Protein
Phosphatases: PP2Cs as Key Regulators
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Each organism is communicating with environment by receiving external signals from cell membranes, trans-
mitting/ processing the information and responding selectively to diverse inputs. A fundamental strategy
exercised in these transmissions is based on reversible protein phosphorylation that is mediated by concerted
action of protein kinases and protein phosphatases. Mitogen-activated protein kinase (MAPK) cascades play
the key role in these transmissions. The magnitude and duration of signalling is important for the promotion
of the response reaction and is determined by MAP kinases activity, which is a result of action of upstream
activating protein kinases and protein phosphatases that inactivate the MAPKSs.

MAPKS are activated by upstream MAPK kinases through phosphorylation of conserved threonine and
tyrosine in their activation loop. The inactivation of MAPKSs involves dephosphorylation of each or both
threonine and tyrosine residues. Therefore, phosphatases that inactivate MAPK include tyrosine-specific,
dual-specific (threonine/tyrosine) and serine/threonine specific protein phosphatases in yeast and animal
cells. We are just at the beginning to uncover the regulation of MAPK pathways by phosphatases in plants. In
this review we will describe the regulation of plant MAPK-signalling pathways by phosphatases and concen-
trate particularly on the involvement of PP2C-type phosphatases in this process. Additionally, we will high-
light the role of plant PP2Cs in other signalling pathways.

Key Words : Signal transduction, Phosphatases, Kinases, MAPK, PP2C

Introduction

Intracellular signalling pathways communicate the
external information to the nucleus to modulate
cellular functions in response to stimuli in broad
array of biological processes, including cell growth and
diverse stress responses. Mitogen activated protein
kinases (MAPKs) are important components of
signalling pathways that are present in all eukaryotic
organisms, including plants. These signalling cascades
include the module consisting of MAPKs, MAPKKs
and MAPKKKSs beside the other signalling compo-
nents. Activation of MAPKSs is achieved by phospho-
rylation leading to “switch on” and inactivation by

ABBREVIATIONS:

phosphatases represents a “switch off” of the path-
way.

MAPK catalytic activation requires phosphoryla-
tion of a specific threonine and tyrosine residues lo-
calized within the activation loop motif TEY (TXY).
Activation of both amino acid residues is essential for
kinase activity and is performed by an upstream dual
specificity MAPK kinase. Recent studies provided
clear evidence for important roles of upstream kinases
in plant MAPK phosphorylation and activation in re-
sponse to stress (Kiegerl et al. 2000, Asai et al. 2002,
Cardinale et al. 2002, Jonak et al. 2002). As a reaction
to MAPK activation transcriptional induction of a

ABA, abscisic acid; ABI, abscisic acid insensitive; DSP, dual specificity PTP; KAPP, kinase-associated protein
phosphatase; KIM, MAPK interaction motif; MAPK, mitogen-activated protein kinase; MAPKK, MAPK ki-
nase; MAPKKK, MAPKK kinase; MP2C, Medicago sativa protein phosphatase 2C; POL, Poltergeist; PP2C,
protein phosphatase 2C; PTP, protein tyrosine phosphatase; RLK, receptor-like kinase
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number of different genes are taking place, leading to
specific plant responses to external stimuli.

Phosphorylation activation of MAPK is a revers-
ible process even in the continued presence of acti-
vating stimuli (Cardinale et al. 2000; Nuhse et al. 2000)
indicating that protein dephosphorylation is a cen-
tral mechanism to control and regulate signalling
pathways. Removal of the phosphate from the acti-
vating amino acids within the activation loop can be
carried out by a number of different phosphatases
(Keyse 1998), including classical protein tyrosine
phosphatases (PTP) (Millar et al. 1995; Wurgler-
Murphy et al. 1997), dual-specificity phosphatases
(DSP) (Sun et al. 1993; Doi et al. 1994), or serine/ threo-
nine phosphatases (Maeda et al. 1994; Shiozaki et al.
1994; Alessi et al. 1995; Shiozaki and Russell 1995).
Due to the fact that several dual-specificity phos-
phatases have been recognized as key players for in-
activating different MAPKSs in mammals, this class
of phosphatases has been designated as MAP kinase
phosphatases (MKP). We considered two types of
characterized MAPK phosphatases in this system:
tyrosine-specific phosphatases, including dual-speci-
ficity phosphatases that dephosphorylate both Tyr
and Thr residues on MAPKSs and serine/threonine-
specific protein phosphatases of type 2C that dephos-
phorylate phospho-threonine in the activation loop
of MAPKs.

