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Activation of mitogen-activated protein (MAP) kinases is a common reaction of plant cells in defense-related signal
transduction pathways. To gain insight into the mechanisms that determine specificity in response to a particular stimulus,
a biochemical approach has been employed. Photoautotrophic suspension culture cells of tomato (Lycopersicon peruvianum)
were used as experimental system to characterize MAP kinase activation by different stress-related stimuli. An elicitor
preparation of the tomato-specific pathogen Fusarium oxysporum lycopersici was shown to result in the simultaneous
induction of four kinase activities that could be separated by ion-exchange chromatography. The simultaneous activation of
multiple MAP kinases was further substantiated by distinct pharmacological and immunological properties: a differential
sensitivity toward various protein kinase inhibitors and a differential cross-reaction with isoform-specific MAP kinase
antibodies. In contrast to the two fungal elicitors chitosan and the F. oxysporum lycopersici preparation, the plant-derived
stimuli polygalacturonic acid and salicylic acid were shown to activate distinctly different subsets of MAP kinases.
Application of a voltage pulse was introduced as a transient stress-related stimulus that does not persist in the culture.
Voltage application activates a distinct set of MAP kinases, resembling those activated by salicylic acid treatment, and
generates a refractory state for the salicylic acid response. The inhibitory effect of nifedipine indicates that current
application may directly affect voltage-gated calcium channels, thus, providing a tool to study various calcium-dependent

pathways.

During their whole life, plants need to cope with a
variety of attacking pathogens. They developed ap-
propriate defense responses that protect them against
impairment by most of them. These defense re-
sponses against several different pathogens have
been extensively studied, however, the components
that determine the specificity of the defense gene
activation remain to be elucidated. After a plant cell
is challenged by an elicitor, one or more signal trans-
duction pathways are invoked by a ligand-receptor
interaction (Niirnberger, 1999) that lead to the acti-
vation of a set of defense-related genes appropriate
for the defense against the attacking pathogen (Jabs
et al., 1997).

The involvement of mitogen-activated protein
(MAP) kinases in biotic and abiotic stress-mediated
defense gene activation has been extensively studied
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and MAP kinases that respond to elicitors (Zhang et
al.,, 1998), wounding (Stratmann and Ryan, 1997),
cold and drought stress (Jonak et al., 1996), salinity
(Munnik et al., 1999), and endogenous signals (Zhang
and Klessig, 1997) have been described. The activities
were assigned to MAP kinase genes by the observa-
tion of coordinated transcriptional up-regulation and
the use of specific antibodies. In-depth analysis of
MAP kinase activation in tobacco revealed that the
MAP kinase salicylate-induced protein kinase is ac-
tivated by salicylic acid (Zhang and Klessig, 1997),
fungal elicitors (Zhang et al., 1998), wounding
(Zhang and Klessig, 1998b), and tobacco mosaic virus
infection (Zhang and Klessig, 1998a). Therefore activ-
ity in response to several stimuli was ascribed to only
one MAP kinase. This raises the question of which
factors determine the specific pattern of gene activa-
tion induced by defense-related stimuli. A specific
response may arise from the activation of more than
one MAP kinase pathway in response to a particular
stimulus. It has been demonstrated by isoelectric fo-
cussing that after wounding, four MAP kinases were
activated with three of them having the same M,
(Usami et al., 1995). Cardinale et al. (2000) recently
showed that a yeast elicitor resulted in the activation
of four different MAP kinases as revealed by immu-
noprecipitation with peptide-specific antibodies.
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An involvement of calcium signaling upstream of
MAP kinase pathways has been proposed based on
the observation that MAP kinase activation was pre-
vented by the addition of calcium channel blockers
(Lebrun-Garcia et al., 1998). Calcium concentration is
kept very low in the cytosol, enabling fast responses
by the opening of calcium channels. Thus calcium is
capable of fast transduction of stress and pathogen
signals. Calcium increases were reported in response
to several stress-related stimuli like touch, wind, and
cold (Knight et al., 1991). The number of publications
on the importance of calcium in defense signaling in
response to pathogen-related signals (Kawano et al.,
1998), pathogens (Xu and Heath, 1998), race-specific
peptides (Gelli et al., 1997), peptide receptor interac-
tion (Blume et al., 2000), or oligosaccharides (Mit-
hoefer et al., 1999) is also increasing.

