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Genotoxic stress activates complex cellular responses allowing for the repair of DNA damage and proper cell
recovery. Although plants are exposed constantly to increasing solar UV irradiation, the signaling cascades
activated by genotoxic environments are largely unknown. We have identified an Arabidopsis mutant (mkp1)
hypersensitive to genotoxic stress treatments (UV-C and methyl methanesulphonate) due to disruption of a
gene that encodes an Arabidopsis homolog of mitogen-activated protein kinase phosphatase (AtMKP1).
Growth of the mkp1 mutant under standard conditions is indistinguishable from wild type, indicating a
stress-specific function of AtMKP1. MAP kinase phosphatases (MKPs), the potent inactivators of MAP
kinases, are considered important regulators of MAP kinase signaling. Although biochemical data from
mammalian cell cultures suggests an involvement of MKPs in cellular stress responses, there is no in vivo
genetic support for this view in any multicellular organism. The genetic and biochemical data presented here
imply a central role for a MAP kinase cascade in genotoxic stress signaling in plants and indicate AtMKP1 to
be a crucial regulator of the MAP kinase activity in vivo, determining the outcome of the cellular reaction and
the level of genotoxic resistance.
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The fitness of living organisms in limiting environments
depends largely on their resistance to adverse stress con-
ditions. Numerous stress-perception mechanisms linked
to intracellular signaling cascades ensure rapid activa-
tion of genetic information and adaptation. One of the
most extreme challenges is damage to the genetic infor-
mation itself. Here the cell cycle is halted to gain the
time necessary for DNA repair and genes required for
repair and protection of other cellular components en-
dangered by the genotoxic treatment are activated. Be-
cause of their sedentary life-style and their dependence
on sunlight for photosynthesis, plants are obliged to be
exposed to environmental mutagens, including ultravio-
let (UV) radiation. In general, UV radiation is classified
into three wavelengths: UV-A (320–400 nm), UV-B (280–
320 nm), and UV-C (<280 nm). Of these, only UV-A and
a fraction of UV-B (>290 nm) reaches the surface of the

earth, owing to the absorbing effect of the stratospheric
ozone layer. Continuous exposure of plants has resulted
in selection of effective defence mechanisms against
genotoxic threat (Britt 1996; Rozema et al. 1997; Jansen
et al. 1998).

Genetic dissection of plant responses to genotoxic
stress has resulted in four classes of mutants. The first
class consists of mutants hypersensitive to UV radiation
due to depletion of UV-absorbent phenolic compounds
(Li et al. 1993; Landry et al. 1995), which leads to el-
evated levels of UV-induced DNA damage (Stapleton and
Walbot 1994). The second class includes mutants im-
paired directly in DNA-repair activities such as dark re-
pair of 6–4 photoproducts (Britt et al. 1993), photoreac-
tivation (Jiang et al. 1997; Landry et al. 1997), and recom-
binational repair (Masson et al. 1997a; Mengiste et al.
1999). The remaining two classes are represented by a
single mutant each. One, the ars27A mutant, is impaired
in mRNA degradation triggered by UV attributable to
the disruption of a gene encoding an isoform of ribo-
somal protein S27 (Revenkova et al. 1999). The other, the
uvs66 mutant, is highly sensitive to both UV and DNA-
damaging chemicals but apparently proficient in
DNA repair (Albinsky et al. 1999). It has been suggested
that uvs66 is affected in an as yet unknown signaling
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component required for proper response to genotoxic
stress.

In primary and established mammalian cell lines, two
major signaling pathways link genotoxic stress percep-
tion to adequate responses (for review, see Liu et al.
1998). One is activated by DNA damage directly, recog-
nized by the DNA-dependent protein kinase (DNA-PK)
and its relatives (Wang 1998). This initiates a phosphory-
lation cascade resulting, for example, in the activation of
checkpoint kinases (Chk1, Chk2) and the tumor suppres-
sor gene product p53 (Agarwal et al. 1998; Hirao et al.
2000; Liu et al. 2000). A second pathway originates out-
side the nucleus and exploits signal transduction cas-
cades used for other cellular responses, including growth
factor signaling (Devary et al. 1993). In the case of UV-C,
the latter pathway is activated by receptor tyrosine ki-
nases at the cell membrane (Sachsenmaier et al. 1994;
Rosette and Karin 1996) or, as in the case of the alkylat-
ing agent methyl methanesulfonate (MMS), by an un-
known downstream component (Liu et al. 1996). This
signal transduction pathway involves activation of one
or more members of the mitogen-activated protein ki-
nase (MAPK) family (for review, see Liu et al. 1998). The
MAPKs are the terminal components in a three-kinase
cascade. A canonical MAPK module consists of a MAPK
kinase kinase (MAPKKK or MEKK), which activates a
MAPK kinase (MAPKK or MEK) by phosphorylation of
Ser or Thr residues (Ser-X-X-X-Ser/Thr) within the cata-
lytic core. Activated MAPKK then phosphorylates both
Thr and Tyr of a MAPK within the TXY consensus se-
quence, thereby activating it.