Before describing the situation in plants we will
reflect how MAPKSs are regulated in yeast and animals.

Inactivation of MAPK in Yeast and Mammals
Within the superfamily of protein tyrosine
phosphatases (PTPs) (Tonks and Neel 2001) the task
to dephosphorylate conserved residues within the
MAPK activation loop is carried out by classical PTPs,
specific for phosphotyrosine, or DSPs. PTPs are
present in all eukaryotes. They share conserved
signature motif and use common catalytic
mechanism. PTPs contain an active site signature
motif, (I/ VYHCXAGXXR(S/T)G, which harbours the
catalytic cysteine residue involved in the formation
of a phospho-enzyme reaction intermediate. In
mammals out of nearly 30 DSPs 13 members of the
classical MKP family have been characterized (Farooq
and Zhou 2004). In budding yeast two out of three
identified PTPs and two DSPs are controlling MAPKs
(Martin et al. 2005). Drosophila DUSP6 was
characterized by MKP activity (Kim et al. 2002) and
MKEP puckered has been shown to inactivate basket
MAPK (Martin-Blanco et al. 1998). Nematoda LIP1
was identified as MKP inactivating MAPK in the
Notch pathway (Berset et al. 2001).

Most of the MAPK inactivating phosphatases
contain a cluster of positively charged basic amino-
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acid residues that is important to interact with the
MAPXK, called also kinase interaction motif (KIM). On
the other hand, the corresponding interaction site on
the MAPKSs consists of negatively charged residues,
called the common docking domain (CD) (Bardwell
et al. 2003, Tanoue & Nishida 2003). MAPK-
controlling phosphatases can be activated by
posttranslational as well as transcriptional
mechanisms (Keyse 1998). Their regulation can occur
via MAPKSs. A general mechanism is related to DSP
binding to phosphorylated MAPK that is triggering
the conformational rearrangement of phosphatase
active-site residues and results in the activation of the
enzyme (Theodosiou & Ashworth 2002). The
dissociation of the MAPK-phosphatase complex
mediated by phosphorylation of the phosphatases
might be an additional regulatory mechanism that
indirectly reduces the catalytic activity of the
phosphatase towards the MAPK (Flandez et al. 2004,
Martin et al. 2005). Alternatively, MAPK-mediated
phosphorylation of some DSPs and PTPs can stabilize
these phosphathases (Brondello et al. 1999, Sohaskey
& Ferrell 2002). In some cases expression of PTPs and
DSPs is transcriptionally induced by the same stimuli
that activated the substrate MAPK suggesting the
existence of negative feedback loops that contribute
to stress adaptation (Doi et al. 1994, Keyse 1998, Millar
1999, Martin et al. 2005). It was found also in plants
that MAPKSs are inactivated by de novo transcribed
and translated factor(s) (Bogre et al. 1997, Meskiene
et al. 2003).

The balance of positive components (kinases) and
negative factors (MKPs) is important to regulate
signal transduction. Attractive data in this respect was
produced by computational analysis, which
highlights the role of MAPK-phosphatases in
determining the timing and duration of MAPK
activation (Bhalla et al. 2002). At higher amounts of
MKEP, the system would generate a proportional-
response yielding differing amounts of activated
MAPK for varying concentrations of growth factors,
whereas at lower concentrations of MKP the system
might function as an all-or-none switch at steady state.
This study suggests the high flexibility of the MAPK
networks (Bhalla et al. 2002).