In the present study we investigated the response
of photoautotrophic suspension culture cells of to-
mato (Lycopersicon peruvianum) to fungal elicitors, en-
dogenous stress-related signals, and application of
voltage. A combination of biochemical methods, the
use of various protein kinase inhibitors, and immu-
nocomplex kinase assays substantiates the activation
of multiple MAP kinases by one particular stimulus.
Comparison of the effects of different pathogen-
related stimuli revealed that the activation of specific
subsets of kinases results in different physiological
responses. The activation of MAP kinases was shown
to require calcium influx across the plasma mem-
brane. Voltage application was introduced as a tran-
sient stimulus that does not persist in the culture
medium. Based on the sensitivity toward the calcium
channel inhibitor nifedipine we propose that voltage
application acts directly on voltage-gated calcium
channels providing a tool to study the role of calcium
signatures in signal transduction pathways.

RESULTS

An Elicitor Preparation of the Wilt-Inducing Fungus
Fusarium oxysporum lycopersici Leads to MAP
Kinase Activation

To investigate the defense response of tomato
against one of its naturally occurring pathogens, an
elicitor preparation of the wilt-inducing fungus F.
oxysporum lycopersici, referred to as E-FOL, was used
to challenge photoautotrophically growing suspen-
sion culture cells of tomato.

To assay for possible MAP kinase activation upon
treatment with E-FOL, in-gel kinase assays with the
model substrate myelin basic protein (MBP) were
performed and revealed the fast and transient acti-
vation of a kinase of 52-kD molecular mass (Fig. 1A).
Because previous reports on stress-activated MAP
kinases demonstrated that the activation of those
kinases occurs post-translationally (Zhang et al,,
1998), we pretreated the cells with the RNA-
polymerase II inhibitor a-amanitin or the protein
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Figure 1. MAP kinase activation by treatment with E-FOL or voltage.
Suspension cultures were treated with 100 pg mL~" E-FOL (A and B)
or 60 V (E and F) at time point 0. Samples were taken at the indicated
time points and analyzed by in-gel kinase assay with MBP as sub-
strate. B and F, Cells were pretreated with cycloheximide (CHX) or
a-amanitin («¢AM) 15 min before stimulation. C and G, Cells treated
with the indicated concentrations of E-FOL (C) and voltage (G) were
collected 5 min after stimulation and analyzed by in-gel kinase assay.
D and H, Immunoprecipitation with phospho-Tyr-specific antibody
4G10. Crude extract of E-FOL- (D) or voltage- (H) treated cells was
used for immunoprecipitation without competitor (—) or in the pres-
ence of 1 mm phospho-Tyr (PY), phospho-Ser (PS), or phospho-Thr
(PT). The precipitate was analyzed by in-gel kinase assay.

biosynthesis inhibitor cycloheximide. The results
shown in Figure 1B demonstrate that the activation of
the 52-kD kinase only depends on post-translational
modifications because it is not blocked by either in-
hibitor. Inactivation in contrast is dependent on tran-
scription and translation of a negative regulator as is
revealed by the sustained activity after treatment
with both inhibitors.

To further characterize the activation of the 52-kD
MBP-phosphorylating kinase activated by treatment
with E-FOL, we conducted dose response experi-
ments (Fig. 1C) that demonstrate the induction of
maximal kinase activity by addition of 1 ug mL™"
E-FOL preparation.

A known feature of MAP kinases is their activation
by phosphorylation on the conserved sequence motif
TXY, both at Tyr and Thr (Canagarajah et al., 1997).
To further support that the 52-kD MBP-
phosphorylating kinase activated by E-FOL treat-
ment belongs to the MAP kinase family, immunopre-
cipitation with the phospho-Tyr-specific antibody
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4G10 and subsequent analysis with an in-gel kinase
assay were performed. As shown in Figure 1D, the
E-FOL-activated protein kinase is recognized by the
4G10 antibody. To ensure the specificity of the anti-
body, competition of the immunocomplex formation
by the phospho-amino acids phospho-Tyr, phospho-
Ser, and phospho-Thr was tested. The results dem-
onstrate specific recognition of phospho-Tyr and
thus support Tyr phosphorylation of the activated
MAP kinase.