The magnitude and duration of MAPK activation de-
termines the outcome of the cellular reaction (Mar-
shall 1995). It has been hypothesized that UV-induced
transient activation of the MAPK c-jun amino-terminal
kinase (JNK/ stress-activated protein kinase [SAPK])
leads to stress relief, whereas sustained activity re-
sults in apoptotic cell death (Chen et al. 1996; Franklin
et al. 1998). Several phosphatases are able to dephos-
phorylate and thus inactivate various components of
MAPK cascades. However, the direct inactivation of
MAPKs is achieved only by phosphoserine-threonine
phosphatase PP2A (Millward et al. 1999), phosphotyro-
sine phosphatases (Zhan et al. 1997), and MAPK phos-
phatases (MKPs) belonging to the family of the VH1-like
dual-specificity phosphatases. MKPs dephosphorylate both
tyrosine and serine/threonine residues, exhibiting high
specificity for MAPKs (Camps et al. 2000; Keyse 2000).

Despite a wealth of data showing that MKPs are tran-
scriptionally activated by various stresses in metazoa
(Camps et al. 2000), their involvement has not been dem-
onstrated genetically. An ERP/MKP-1 knockout mouse
had no alteration in phenotype, indicating that other
phosphatases may compensate in vivo for its absence
(Dorfman et al. 1996). In contrast, a Drosophila null mu-
tant of an MKP, puckered (puc), has severe developmen-
tal defects, resulting in embryonic lethality due to hy-
peractivation of DJNK and failure of dorsal closure (Mar-
tin-Blanco et al. 1998).

In higher plants, MAP kinases are implicated in a mul-

titude of cellular responses to signals such as plant hor-
mones, developmental cues, and both biotic and abiotic
stress factors (for review, see Jonak et al. 1999), also in-
cluding UV radiation (Stratmann et al. 2000). Several
genes encode plant orthologs of MAPK pathway compo-
nents. Notably nine MAPK-, five MAPKK- and eight
MAPKKK-related genes have been identified in Arabi-
dopsis thaliana (Mizoguchi et al. 1997). Identification of
Arabidopsis phosphatases implicated in the regulation
of the MAPK pathway has also progressed rapidly. The
counterpart of PP2C in alfalfa (MP2C) has been described
and its activity determined by using yeast genetics as a
negative regulator of the MAPK pathway with an MAP-
KKK as target (Meskiene et al. 1998). Similarly, the Ara-
bidopsis phosphotyrosine phosphatase (AtPTP1) was
shown to inactivate in vitro the MAPK ATMPK4 (Huang
et al. 2000). The MKP AtDsPTP1 also has been reported
but with no indication of its function (Gupta et al. 1998).
Thus, despite rapid identification of potential compo-
nents of MAPK pathways in plants based on evolution-
ary conservation, the physiological consequences of ge-
netic interference with their function are largely unknown.

We describe an Arabidopsis mutant (mkp1) hypersen-
sitive to genotoxic treatments attributable to disruption
of a homolog of MKPs (AtMKP1). Similar to the Dro-
sophila puckered mutant, the MAP kinase activity pro-
file is deregulated in mkp1, but in contrast to puckered,
mkp1 develops normally and is only impaired in geno-
toxic stress responses.

Results

Isolation of the mkp1 mutant

A collection of Arabidopsis thaliana mutagenized by
random insertions of T-DNA (Bechtold et al. 1993) was
screened for families segregating seedlings sensitive to
MMS (Mengiste et al. 1999). This led to the isolation of
mkp1, which segregated the MMS hypersensitivity as a
single recessive mutation. Five-day-old seedlings of ho-
mozygous mkp1 transferred to liquid medium contain-
ing MMS at 100 ppm were clearly retarded during further
growth relative to the wild type. MMS at 120 ppm was
lethal to the mkp1, whereas the wild type tolerated even
higher concentrations (Fig. 1A).

To examine whether hypersensitivity of the mkp1
mutant was specific to MMS, a root growth assay after
UV-C irradiation was performed (Albinsky et al. 1999).
UV irradiation (500 J/m2) arrested the growth of mkp1
roots, whereas wild-type roots were unaffected (Fig. 1B).

mkp1 grows normally under standard conditions and
is apparently as resistant as the wild type to other abiotic
stresses, like elevated salinity, osmotic stress, or reactive
oxygen species (data not shown). However, additional
effects of the mutation may still be discovered under
conditions not tested so far.