MAPKSs have been found to be the substrates of
PP2C family phosphatases. In yeast three (Ptcl, Ptc2
and Ptc3) out of seven members (Jiang et al. 2002)
have been shown to regulate the MAPKSs. Yeast PP2C
inhibits the osmotic-stress HOG (high-osmolarity
glycerol) MAPK (Shiozaki & Russell 1995, Warmka
et al. 2001, Martin et al. 2005). In fission yeast
Schizosaccharomyces pombe, ptcl, ptc2 and ptc3 genes,
are responsible for main PP2Cs activity and
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negatively regulate osmosensing mediated by the
Wisl MAPK kinase pathway (Shiozaki & Russell
1995). Under heat-shock conditions, which inactivate
PTP Pypl, the major tyrosine phosphatase, PP2C
enzymes play an important role in the regulation of
heat-shock signal transduction by directly controlling
MAPK activity (Nguyen & Shiozaki 1999, Martin
et al. 2005).

Human PP2Calpha inhibits the activation of the
p38 and JNK MAPK cascades induced by
environmental stresses in mammalian cells. The
direct interaction assays suggest that it interacts only
with the phosphorylated form of p38. PP2Calpha
dephosphorylates and inactivates also MAPKKs
(MKKG®6 and SEK1). (Takekawa et al. 1998). PP2Cbeta
inactivates the TAKI stress signalling pathway by
dephosphorylation of the MAPKKK TAKI1 (Hanada
et al. 2001). PP2Cepsilon also contributes to keeping
the TAK1 signalling pathway in an inactive state by
associating with and dephosphorylating TAK1 in the
absence of interleukin-induced signal (Li et al. 2003).
Another PP2C, Wipl down-regulates p38 MAPK-
p53 signalling, which leads to cell cycle arrest or
apoptosis in the UV stress-damaged cells (Takekawa
et al. 2000). Wipl expression is induced in a p53-
dependent manner (Fiscella et al. 1997) and mediates
anegative feedback regulation of p38-p53 signalling
contributing to suppression of the UV-induced
apoptosis (Takekawa et al. 2000). It was shown that
two mammalian PP2C-like phosphatases (POPX1
and POPX2) inactivate PAK (p21 (Cdc42/Rac)-
activated kinase), which mediates a number of
biological effects downstream of Rho GTPases (Koh
et al. 2002). Taken together PP2Cs can regulate stress-
induced signalling pathways on different levels of
the MAPK cascade in mammalian cells and on the
level of MAPK in yeast.

Functions of Plant PTP/DSP

The Arabidopsis genome predicts 112 phosphatase
candidates, among them only one PTP and 18 DSPs
(Kerk et al. 2002). Several members of DSP/PTP fam-
ily were characterized (Xu et al. 1998; Fordham-
Skelion et al. 1999; Fordham-Skelton et al. 2002; Gupta
et al. 2002; Gupta and Luan 2003), but their role in
plant signalling is not clarified yet. An Arabidopsis
c¢DNA encoding a protein tyrosine phosphatase PTP1
was characterized as stress-responsive gene
(Fordham-Skelton et al. 1999). The expression level of
AtPTP1 is up-regulated by high-salt, whereas cold
treatment rapidly eliminates the AtPTPI transcript
(Gupta and Luan 2003). Tyr phosphorylation is im-
portant for MAPK activity in plants, like that in ani-
mals and fungi, as shown by dual phosphorylation of
essential amino acids in TEY motif and phospho-
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amino acid analysis of phosphorylated MAPK (Kiegerl
et al. 2000, Zhang et al. 2001, Meskiene et al. 2003}, for
review, see (Tena et al. 2001, Luan 2003). A common
catalytic mechanism between plant PTPs and other
eukaryotes is reflected by two highly conserved amino
acids, cysteine-265 and aspartate-234 that are essen-
tial for the PTP1 phosphatase activity, (Gupta et al.
1998, Xu et al. 1998, Gupta et al. 2002). In animals oxi-
dative stress inactivates the PTPs and points the im-
portance of regulated ROS production as a way of
control over tyrosine phosphorylation-dependent sig-
nal transduction (Tonks 2005). Plant PTPs may be regu-
lated by redox state of the cysteine, thereby serving as
a molecular target during oxidative stress (Gupta &
Luan 2003).