Application of a Voltage Pulse Leads to MAP
Kinase Activation

To challenge the cells by a stress-related stimulus
that does not persist in the culture we introduced a
novel type of stress stimulus: A constant voltage was
applied to the suspension culture for a limited time.
Two concentric rings of platinum wires were sub-
merged as electrodes into a 50-mL culture of tomato
cells with a distance of 2.5 cm between the electrodes.
With a direct current power supply, 60 V were ap-
plied for 10 s. As revealed by the in-gel kinase assay
shown in Figure 1E, this treatment resulted in a fast
and transient kinase activation. Analysis of the dose
response reveals that the lowest inducing D.C. volt-
age was 30 V (Fig. 1G). Comparison of the effects of
E-FOL and voltage treatment reveals a lower activity
and a faster deactivation after voltage treatment as
compared with E-FOL. This may reflect the duration
of perception of the signal: Whereas the voltage treat-
ment lasts only 10 s, the elicitor treatment is a per-
sistent signal and therefore stimulates the cells
longer.

Further characterization of the activation of the
MBP-phosphorylating protein kinase reveals that both
a-amanitin and cycloheximide do not interfere with
the activation but inhibit the fast inactivation (Fig. 1F).
Thus activation is independent of transcription and
protein translation, whereas inactivation requires syn-
thesis of a regulatory protein. Tyr phosphorylation
was demonstrated by immunoprecipitation by the
phospho-Tyr-specific antibody 4G10 (Fig. 1H). These
data substantiate that voltage, as shown before for
E-FOL, results in the activation of a protein kinase
belonging to the MAP kinase family.

Calcium Influx Is Necessary for MAP Kinase Activation

Calcium has been shown to be involved in the
initiation of plant defense responses and was a pre-
requisite for MAP kinase activation in response to
hypoosmotic shock and elicitor treatment (Takahashi
et al., 1997). To test whether calcium is involved in
the signal transduction leading to MAP kinase acti-
vation after treatment with E-FOL and voltage, we
used the calcium channel inhibitor gadolinium.

Figure 2, A and B, shows that after 4 min of prein-
cubation with 1 mm gadolinium, the response to
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Figure 2. Calcium is necessary for MAP kinase activation. Untreated
cells (Control) or cells treated with E-FOL (A) or voltage (B) were
analyzed by in-gel kinase assay. Cells were pretreated 4 min before
stimulation with the calcium channel blockers gadolinium(lll) chlo-
ride (Gd) or nifedipine. EGTA or EGTA and calcium chloride
(EGTA+Ca?") was added 2 min before stimulation to test for the
involvement of extracellular calcium.

E-FOL and voltage is reduced. The kinase activation
is also reduced if the suspension medium is depleted
of calcium by addition of 8 mm EGTA 2 min before
stimulation. To demonstrate the specificity of the
EGTA treatment we added 8 mm CaCl, together with
8 mM EGTA. In combination with calcium, EGTA did
not interfere with MAP kinase activation (Fig. 2, A
and B). This demonstrates that the influx of calcium
is responsible to invoke MAP kinase activation after
treatment with E-FOL or voltage.

Voltage Treatment Acts on Voltage-Dependent
Calcium Channels

To further substantiate the results of the general
calcium channel blockers, we used the calcium chan-
nel inhibitor nifedipine, which specifically blocks
voltage-gated calcium channels of the L-type in ani-
mal cells (Catterall and Striessnig, 1992) and has been
used successfully to block voltage-gated channels in
plants (Gelli and Blumwald, 1997). Addition of a final
concentration of 20 uM nifedipine reduced MAP ki-
nase activation in response to voltage treatment to
about 60% (Fig. 2D). In contrast the E-FOL-induced
MAP kinase activation is not inhibited by nifedipine
(Fig. 2C), demonstrating the specificity of the inhib-
itor because calcium-mediated signal transduction is
not blocked in general. This result indicates that volt-
age treatment acts specifically through voltage-gated
calcium permeable channels and the applied voltage
possibly directly opens these channels.

Characterization of Effects of Several
Pathogen-Related Stimuli

To further characterize the response to E-FOL and
voltage treatment we tested the production of H,0O,
as a common physiological response to pathogen
infection. E-FOL treatment induced a fast increase of

273



Link et al.

H,O, concentration up to 5 um in the media, whereas
voltage treatment did not elicit H,O, production.