Molecular and functional characterization
of the mutant locus

Genetic segregation analysis indicated that the MMS
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sensitivity trait of mkp1 is linked to the kanamycin re-
sistance encoded by the T-DNA used for mutagenesis
(data not shown). The presence of a single copy of T-
DNA was confirmed by genomic DNA gel blothybrid-
ization (data not shown). A 5-kb fragment of DNA adja-
cent to the right border of the T-DNA was isolated by
plasmid rescue. The 960-bp chromosomal fragment
flanking the T-DNA was used as a probe for RNA and
genomic DNA gel blot analysis, as well as for the screen-
ing of Arabidopsis cDNA and genomic libraries.

RNA gel blot analysis of RNA isolated from 7-day-old
wild-type seedlings detected a 3-kb transcript, which
was absent in the mkp1 mutant (Fig. 2A). Of 10 cDNA

clones isolated from a cDNA library (Elledge et al. 1991)
and representing the same gene, one contained the full-
length coding sequence. This 3-kb clone (GenBank/
EMBL accession no. AF312745) contains an open reading
frame (ORF) encoding a protein of 784 amino acids.

Ten overlapping clones were isolated from a genomic
library, and sequence alignment generated a contique of
8881 bp. The sequence is part of BAC clone T26I12 (Gen-
Bank/EMBL accession no. AL132954) recently released
by the EU Arabidopsis sequencing project, and maps the
AtMKP1 gene to chromosome 3. However, the protein
prediction from this BAC (accession no. 6434224) is in-
correct due to misinterpretation of splicing boundaries.

Figure 1. Sensitivity of the mkp1 mutant to genotoxic stress and its complementation by ectopic expression of AtMKP1. (A)
Five-day-old seedlings were transferred to liquid medium supplemented with methyl methanesulfonate (MMS) at the concentrations
indicated. The picture was taken after 3 wk of further growth. (B) Root growth after UV-C irradiation of 5-day-old seedlings with 500
J/m2. Ws: Wassilewskija wild type; mkp1 mutant; line 6: mkp1 complemented by ectopic expression of AtMKP1.

AtMKP1 required for genotoxic stress relief

GENES & DEVELOPMENT 701



Alignment of the cDNA sequence and the AtMKP1 gene
revealed four exons (Fig. 2B). In mkp1, the T-DNA is
inserted in the second exon at position 501 of the cDNA
(Fig. 2B).

To examine whether sensitivity of mkp1 to genotoxic
stress is solely the result of disruption of the AtMKP1
gene, we transformed the AtMKP1 gene back into mu-
tant plants. Resistance to both MMS and UV-C was re-
stored to the wild-type level in several independent
transgenic lines (Fig. 1; data not shown). mkp1 plants
transformed with the empty vector control remained hy-
persensitive to MMS and UV-C (data not shown). Some
of the resulting transgenic lines bearing an ectopic copy
of the wild-type AtMKP1 gene accumulated higher At-
MKP1 mRNA levels than the wild type (Fig. 2A). However,
this did not lead to increase in genotoxic stress tolerance.

Structure of the AtMKP1 gene product

Comparison of the deduced amino acid sequence of
AtMKP1 (Fig. 3A) with the GenBank/EMBL database re-
vealed significant similarity to dual-specificity phospha-
tases (DSPs), with up to 37.9% identity in a 140-amino-
acid overlap to the most similar XCL100 of Xenopus lae-
vis (Fig. 3C; Lewis et al. 1995). The highest degree of
conservation was observed in the region including the
signature motif of the active site for a subset of animal
DSPs (VxVHCxAGxSRSxTxxxAYLM, Martell et al.
1998) (Fig. 3B,C; amino acids 231–251 of AtMKP1). This
motif contains a PTPase consensus in the active site se-
quence HCxxGxxR(S/T) and an AY(L/I)M motif charac-
teristic of class I and II DSPs, which include MKPs (Mar-
tell et al. 1998). The catalytic center of DSPs has been

well defined (Denu and Dixon 1995). All dual-specificity
phosphatases contain an essential cysteine that is the
nucleophile of the active site forming a covalent thiol-
phosphate intermediate (Cys-235 in AtMKP1, Fig. 3C).
Two additional important residues are an aspartate serv-
ing as a general acid in the catalytic mechanism (Asp-
204) and the hydroxyl group of a serine residue in the
active site sequence necessary to hydrolyze the thiol-
phosphate intermediate (Ser-242, Fig. 3C). The predicted
AtMKP1 catalytic site contains all the invariant residues
implicated in catalysis (Fig. 3C).