In Arabidopsis 18 dual specificity phos-
phatases were characterized. MKP1 phosphatase
contains in the catalytic site all the invariant residues
implicated in catalysis and a long carboxy-terminal
extension with domain similar to the actin-binding
protein gelsolin giving a possibility of its association
with the cytoskeleton. A disruptional mutant of MKP1
in Arabidopsis (mkpl) results in plant hyper-
sensitivity to genotoxic stress by UV-C and methyl
methanesulphonate (Ulm et al. 2001). At the same time
these plants are indistinguishable from wild type
Arabidopsis under standard conditions. Genotoxic
stress activates complex cellular responses leading to
the repair of DNA damage and cell recovery. A set of
MAPKSs, namely MPK3, MPK4 and MPKG6 interacts
with MKP1 in yeast two hybrid assays, and the activ-
ity level of MPK® is regulated by MKP1 in plants. A
specific group of genes that probably represent tar-
gets of MKP1 regulation were identified by expres-
sion profiling. The identity of these genes and inter-
acting MAPKs suggested involvement of MKP1 in salt
stress responses. Consequently, mkpl plants showed
increased resistance to salinity. MKP1 apparently plays
a key role in the integration and fine-tuning of plant
responses to environmental challenges (Ulm et al.
2002).

Arabidopsis dual-specificity protein phosphatase
AtDsPTP1 was shown to hydrolyze both
phosphoserine/threonine and phosphotyrosine in
protein substrates and dephosphorylate and inactivate
MPK4 in vitro (Gupta et al. 1998). Replacement of a
highly conserved cysteine by serine in the catalytic
domain abolished phosphatase activity of AtDsPTP1,
supporting a conserved catalytic mechanism of DSPs
in eukaryotes.

Another Arabidopsis PTP, AtPTPKISI was
identified by database search (Fordham-Skelton et al.
2002). It contains a PTP catalytic part N-terminally to
a kinase interaction sequence (KIS) domain.
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AtPTPKIS1 has close homologues in other plant spe-
cies, both dicots and monocots, but is not found in
other eukaryotes. AtPTPKISI interacts through KIS
domain with plant SNF1-related kinase (SnRK)
AKINT11 both in yeast two-hybrid and in vitro recom-
binant protein pull down assays. It has been proposed
that SnRKs regulate global carbon assimilation and
may have a role in hormonal and stress-signalling. The
recombinant protein from a tomato homologue of
AtPTPKIS1 demonstrated phosphotyrosine
dephosphorylation activity with synthetic peptides.

The IBR5 DSP from Arabidopsis was isolated as
indole-3-butyric acid (IBA)-response mutant (Monroe-
Augustus et al. 2003). Like certain other auxin-re-
sponse mutants, ibr5 has a long root and a short hypo-
cotyl when grown in the light, displays aberrant vas-
cular patterning, increased leaf serration, and reduced
accumulation of an auxin-inducible reporter. The
overexpression of IBR5 did not dramatically alter
auxin sensitivity. IBR5 showed no phosphatase activ-
ity in vitro, which could be due to the requirement of
substrate binding like as for certain mammalian DSPs.
The in vivo substrates of IBR5 remain still to be identi-
fied.