To characterize the specificity in MBP-kinase acti-
vation in response to different signals we tested three
further stress signals: chitosan, polygalacturonic acid
(PGA), and salicylic acid. Chitosan is a known elicitor
of plant defense responses and is part of fungal cell
walls (Hadwiger and Beckman, 1980). PGA is a deg-
radation product of plant cell walls and thus a host-
derived elicitor (Ryan, 1987). Salicylic acid is an im-
portant signaling molecule involved in intra- and
inter-cellular defense signaling (Reymond and
Farmer, 1998).

In addition to E-FOL, only the other fungal elicitor
chitosan, but none of the plant derived signals PGA
and salicylic acid, led to H,O, production (Fig. 3).
The tomato suspension culture cells differentially re-
sponded toward pathogen-related signals that are
endogenously produced by the plant in response to
infection and stimuli derived from pathogens such as
E-FOL or chitosan. Only upon contact with the latter
signal H,O, was produced.

Figure 3 shows by in-gel kinase assay that all of the
tested stimuli induce MAP kinase activity. Using
histone or casein instead of MBP as substrate resulted
in strongly reduced activity as is expected for MAP
kinases (data not shown). E-FOL, chitosan, and PGA
resulted in a higher MAP kinase activity compared
with the other stimuli. This different magnitude of
MAP kinase activation correlates to the effect on the
regulation of defense-related genes (Fig. 3). As mark-
ers for defense gene activation we probed for Phe-
ammonium-lyase (Pal) expression, which is the key
enzyme of the phenylpropanoid pathway involved in
the production of various defense-related products
including salicylic acid (Coquoz et al., 1998). As a
second marker gene we probed for Lin6, an extracel-
lular invertase, which is up-regulated upon stress to

MAPK  H,O,-Production  PAL LING
0 5min 20 min 0 6h 0 6h
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Figure 3. Downstream effects of defense-related signals. Cells
treated with chitosan, E-FOL, PGA, voltage, or salicylic acid (SA)
were assayed for MAP kinase activation, H,O, production, and gene
induction. Five-minute samples were subjected to in-gel kinase as-
say. In chitosan- and E-FOL-treated cultures, H,O, concentration
had increased to 5 um above untreated cultures within 20 min. Gene

regulation was determined by northern-blot analysis with probes for
Pal and Liné6.
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increase sink strength and supply the cell with addi-
tional sugar as energy source during defense reac-
tions (Ehness and Roitsch, 1997). Northern-blot anal-
ysis revealed that all stimuli lead to induction of the
defense genes Pal and Lin6, whereas the differential
level of mRNA induction correlates with the level of
MAP kinase activity.

Several MAP Kinases Are Activated by One
Specific Stimulus

The differences in H,O, production and the levels
of kinase activity and mRNA regulation indicated
that differences in MAP kinase activation may reflect
the different stimuli. We characterized the MBP-
kinase activities in response to various signals by
biochemical separation.

Anion-exchange chromatography was used to sep-
arate the protein extracts of control cells and of cells
treated for 5 min with E-FOL. As shown in Figure 4A
by an in-gel kinase assay, we were able to separate
four peaks with MBP-phosphorylating activity after
E-FOL treatment. The untreated cells had no compa-
rable activity (data not shown). In-solution kinase
assay as used for experiment of Figures 4C and 5A
revealed a similar activity profile. This separation
indicates that there is not only one but at least four
kinases activated by treatment with E-FOL. There is
no detectable elution of MBP-phosphorylating kinase
activity at higher salt concentrations. Comparison
with in-gel kinase assays with casein and histone as
substrate revealed that MBP is the preferred sub-
strate (data not shown), which is in accordance with
the published substrate specificity for MAP kinases.
To further support the identity as MAP kinases the
peak fractions were immunoprecipitated with the
phospho-Tyr-specific antibody 4G10. As shown by
in-gel kinase assay in Figure 4B, each peak contains
Tyr-phosphorylated protein kinases that are able to
phosphorylate MBP, strongly supporting that the
separated kinases belong to the MAP kinase family.