Conservation of sequence is rather low outside of the
putative catalytic domain. The amino-terminal part of
AtMKP1 has no similarity to other known DSPs, and the
two cdc25 homology domains present in mammalian
but not in yeast or Drosophila MKPs are also absent in
AtMKP1 (Fig. 3B). The AtMKP1 has an unexpectedly
long carboxy-terminal extension not reported previously
for a dual-specificity phosphatase. This region contains a
domain related to members of the actin-binding gelsolin
family (Fig. 3D; amino acids 323–391 of AtMKP1). High-
est homology was found to mouse villin (37.1% identity
in a 70-amino-acid overlap), mouse gelsolin (36.2% in 69
amino acids) and Drosophila flightless-I (30.2% in 86
amino acids). As gelsolin family members consist of six
tandem copies of a 15-kD core module (Puius et al. 1998),
homology of the AtMKP1 domain is apparent, to a vary-
ing degree, for all six repeats in gelsolin (data not shown).

Low stringency genomic DNA gel blot hybridization
as well as degenerate PCR approaches and database
searches indicated that AtMKP1 is a single gene in Ara-
bidopsis (data not shown). However, a distantly related
gene from Arabidopsis, AtDsPTP1, (30.2% identity in a

Figure 2. Expression of the AtMKP1 gene and organization of the mkp1 locus. (A)
RNA gel blot analysis of RNA isolated from 3-week-old seedlings. The blot was se-
quentially probed with AtMKP1 and 25S (Kiss et al. 1989) as a loading control. Ws:
Wassilewskija wild type; mkp1 mutant; lines 6, 10, and 16: lines obtained by the
transformation of the mkp1 mutant with the genomic fragment containing the At-
MKP1 gene. (B) Structure of the AtMKP1 gene and position of the T-DNA insert. Exons
are shown as gray boxes. In mkp1, the T-DNA is inserted in the second exon (T-DNA
is not drawn to scale). Translational start ATG and the TAA stop codon are indicated.
The depicted genomic clone was used for complementation of the mkp1 mutant phe-
notype in lines 6, 10, and 16.
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182-amino-acid overlap, Fig. 3C) encoding an MKP has
been described recently (Gupta et al. 1998). The physi-
ological role of AtDsPTP1 is not known but the contrast-
ing structures and protein sizes (199 amino acids for
AtDsPTP1 and 784 amino acids for AtMKP1) indicate
their divergence.

Identification of AtMKP1 homologs in different
plant species

To examine the evolutionary conservation of the un-
usual AtMKP1 structure, homologous genes from dis-

tantly related plant species were isolated. Degenerate
primers were designed for conserved regions and PCR
amplification was carried out on genomic DNA from
tomato and maize.

The PCR-amplified maize fragment of 243 bp was used
as probe to screen a maize cDNA library, yielding a
cDNA clone of 2.2 kb. An additional 213 nucleotides
were determined after 5� RACE (GenBank/EMBL acces-
sion no. AF312746). The predicted peptide sequence of
661 amino acids reveals 55.5% identity with AtMKP1.
Although this sequence information includes all impor-
tant domains (Fig. 3B–D), it is still not complete as

Figure 3. Structural comparison and alignments of the AtMKP1 protein. (A) Protein sequence of AtMKP1. The extended catalytic site
motif and the gelsolin homology region are underlined once and twice, respectively. (B) The structure of AtMKP1 and its homologs
from maize (ZmMKP1), tomato (LeMKP1), and Medicago truncatula are shown in comparison to human (MKP-1), plant (AtDsPTP1),
and yeast (MSG5) representatives of the MAP kinase phosphatase family. (C) Alignment of the dual-specificity phosphatase-specific
extended catalytic site motif of AtMKP1 and proteins from plants, yeast, and mammals; Medicago truncatula EST316422, Xenopus
laevis XCL100 (DDBJ/EMBL/GenBank accession no. X83742), human MKP-1 (accession no. X68277), Drosophila Puckered (PUC;
accession no. AJ223360), Chlamydomonas eugametos VH-PTP13 (accession no. X77938), A. thaliana DsPTP1 (AtDsPTP1; accession
no. Y18620), and Saccharomyces cerevisiae MSG5 (accession no. D17548). The position of the aspartic acid, cysteine, and serine
residues implicated in the catalytic mechanism are shown in bold. (D) Alignment of the plant AtMKP1-related phosphatase-unique
gelsolin homology sequences of AtMKP1, ZmMKP1, LeMKP1, and the M. truncatula EST316422 with the gelsolin family members;
mouse villin (Mmvillin; accession no. M98454), mouse gelsolin (Mmgelsolin; accession no. J04953) and Drosophila flightless-I (Dm-
fli1; accession no. U01182). Dark shading indicates residues conserved in all entries; light shading shows amino acids identical to the
AtMKP1 sequence.
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judged by the predicted mRNA length from the RNA gel
blots (∼3 kb, data not shown). The gene corresponding to
the partial cDNA was named ZmMKP1.