The tobacco DSP NtMKP1 was identified as
calmodulin binding protein (CaMBP) by screening
expression libraries with labelled calmodulin (CaM)
(Yamakawa et al. 2004). NtMKP1 contains four con-
served domains, namely a dual specificity phos-
phatase catalytic domain, a gelsolin-homologous do-
main, a putative CaMBD domain and a serine-rich
domain. Southern blot analysis indicated that N¢eMKP1
is a unique gene in the tobacco genome and extensive
similarity of amino acid sequence suggested that
NtMKP1 is the ortholog of Arabidopsis MKP1.
NtMKP1 can bind three types of plant-specific CaMs
and is transcriptionally activated in response to cell
death induced by pathogen infection and wounding,.
The wound-induced activation of the MAP kinase
SIPK was significantly compromised in NtMKP1-
overexpressing tobacco. This suggests a negative regu-
lation of defence-related MAPK(s) where CaM
isoforms would modulate the activity of NtMKP1. The
N-terminal non-catalytic region of NtMKP1 binds
SIPK and is essential for inactivating SIPK in vitro,
whereas the CaM-binding and C-terminal domains
were dispensable. The phosphatase activity of
NtMKP1 was increased strongly by the binding of
SIPK, partially depending on the putative MAPK com-
mon docking domain of SIPK (Katou et al. 2005). Si-
multaneous transient expression of NtMKP1 and a
constitutively active MAPK kinase (MAPKK) in to-
bacco leaves could compromise activation of SIPK and
cell death. However, binding to the MAPK, but not
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association with CaM was important for the function
of the phosphatase, emphasising the regulatory
mechanism by MAPK.

Plant PP2Cs
A database analysis of Arabidopsis revealed PP2Cs
to be the largest protein phosphatase family in plants.
With annotated 76 members it displays very high
complexity and strongly outnumbers PP2Cs in other
eukaryotes (Kerk et al. 2002, Schweighofer et al. 2004)
(http:/ /www.arabidopsis.org/info/ genefamily/
PP2C.html). In general, the family of PP2C enzymes
has no apparent amino acid sequence homology to
the other types of phosphatases (Cohen 1989),
however similarities in protein architecture suggest
a similar catalytic mechanism to other PPP
phosphatase (Barford et al. 1998). Plant PP2Cs are
active as monomers, are insensitive to known
phosphatase inhibitors and have been found to act in
stress and developmental signal transduction
pathways. Bioinformatic analysis aligned this family
in clusters, where cluster A contains most of the
identified genes that are associated with ABA signal
transduction, such as ABI1, ABI2, AtPP2CA, HABI,
HAB?2 and Fagus sylvatica FsPP2C1 (Gonzalez-Garcia
et al. 2003), whereas cluster B is characterized by
homology to MP2C, an alfalfa PP2C that regulates
stress MAPK signalling. A putative MAPK interaction
motif (KIM) [(K/R), X, (L/D)X(L/T)], similar to those
ones found in animal MAPK-interacting proteins,
such as MAPK kinases (MAPKKs), MAPK
phosphatases or transcription factors (Biondi and
Nebreda 2003; Ho et al. 2003) has been identified in
several PP2Cs. Similar KIMs are present in plant
MAPK-interacting kinases (Kiegerl et al. 2000). In
alfalfa MP2C and most of the Arabidopsis cluster B
phosphatases, KIM is localised in the N-terminal
extension. Interestingly, plant PP2Cs have evolved
same MAPK interaction motifs that in other organisms
are found in PTP/DSP family phosphatases, which
are unrelated to PP2Cs (Pulido et al. 1998, Zuniga
etal. 1999, Biondi & Nebreda 2003). Cluster C includes
the POL-type phosphatases that are involved in
flower development. The kinase-associated protein
phosphatase (KAPP) is a singleton within PP2C
family. It regulates a number of receptor-like kinases
(RLK). Functions have been assigned only to a few
PP2C genes while for others representing entire
clusters no information is available so far. This is likely
to change by application of high throughput biological
methods, such as microarray-profiling, proteomics
and analysis of insertion mutant Arabidopsis lines.
As it was discussed earlier, one of the PP2C roles
in eukaryotes is to reverse stress-induced protein ki-
nase cascades. It will be shown in which signalling
pathways plant PP2Cs are participating.
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Regulation of MAPK by PP2Cs