The Different Peak MAP Kinase Activities Display
Differential Inhibitor Sensitivity

To ensure that the different activity peaks eluting
from the Resource Q column are due to different
MAP kinases, we applied a set of inhibitors to deter-
mine their effects on the separated MPB-
phosphorylating protein kinases. For these experi-
ments, we used the purine analogs olomoucine,
bohemine, and roscovitine. These inhibitors are used
as potent inhibitors of cyclin-dependent kinases (De
Azevedo et al., 1997) and were shown in one study to
also inhibit an alfalfa MAP kinase (Binarova et al.,
1998). Furthermore we included the kinase inhibitor
staurosporine that was shown to discriminate be-
tween different MAP kinases (Romeis et al., 1999).
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Figure 4. Separation of cell extracts by anion-exchange chromatog-
raphy reveals four kinase activity peaks. A, Chromatography fractions
10 to 37 of E-FOL-treated cells were analyzed by in-gel kinase assay.
B, Peak fractions were immunoprecipitated with phospho-Tyr-
specific antibody 4G10 and analyzed by in-gel kinase assay. Peak
fraction and same fraction immunoprecipitated without antibody (—)
and with 4G10 (+) are depicted. C, Extracts from cells treated with
the indicated stimuli were separated and analyzed by in-solution
kinase assay. Activity was quantified by phosphor imager and dia-
grammed as x-fold activity of untreated cells. The salt-gradient is
exemplary depicted in the voltage diagram.

We tested the effect of 100 um olomoucine, roscovi-
tine, or bohemine, or 1 uM staurosporine on the four
MAP kinase fractions in an in-solution kinase assay.
Figure 5A displays that the four different inhibitors act
differentially on the four different fractions. Each peak
is characterized by a unique sensitivity profile with
respect to the four different inhibitors. The differential
effect of the purine analogs as well as staurosporine on
the MBP-phosphorylating activity in the four fractions
supports that the four separated peaks reflect different
MAP kinases with distinct properties. Because there
was only low activation in peak 1 we cannot exclude
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that the distinct inhibitor profile of peak 1 is due to
other MBP-phosphorylating kinases that coelute.

Immunoprecipitation with Specific MAP
Kinase Antibodies

The activation of at least four kinases by E-FOL,
which is evident from the biochemical separation and
the inhibitor studies described above, raises the ques-
tion whether homologs of known MAP kinases are
among those. Because for tomato no MAP kinase
antibodies are available, we used previously charac-
terized antibodies directed against MAP kinases
from alfalfa. Isoform-specific antibodies directed
against SIMK, Medicago MAP kinase (MMK)2,
MMKS3, and stress-activated MAP kinase (SAMK)
were shown to recognize specific MAP kinases with-
out cross-reacting against other MAP kinase ho-
mologs and are thus used to identify distinctly dif-
ferent MAP kinases involved in various
physiological events (Cardinale et al., 2000). Because
synthetic peptides of the poorly conserved C termini
were used for generation of the four alfalfa MAP
kinase antibodies, we searched expressed sequence
tag databases for putative MAP kinase homologs in
tomato which in particular are characterized by a
high degree of homology at the C terminus with the
alfalfa MAP kinases. The search revealed tomato
MAP kinase homologs to SIMK (AW933300), MMK2
(TC52211), and SAMK (TC78176), which share a con-
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Figure 5. Separated peaks of E-FOL-treated cells analyzed by inhib-
itor sensitivity and immunoprecipitation. A, Peak fractions were
analyzed by in-solution kinase assay in the presence of the inhibitors
olomoucine, bohemine, roscovitine, or staurosporine and without
inhibitor. The activity was quantified and is depicted as percentage of
the activity without addition of inhibitor. sp of three experiments is
depicted. B, Peak fractions were used for immunoprecipitation with
the antibodies against the alfalfa MAP kinases SIMK (1), MMK2 (2),
MMK3 (3), or SAMK (4) and subsequent in-solution kinase assay.
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served C-terminal motive of 6, 5, and 6 amino acids
of the corresponding 7, 11, and 6 amino acid peptide
sequences used for antibody generation, respectively
(Cardinale et al., 2000; tentative consensus numbers:
The Institute for Genomic Research LeGI database).
This indicates that these alfalfa antibodies may be a
suitable tool to also precipitate MAP kinases of to-
mato. No tomato MAP kinase with high C-terminal
homology to the C-terminal peptide sequence of
MMKS3 was found in the database.