Similarly we amplified by PCR a 522-bp fragment of an
MKP gene from tomato (LeMKP1, GenBank/EMBL ac-
cession no. AF312747). The predicted peptide of 174
amino acids shows 84.5% identity to AtMKP1. In addi-
tion, a highly related EST from Medicago truncatula was
submitted recently to the database (GenBank/EMBL ac-
cession no. AW573831) showing 74.1% identity over its
length of 206 amino acids. Sequence alignments revealed
that the predicted proteins from different plant species
have the highly conserved active site (Fig. 3C). Most se-
quence information was gained with the ZmMKP1,
which is predicted to encode a protein with all motifs
described for AtMKP1, including the extended catalytic
site, the region of gelsolin homology, and a long C-ter-
minal extension (Fig. 3B–D). Similarly, the partial
LeMKP1 and Medicago EST predicted proteins also in-
clude the extended active site motif and the gelsolin ho-
mology region (Fig. 3D).

Regulation of MAP kinase activity by AtMKP1

The phenotype of the mutant and identification of the
affected gene strongly suggests the involvement of an
MAP kinase pathway in response to genotoxic stress. To
examine this hypothesis directly, changes in MAP ki-
nase phosphorylation status and its activity after geno-
toxic treatments were investigated. Protein gel blot
analysis using polyclonal antibodies raised against hu-
man phospho-p44/p42 MAP kinase and in-gel kinase as-
says with myelin basic protein (MBP) were performed.
An antibody recognizing human p44/p42 MAP kinases
revealed two cross-reacting bands of approximate mo-
lecular weight 60 kD and 49 kD, both in control and in
UV-C-treated samples (Fig. 4A). Importantly, an anti-
body raised against the phosphorylated form of human
p44/p42 MAP kinase detected signals (the most promi-
nent at 49 kD) only in samples treated with UV-C (Fig.
4A). Thus, Arabidopsis MAP kinase orthologs are indeed
phosphorylated and activated in response to UV-C.

To examine further the in vivo role of AtMKP1 in the
regulation of MAP kinase following genotoxic stress, an
in-gel MBP-kinase activity assay was performed with ex-
tracts from wild type, mkp1, and AtMKP1 over-express-
ing seedlings (Fig. 2A, line 6). Exposure of seedlings to
MMS or UV-C revealed a dose-dependent activation of a
49-kD MBP-kinase(s) (Fig. 4B,C), consistent with the
MAP kinase phosphorylation results (Fig. 4A). The acti-
vation kinetics and levels differed between the two geno-
toxic treatments. In wild type, UV-C induction of the
49-kD kinase activity was already visible after 5 min,
reaching about 20-fold higher activity than untreated
controls within 3 h (Fig. 4B; data not shown). In contrast,
MMS (100 ppm) induced the 49-kD kinase only after 60
min, reaching about fourfold induction within 90 min.
This enhanced activity persisted for at least 9 h (Fig.
4A,B; data not shown). Importantly, after both genotoxic

treatments, there was apparent deregulation of the MAP
kinase activity levels in the mkp1 mutant and the
AtMKP1 over-expressing line 6 in comparison to the
wild type. Consistent with the prediction of AtMKP1
function, the activation level was highest in the mkp1
mutant, intermediary in the wild type, and lowest in line
6 (Fig. 4B,C). Thus, the biochemical evidence agrees with
the genetic data and supports the involvement of an
MAP kinase-signaling pathway in responses to genotoxic
stress in plants. AtMKP1 is required for maintaining the
MAP kinase activity level contributing to genotoxic
stress resistance in the wild type.

Discussion

MAPKs and MKPs appear to be involved in responses to
genotoxic stress in mammalian cells (Chen et al. 1996;
Liu et al. 1996; Franklin et al. 1998; Tournier et al. 2000).

Figure 4. MAP kinase activation by genotoxic stress treatment
in Arabidopsis seedlings and AtMKP1-dependent activation
level. (A) Immunoblot analysis with a p44/42 MAP kinase an-
tibody (top) and a phospho-p44/42 MAP kinase antibody (bot-
tom) detects phosphorylated MAP kinase orthologs after UV-C
treatment (5 min after treatment with 3 kJ/m2). (B,C) Five-day-
old seedlings of wild type (Ws), mkp1 mutant, and comple-
mented line 6 were subjected to UV-C (B) or MMS (C) treatment
and dose-dependent activation of a 49-kD kinase was detected
in MBP in-gel kinase assays. Samples were taken after 5 min in
the case of UV-C treatment and after 90 min in the case of
MMS. On lower panels, protein loading controls are shown on
10% SDS-PAGE stained with Coomassie blue.
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Conditional expression of MKP-1 influenced genotoxic
stress relief in U937 human leukemic cells through the
inhibition of UV-induced SAPK activity (Franklin et al.
1998). Elevated SAPK activity after UV irradiation appar-
ently leads to apoptotic cell death, whereas MKP-1-me-
diated inhibition of SAPK activity results in cytoprotec-
tion against UV-induced apoptosis. Furthermore, simul-
taneous disruption of all functional Jnk genes resulted in
protection against UV-induced apoptosis in fibroblasts
(Tournier et al. 2000).