By interference of yeast pheromone-induced MAPK
pathway (which leads to growth arrest in yeast) with
an alfalfa cDNA library the MP2C gene was isolated
(Meskiene et al. 1998). Epistasis analysis in yeast
indicated that MP2C acts at the level of the MAPK
module (Meskiene et al. 1998). From in vitro
experiments originally it was concluded that MP2C
might regulate the wound-induced SAMK pathway.
However in further experiments involving specific
antibodies and testing several MAPKs it was shown
that two alfalfa MAPKs SIMK and SAMK are
activated by wounding and the preference of the
phosphatase MP2C for SIMK was demonstrated.
Moreover, phosphatase inactivated the MAPK
through threonine dephosphorylation of the pTEpY
motif. Comparison of MP2C with other two PP2Cs,
ABI2 and AtP2CHA (AtP2C-HAB1), revealed that
although all three phosphatases have similar
enzymatic activities towards casein as a substrate,
only MP2C is able to dephosphorylate and inactivate
SIMK. SIMK was identified as the only MAPK in a
yeast two-hybrid screen using MP2C as bait and
MP2C forms a protein complex with SIMK in vivo.
Mutations in the catalytic part of the phosphatase that
renders the PP2C enzyme inactive did not abolish this
interaction (Meskiene et al. 2003) and kinase inactive
SIMK was dephosphorylated by MP2C. These data
illustrated that catalytic activity of MP2C phosphatase
or SIMK is not important for the proteins interaction.
MP2C is expressed in roots, flowers, young leaves and
cultured suspension cells, but not in adult leaves.
However, upon stress, such as wounding, MP2C is
induced in leaves and it is notable that wound-
induced MP2C expression correlates with the time
window when SIMK is inactivated, corroborating the
assumption that MP2C is part of a negative feed back
loop that is involved in resetting the MAPK signalling
pathway (Bogre et al. 1997; Meskiene et al. 2003). The
existent specificity of MP2C towards MAPK, in
comparison to ABI2 and AtP2C-HABI, raises the
question on localization of this specificity inside the
MP2C protein structure. ABI2 and AtP2C-HAB1 do
not have the KIM domain at their N-terminal part,
giving additional clue that this domain is important
for MAPK recognition also in plants.

Regulation of ABA Signalling by PP2Cs

A significant amount of research on PP2C action is
related to ABA signalling and is attributed to cluster
A-type phosphatases of the PP2C family. Several genes
were described in this cluster, such as ABI1, ABI2,
AtPP2CA, HAB1 and HAB2. Expression of ABA-re-
lated PP2C genes is up-regulated by ABA and they
have been characterized to regulate ABA signalling
pathways.
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ABI1 and ABI2. The ABI1 and ABI2 are homolo-
gous PP2Cs identified in studies of dominant abil-1
and abi2-1 mutations that show an overlapping sets
of phenotypic alterations including ABA-resistant seed
germination and seedling growth, reduced seed dor-
mancy, abnormal stomatal regulation, and defects in
various responses to drought stress (Leung et al. 1994;
Meyer et al. 1994; Leung et al. 1997). Both mutants
carry the same Gly to Asp amino acid substitution at
equivalent positions in the catalytic part of the phos-
phatase. This mutation is located close to the Mg*
coordination center and causes reduction of the enzy-
matic phosphatase activity (Bertauche et al. 1996,
Rodriguez et al. 1998a, Yoshida et al. 2006). Analysis
of abil-1 and abi2-1 genetic revertants (Gosti et al. 1999,
Merlot et al. 2001) and recently also T-DNA insertion
mutant lines abiltd and abi2td (Yoshida et al. 2006)
provided evidence that these phosphatases are nega-
tive regulators of ABA signalling. Mutations in the
catalytic part of ABllor ABI2 create loss-of-function
protein with no or low phosphatase activity causing
ABA supersensitive phenotype and conferring reces-
sive inheritance. Analysis of PP2C activity in extracts
from plants with loss-of-function mutations in both
genes (abil-1R4 abi2-1R1) showed that ABI1 and ABI2
contributed to almost 50% of the ABA-induced PP2C
activity, attributing the rest of phosphatase activity to
other PP2Cs. The action of ABI1 and ABI2 was placed
in a negative regulatory feedback loop of ABA signal-
ling (Merlot et al. 2001). ABI2 and to a lesser extent
ABI1 interact with PKS3 protein kinase and act in the
same ABA signal transduction pathway with a calcium
sensor protein, ScaBP5. These conclusions were based
on abi2-1 and abil-1 suppression of the ABA hyper-
sensitive scabp5 and pks3 phenotypes in seed germi-
nation and seedling growth (Guo et al. 2002). ABI1
interacts also with the ABA-inducible transcription
factor ATHB6 in yeast. ABI1 action was placed up-
stream of the transcription factor as ATHB6 promoter-
reporter overexpression was abrogated in abil-1 mu-
tant plants (Himmelbach et al. 2002). ABI1 interacts
with phospholipase D alphal-derived phosphatidic
acid (PA), which is produced after ABA application.
The amino acid Arg-73 is required for the ABI1-PA in-
teraction. PA binding decreases the PP2C activity of
ABI1 and influences its membrane association (Zhang
et al. 2004). ABI1 is part of a pathway, where upon
ABA-stimulated PA binding to ABI1 stomatal closure
is promoted (Mishra et al. 2006). Further analyses of
the protein interactions will facilitate characterization
of their physiological substrates and recently identi-
fied knock out mutants will provide additional
insights on the role of these phosphatases in ABA
signalling.
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HABI1 and HAB2. HAB1 with its ortholog in Fagus
sylvatica FsPP2C,1 is one of the closest relatives to ABI1
and ABI2 (Rodriguez et al. 1998b; Gonzalez-Garcia
et al. 2003, Saez et al. 2004). It is expressed in root,
stem, leaf, flower and silique. HAB1 is a functional
PP2C and its constitutive overexpression leads to ABA
insensitivity of seeds and vegetative tissues. Seeds of
transgenic plants are able to germinate in the
presence of inhibitory concentrations of ABA, manni-
tol and paclobutrazol, an inhibitor of gibberellic acid
(GA). Overexpression of HAB1 impaired stomatal
closure, promoted ABA resistant root growth, and
diminished induction of ABA induced RAB18 expres-
sion. Moreover, HABI transcripts were notably
reduced in 355::HABI plants, suggesting that in the
wild type plants ABA induced HAB1 would act as a
negative feedback regulator to control ABA signal
transduction in a similar manner as it was proposed
to ABI1 and ABI2. Analysis of (T-)DNA insertion
mutants habl-1 and also of HAB1 homolog HAB?2,
hab2ds suggests negative role of HAB1 and HAB2 in
ABA signalling (Leonhardt et al. 2004, Saez et al. 2004,
Yoshida et al. 2006).