Figure 5B shows that the MBP-phosphorylating ki-
nase activity of peak 2 was precipitated by SIMK and
MMK?2 antibody. No activity was precipitated from
peaks 1 and 3. The activity of peak 4 was solely
precipitated by the SAMK antibody, suggesting the
presence of a tomato MAP kinase with homology to
SAMK. The MAP kinases present in peaks 1 and 3,
which are distinguished by their inhibitor sensitivity,
apparently represent tomato MAP kinases with
homology too low to be precipitated by the applied
alfalfa antibodies. The differential cross-reactions
of the MAP kinase fractions with the four alfalfa
MAP kinase antibodies further supports that a set
of at least four MAP kinases are simultaneously
activated by E-FOL and separated by ion-exchange
chromatography.

Distinct Subsets of MAP Kinases Are Activated by
Different Stimuli

After establishing an experimental system to sepa-
rate and distinguish different MAP kinases activated
after treatment with an individual stimulus, the fun-
gal elicitor E-FOL, we investigated the effect of dif-
ferent stress-related stimuli on MAP kinase activa-
tion. We used the in-solution kinase test to compare
the activation profiles after treatment with the differ-
ent stimuli.

From the profiles depicted in Figure 4C it is obvi-
ous that there is activation of different subsets of
kinases depending on the stimulus used; treatment
with E-FOL, PGA, and chitosan resulted in strong
activity in peak 4. But whereas also peak 2 and 3 had
a high activity after E-FOL and chitosan treatment,
PGA-treated cells displayed only little activity in
these fractions. Both salicylic acid and voltage treat-
ment resulted in a comparable low MAP kinase ac-
tivity in peak 4. Thus treatment of the cell cultures
with different pathogen-related stimuli leads to
unique profiles of MAP kinase activation. The volt-
age treatment results in a profile resembling salicylic
acid treatment.

Refractory Experiments Support the Activation of an
Identical MAP Kinase Pathway by Salicylic
Acid and Voltage

The result that both voltage treatment and salicylic
acid induced activation of the same MAP kinase
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subsets and did not elicit H,O, production indicated
similarities between these two stimuli. To further
substantiate this, we made use of the fact that a MAP
kinase pathway, once activated, remains in a refrac-
tory state for some time (Bogre et al., 1997). A com-
mon feature of MAP kinase pathways is a fast deac-
tivation even if the stimulus is not removed. As
shown in Figure 1, B and F, the activation of MAP
kinases by E-FOL and voltage can be preserved by
inhibiting transcription or translation. This demon-
strates that gene activation and protein synthesis is
required for deactivation of the MAP kinase. This
may be caused by induction of a specific phosphatase
that inactivates the MAP kinase (Gupta et al., 1998).
For a second treatment or other stimuli acting
through the same pathway this results in a refractory
time during which a stimulus does not invoke a
response because dephosphorylation is competing
phosphorylation. On whole plants a refractory time
has been shown for repeated wounding of leaves
(Bogre et al.,, 1997). In cell cultures, the difficulty
arises that the stimuli usually applied to elicit de-
fense responses cannot be removed from the system
without applying additional stress. The newly estab-
lished voltage stimulus is in particular suited for
testing of a refractory state because it is applied only
for a defined short time and thus not persistently
present in the medium unlike fungal elicitors.

In an initial experiment addressing the refractory
phase of the voltage-induced MAP kinase activation,
we found that the refractory time period lasts at least
40 min after voltage treatment because during this
time period a second stimulation induces only weak
MAP kinase activation. After 3 h, the responsiveness
of the signal transduction pathway is completely re-
covered (Fig. 6A).

We now used this experimental setup to investi-
gate the connection of voltage-induced signaling
with the pathways activated by E-FOL and salicylic
acid. Reviewing the results described above, the volt-
age treatment mimics salicylic acid-treatment most;
both stimuli lead to a comparable MAP kinase acti-
vation in in-gel kinase assays, the activity mainly
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0 3 20 23 0 3 40 43 0 3 180 183 min
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Figure 6. Voltage generates a refractory state for MAP kinase acti-
vation. Samples were analyzed by in-gel kinase assay. A, Cells were
treated with voltage (%) at 0 min. After 20, 40, or 180 min the culture
was treated a second time. B, Cells were treated 20 min after voltage
treatment with E-FOL (F) or salicylic acid (SA). To compare with
non-refractory cells, a second culture was directly treated with E-FOL
(F) or salicylic acid (SA).
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elutes in peak 4 of anion-exchange chromatography,
and both stimuli do not result in H,O, production. In
accordance to these results, voltage-treated cells were
refractory for salicylic acid treatment (Fig. 6B). In
contrast, E-FOL application after voltage treatment
resulted in a normal activation of MAP kinases. Thus
voltage treatment results in the activation of the same
specific MAP kinase pathway as salicylic acid treat-
ment presumably by imitating the calcium signature
of salicylic acid signaling.