Extrapolating from mammals, transient and low-level
MAPK activation may contribute to genotoxic stress re-
lief in Arabidopsis, whereas prolonged and high level
activation may trigger cell death. Thus, loss of the phos-
phatase in mkp1 would tip the balance towards hyper-
sensitive death at a stress level permissive for the wild
type. The genotoxic hypersensitivity of mkp1 is in agree-
ment with this notion. Moreover, there was a significant
change in mkp1 in the activity of a 49-kD kinase which
cross-reacted with mammalian MAPK antibodies and
was specifically phosphorylated in vivo following UV ex-
posure of the plant cells. The 49-kD kinase activity was
about twofold higher in the mkp1 mutant than in the
wild type, even in nontreated controls, and persisted for
several hours after treatment with MMS or UV. Such an
increase in DJNK activity in the Drosophila puckered
mutant results in embryonic lethality (Martin-Blanco et
al. 1998). The fact that mkp1 is not altered developmen-
tally and only has altered sensitivity to genotoxic treat-
ments suggests a more specialized function of AtMKP1
and the implicated MAP kinase pathway. Moreover, the
induced 49-kD kinase activity decreases significantly
slower to basal levels in the mkp1 mutant than in the
wild type (data not shown), suggesting an alternative
mechanism of MAP kinase inactivation that resets this
signaling cascade. This could be achieved by additional
phosphatases or by turnover of the 49-kD kinase.

The diminished activity of the 49-kD kinase in line 6,
which overproduces AtMKP1 mRNA (Figs. 2A, 4B,C),
had no apparent consequences for the plant phenotype,
and line 6 exhibits wild-type levels of resistance to geno-
toxic stress treatments. We were not able to generate
transgenic plants highly overexpressing AtMKP1 using a
strong viral promoter (35S of CaMV) (data not shown).
Therefore, it is possible that there is only a limited de-
gree of regulatory tolerance associated with AtMKP1/49-
kD kinase signaling, which may be exhausted by strong
AtMKP1 overproduction.

The finding, that the 49-kD kinase is recognized by the
phospho-p44/42 MAP kinase antibody (raised against a
synthetic phosphopeptide corresponding to a region
around the TEY motif in human p44 MAP kinase) only
after UV-C treatment, together with the MBP-kinase ac-
tivity detected around 49 kD, suggests that the 49-kD
kinase is an Arabidopsis MAP kinase ortholog. The de-
tection of the weaker 46- and 52-kD bands (Fig. 4 A)
indicates the phosphorylation and possibly activation of
additional MAP kinase orthologs in response to geno-
toxic stress. The failure to detect the 46- or 52-kD kinase
activities may be attributable to their inability to refold

into an active configuration during the in-gel kinase as-
say, as shown to be the case for the alfalfa MAP kinase
MMK2 (Cardinale et al. 2000). Alternatively, the 46- and
52-kD bands may correspond to a degradation and modi-
fication product of the 49-kD kinase, respectively.

Recent analysis of the complete Arabidopsis gene set
indicates the existence of about 20 ATMPKs (The Ara-
bidopsis Genome Initiative 2000). This agrees with the
estimates from the Arabidopsis EST dataset (Ligterink
2000). Interestingly, all the plant MAPKs belong to the
ERK subfamily, and none to the SAPK (comprising JNK/
SAPK and p38) or MAPK3 subgroups of MAPKs (Kültz
1998; Ligterink 2000). An attempt to identify the specific
partners of AtMKP1 and to dissect the underlying MAP
kinase pathway requires consideration of this rather
complex situation.

Compared with mammalian cells, where UV irradia-
tion and MMS activate JNK/SAPK and p38 kinases (Liu
et al. 1998), and the same signaling pathways are acti-
vated by heat, reactive oxygen species, and osmotic
stress (Kyriakis and Avruch 1996), AtMKP1 has an as-
tonishingly narrow role linking it to the particular stress.
mkp1 responds to stress factors like reactive oxygen spe-
cies, increased osmotic pressure or salinity similar to the
wild type (data not shown). Moreover, the human MKP-1
(CL100) and Xenopus XCL100 mRNAs are transcription-
ally induced in response to stress stimuli (Keyse and
Emslie 1992; Lewis et al. 1995), but AtMKP1 transcript
levels remain constant during and after genotoxic stress
treatments (data not shown). This suggests the possibil-
ity of posttranslational regulation, as identified for
MKP1 in addition to its transcriptional activation (Bron-
dello et al. 1999).