PP2CA. This Arabidopsis phosphatase was iso-
lated by complementation of S. pombe pdel mutant.
Pdel mutant is defective in cAMP phosphodiesterase,
what results in elevated cAMP amounts and
activation of cAMP-dependent protein kinase
(Kuromori and Yamamoto 1994). The mechanism of
phosphatase action in yeast was not understood and
it was suggested that PP2C counteracts protein kinase
A (PKA) and thus suppresses a mutant phenotype. In
plant PP2CA blocks ABA signal transduction when
transiently expressed in isolated protoplasts (Sheen
1998). PP2CA transcription is induced by cold,
drought, salt and ABA. Cold and drought expression
is ABA-dependent since PP2CA mRNA level is
reduced in abal-1 mutant. AtPP2CA shows a predomi-
nant leaf expression pattern and is ABI1-dependent
in response to drought. Antisense plants exhibit
accelerated development and freezing tolerance.
AtPP2CA negatively regulates ABA responses during
cold acclimation but does not regulate ABA signalling
during dehydration (Tahtiharju and Palva 2001). In
two recent publications PP2CA was identified in a
mutagenesis screen for ABA-hypersensitivity —therein
designated as ABA-hypersensitive germination
3 mutant ahg3-1 (Yoshida et al. 2006) and by screening
355::cDNA library-expressing plants for ABA-insen-
sitivity (Kuhn et al. 2006). Detailed characterisation
and study of PP2CA over-expressing plants, ahg3-1
mutant and T-DNA insertional lines pp2ca-1/ahg3-2
and pp2ca-2 revealed that PP2CA acts as a strong nega-
tive regulator of ABA signal transduction during seed
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germination and controls stomatal aperture (Kuhn et
al. 2006; Yoshida et al. 2006).