Although AtMKP1 can be classified as a member of
the VH1-like dual-specificity phosphatases with all con-
served residues of the extended catalytic site essential
for the activity of MKPs (Fig. 3C), it has additional plant-
specific features, such as a long carboxy-terminal exten-
sion with a gelsolin homology motif. Importantly, plants
exhibit striking evolutionary conservation of this type of
MKP. The same features were found in MKPs of tomato,
maize, and M. truncatula (Fig. 3). Gelsolin is involved in
actin remodeling when activated by calcium during
growth-factor signaling, cytokinesis, cell movement, and
apoptosis (for review, see Kwiatkowski 1999). At pres-
ent, the role of the carboxy-terminal extension of plant
MKPs is unknown, but it is attractive to speculate on a
link within the MKP molecule between stress response
and cytoskeleton dynamics exploring both phosphoryla-
tion cascades and calcium fluxes. Interestingly, a cal-
cium signal was found to be associated with UV-B-in-
duced expression of the chalcone synthase gene in Ara-
bidopsis and soybean suspension cultures (Christie and
Jenkins 1996; Frohnmeyer et al. 1998; Long and Jenkins
1998). Whatever the function of the carboxy-terminal
part of AtMKP1, the combination of phosphatase do-
mains and gelsolin homology regions in divergent plant
species may represent a plant-specific feature of this type
of phosphatases or delineate a new class of MKPs still to
be discovered outside the plant kingdom.
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In general, there is only limited in vivo evidence for
specific functions of MAP kinase pathways in muticel-
lular eucaryotes. In plants, one well-characterized com-
ponent is the Raf-like MAPKK kinase CTR1, which is a
negative regulator of ethylene signaling, identified by the
constitutive triple response phenotype of the ctr1 mu-
tant (Kieber et al. 1993). However, recent biochemical
data is difficult to reconcile with the proposed mode of
action of ethylene and the CTR1 protein (Novikova et al.
2000). Recently, another Arabidopsis MAPKK kinase,
EDR1, has been described as a negative regulator of sali-
cylic acid (SA)-mediated defense responses, revealed by
the enhanced disease resistant phenotype of the edr1
mutant (Frye et al. 2000). Similarly, transposon inactiva-
tion in the mpk4 mutant identified ATMPK4 as a nega-
tive regulator of systemic acquired resistance (SAR) (Pe-
tersen et al. 2000). In all these cases the negative regu-
lators of the MAP kinase cascades remain unknown.

The results presented here link an MAP kinase signal-
ing pathway to plant genotoxic stress responses and rep-
resent the only example of a genetically defined in vivo
role for an MKP in stress signaling in a muticellular eu-
caryote.

Materials and methods

Mutant isolation

Plants (A. thaliana ecotype Wassilewskija) were grown in soil or
in aseptic cultures under conditions described previously (Mas-
son et al. 1997b). T-DNA-mutagenized families (2300) provided
by the Institute National de la Recherche Agronomique (INRA),
Versailles, France were screened for segregating individuals hy-
persensitive to MMS (Fluka) (Mengiste et al. 1999). Twenty ran-
domly selected plants of these families were grown to maturity,
self-pollinated, and outcrossed to the wild type. To identify ho-
mozygous mutant lines, the F3 progeny of the outcross were
examined in an MMS-sensitivity assay. The homozygous mu-
tant lines were used for detailed phenotypic characterization,
cloning of the mutated locus and mutant complementation
with the corresponding wild-type gene.

Phenotypic and molecular analysis of the mkp1 mutant

Arabidopsis plants were grown under aseptic conditions with
16 h light of 25 µE m−2 s−1 (Osram Natura de Luxe) at 22.5°C and
8 h dark at 22.5°C (Masson et al. 1997b). Five-day-old seedlings
were used for sensitivity tests to UV-C (fluence rate of 30 W
m−2, primarily 254 nm, Osram HNS 55W ORF), methyl meth-
anesulphonate (MMS), reactive oxygen species, increased osmo-
larity (mannitol), or salinity (NaCl), as described previously
(Masson et al. 1997b; Albinsky et al. 1999; Revenkova et al.
1999). The UV-C dosage was measured at seedling level using a
shortwave meter, Model J-260 Digital Radiometer (Ultra-violet
Products, Inc.).

For RNA blots, total RNA was extracted using the RNeasy
Plant Mini kit (Quiagen) according to the supplier’s instruc-
tions, and 10-µg aliquots of RNA were separated electrophoret-
ically and blotted to nylon membranes (Hybond N, Amersham)
using standard protocols (Sambrook et al. 1989). Tomato 25S
(Kiss et al. 1989) was used as a loading control. Filters were
hybridized as described by Revenkova et al. (1999).