Arabidopsis AKT3 inward rectifying potassium
channel protein is interacting with AtPP2CA as found
in yeast two-hybrid screens (Vranova et al. 2001,
Cherel et al. 2002). In the phloem vasculature both
genes display their highest expression levels. AtPP2CA
may regulate AKT2 to enables the control of K(+)
transport and membrane polarization during stress
situations in plant cells and during phloem transport
(Cherel et al. 2002).

Therefore at least five Arabidopsis PP2Cs (ABI1,
ABI2, PP2CA, HABland HAB2) belonging to the ABI
subfamily regulate ABA signal transduction.

KAPP. Arabidopsis kinase-associated protein
phosphatase, KAPP was isolated in yeast two-hybrid
screen as protein interacting with the receptor like
protein serine-threonine kinase RLK5 (Gavin et al.
1994). Arabidopsis KAPP has no close homologues
with other PP2Cs and is the most phylogenetically
distant. KAPP interacts with and negatively regulates
RLK CLAVATA1 (CLV1) that controls meristem
development (Stone et al. 1998). KAPP also interacts
with AtSERK1, a membrane-located LRR receptor-like
kinase (LRR-RLK) that is expressed transiently
during embryogenesis. This interaction was shown by
transient expression in protoplasts (Shah et al. 2002).
In vitro association of KAPP with multiple RLKs led
to the opinion that KAPP is involved in the regulation
of other RLK pathways (Stone et al. 1994, Braun et al.
1997, Trotochaud et al. 1999, Torii 2000), but the
biological relevance of these interactions has still to
be demonstrated.

POLTERGEIST (POL) and related PP2Cs. POL-
TERGEIST (POL) was identified as phenotypic sup-
pressor of mutations within CLV1 gene. All pol mu-
tants were nearly indistinguishable from wild-type
plants. However, pol mutations provided recessive,
partial suppression of meristem defects in strong clvl
and c/v3 mutants, and nearly complete suppression
of weak clvl mutants. (Yu et al. 2000). POL functions
in CLV]-related pathways regulating stem cell iden-
tity (Yu et al. 2003). Analysis by promoter-reporter
assays of POL-related PP2Cs (PLL1 to PLL5) revealed
their broad expression in planta. PLL1 functions in
parallel with POL in regulation of meristem and or-
gan development. PLL4 and PLL5 regulate leaf de-
velopment, while no roles were identified for PLL2
and PLL3 (Song & Clark 2005).

DBP1. Tobacco DNA-binding protein phos-
phatase (DBP1) was isolated by interaction with the
promoter region of tomato CEV1, a defense-related
gene, which is induced during the course of compat-
ible plant-virus interactions. The C-terminal part of
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DBP1 shows homology to PP2C catalytic domain,
whereas the N-terminal region contains DNA
binding domains (Carrasco et al. 2003). DBP1 shows
Mg?*-dependent phosphatases activity, contains a
functional nuclear localization signal and possesses
in vitro sequence-specific DNA binding activity. DBP1
controls transcription of CEVI1 as shown by
constitutive up-regulation of the CEV1 gene in DBP1-
antisense transgenic tobacco plants suggesting that
reversible phosphorylation of regulatory proteins may
occur directly in a transcription protein-DNA complex.

PCaMPP. This PP2C-like phosphatase from the
moss Physcomitrella patens is interacting with
calmodulin (CaM) (Takezawa 2003). PCaMPP has a
catalytic domain with sequence similarity to PP2Cs
and an extra C-terminal domain, where the CaM-
binding region of PCaMPP is localized. Recombinant
PCaMPP protein exhibits Mn?*-dependent
phosphatases activity, which is stimulated by CaM.
The CaM-binding region proposes regulation of PP2C-
related phosphatases by Ca?/CaM in plants.

From the genome sequence information it is
obvious that PP2Cs are the predominant class of
phosphatases in plants. The reoccurring theme is that
PP2Cs are most often found to play very specific roles
in negatively regulating signalling pathways,
opposing the action of particular protein kinases. The
huge diversity of PP2Cs in plants emphasizes the
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