Isolation of the AtMKP1 gene and its cDNA

Genomic DNA from the homozygous mutant plants was ex-
tracted as described by Dellaporta et al. (1983). A genomic frag-
ment flanking the right border of the inserted T-DNA was
cloned by plasmid rescue according to Bouchez et al. (1996). The
plasmid acquired 3.7 kb of T-DNA linked to 5 kb of chromo-
somal DNA. A 960-bp SstI fragment next to the T-DNA was
used as a probe to screen an Arabidopsis �-ZAPII genomic li-
brary (Stratagene) and ∼0.8 × 106 pfu of a �-YES cDNA library
(Elledge et al. 1991). All hybridizations and DNA sequencing
were performed as described previously (Revenkova et al. 1999).
The computational analysis and database searches were per-
formed with the GCG program package (Genetics Computer
Group).

Complementation of the mutant

The genomic DNA fragment containing the AtMKP1 gene in-
cluding 2.4 kb of 5� and 2.6 kb of 3� regulatory sequences was
assembled in pBluescript-SK(+) and moved into the Agrobacte-
rium binary vector phygi5, a derivative of p1’barbi (Mengiste et
al. 1997). The T-DNA of phygi5 contains a hygromycin-resis-
tance selectable marker gene under the control of the 1� pro-
moter and unique ClaI, StuI, and NheI sites located between the
marker gene and the right border of the T-DNA (E. Revenkova
and J. Paszkowski, unpubl.). The binary plasmid was introduced
into Agrobacterium tumefaciens strain C58CIRifR containing
the nononcogenic Ti plasmid pGV3101 (Van Larebeke et al.
1974) and this was used to transform mkp1 mutant plants by
vacuum infiltration (Bechtold et al. 1993).

Isolation of AtMKP1 homologs in tomato and maize

Sequences homologous to AtMKP1 from other higher plant spe-
cies were identified by PCR using the following degenerate
primers derived from regions conserved between VH-PTP13 of
Chlamydomonas eugametos (Haring et al. 1995) and the pre-
dicted AtMKP1 protein: primer 1 (forward): 5�-AAY AAY GGI
ATH ACI CAY ATH YT-3�; primer 2 (reverse): 5�-YTG RCA
IGC RAA ICC CAT RTT IGG-3�; primer 3 (reverse): 5�-IGT
CCA CAT IAR RTA IGC DAT IAC-3 (IUB one-letter code,
where I is inosine). Nested PCR reactions were carried out on
maize genomic DNA. The amplified PCR fragment (243 bp) was
used to screen a �-ZAPII cDNA library (Clontech) as described
previously (Revenkova et al. 1999). In addition, 5� rapid ampli-
fication of cDNA ends (RACE) was carried out following the
instructions of the 5�/3� RACE Kit (Boehringer Mannheim).

Two additional reverse-orientated degenerate primers were
designed according to plant-specific sequence conservation de-
duced from homology between AtMKP1 and the maize homolo-
gous gene product: Primer 4 (reverse): GCI GCY TTI GCR TCY
TTY TCC and primer 5 (reverse): YTC ICK IGC IGG IAR RTG
IGT YTC. Nested PCR on genomic DNA from tomato ampli-
fied a predicted 570-bp fragment that was cloned into the T/A
vector pCR2.1 (Invitrogen) and confirmed by sequencing.

Immunoblot analysis

Total cellular proteins (20 µg) were separated by electrophoresis
in 10% SDS-polyacrylamide gel and electrophoretically trans-
ferred to PVDF membrane (Bio-Rad) following the manufactur-
er’s instructions. Signal detection was performed as described in
the ECL Western detection kit (Amersham). Polyclonal p44/p42
MAP kinase antibody and polyclonal phospho-p44/42 MAP ki-
nase (Thr202/Tyr204) antibody (New England Biolabs) were
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used as primary antibodies. As indicated by the manufacturer,
the latter detects phosphorylated threonine 202 and tyrosine
204 of p44/ERK1 and p42/ERK2, but does not appreciably cross-
react with the corresponding phosphorylated threonine and ty-
rosine of either JNK/SAPK or p38. Horseradish peroxidase-con-
jugated anti-rabbit or anti-mouse immunoglobulins (DAKO
A/S, Denmark) were used as secondary antibody.

In-gel protein kinase assay

Seven-day-old seedlings were transferred from germination me-
dium into sterile water for 48 h before the seedlings were sub-
jected to genotoxic treatments at the indicated doses. Seedlings
were frozen in liquid nitrogen after the indicated incubation
times following treatments. Further protein extraction and
sample handling was carried out as described in Nühse et al.
(2000). Crude, soluble protein extract (30 µg) was separated on a
10% SDS-polyacrylamide gel containing 0.2 mg/ml myelin ba-
sic protein (MBP, Sigma). In-gel protein renaturation and kinase
assay was performed according to Suzuki and Shinshi (1995).
Signals were visualized and quantified by PhosphorImager using
ImageQuant software (Molecular Dynamics, Inc.).
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