DISCUSSION

A pivotal role of MAP kinases in the initiation of
defense response of higher plants has been demon-
strated in several cases. In the present study we focus
on the analysis of how signals are integrated and
specified by the activation of MAP kinases during the
initiation of a defense response. MAP kinases inte-
grate signals transduced by various mechanisms, e.g.
calcium, receptor Tyr kinases, or G-proteins (Wid-
mann et al., 1999), and an increasing number of pub-
lications demonstrate the activation of MAP kinases
by diverse stimuli in plants (Ligterink, 2000). How-
ever, the data elaborated so far yielded a limited
number of MAP kinases that are positioned upstream
of a far bigger number of physiological responses.
This discrepancy might be due to other signal trans-
duction pathways and so-far-unknown MAP kinases
cross-reacting with the known MAP kinase path-
ways. Recently, analysis of alfalfa cells by immuno-
kinase assays revealed the activation of four different
MAP kinases upon treatment with yeast elicitor (Car-
dinale et al., 2000). Immunoprecipitation limits the
results in general to the proteins against which anti-
bodies exist. To overcome this limitation we used a
biochemical approach. Photoautotrophic tomato sus-
pension culture cells were treated with an elicitor
preparation of the tomato pathogen F. oxysporum ly-
copersicon (E-FOL). The treatment resulted in a
strong, post-translational activation of a MAP kinase
as revealed by in-gel kinase assay with myelin basic
protein as substrate and immunoprecipitation with a
phospho-Tyr-specific antibody. By partial purifica-
tion on an anion-exchange column, we were able to
separate the activity into four distinct protein kinase
activities. The in-gel kinase assay of the separated
fractions revealed in two of the four peaks two MBP-
phosphorylating kinases of different molecular
weights. The additional bands might be due to deg-
radation products or they might represent additional
kinases. Therefore up to six proteins are activated in
response to one stimulus. The finding that the sepa-
rated kinases are Tyr phosphorylated supports their
identity as MAP kinases.

The simultaneous activation of several kinases was
substantiated by two further sets of experimental
evidence to rule out that complex formation with
other proteins or different phosphorylation states ac-
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count for the separation. In a previous study bohe-
mine, olomoucine, and roscovitine, inhibitors of
cyclin-dependent kinases, have been shown to also
inhibit the MMK1 MAP kinase from alfalfa (Binarova
et al., 1998). Along with these, the general protein
kinase inhibitor staurosporine was applied. A com-
parison of the sensitivity profiles of the separated
protein kinases toward the four inhibitors reveals
characteristic differences, thus demonstrating the
presence of proteins with distinct biochemical prop-
erties, and thus most likely different MAP kinases.
Further we used antibodies directed against the al-
falfa MAP kinases SIMK, MMK2, MMK3, and SAMK
(Munnik et al., 1999) to immunoprecipitate the sep-
arated protein kinases. The MAP kinase activity of
peaks 2 and 4 are precipitated by different antibod-
ies, whereas no activity can be detected after precip-
itation of peaks 1 and 3 (Fig. 5B). Therefore the sep-
aration of the MAP kinase activities by ion-exchange
chromatography, the differential inhibitor sensitivity
and the differential cross-reaction with the four al-
falfa MAP kinase antibodies support that at least four
different MAP kinases are activated by E-FOL
stimulation.

After establishing a purification procedure suitable
to distinguish four different MAP kinases activated
after elicitation with E-FOL, we compared this profile
with that induced by several other stress-related
stimuli. Given the diversity of the stimuli applied in
this study, we anticipated that they elicit distinguish-
able responses. A test for different physiological re-
sponses is provided by the measurement of H,O,
production after elicitation of the cells. These exper-
iments demonstrated, that only the fungal elicitors
E-FOL and chitosan elicited H,O, production,
whereas the endogenous effectors PGA and salicylic
acid as well as voltage treatment did not. However,
the mRNA for the defense-related genes Pal and Lin6
are induced by all of these stimuli. Further analysis of
the elution profiles of those MAP kinases activated
by PGA, voltage, and salicylic acid demonstrated
that these only induce subsets of the kinases acti-
vated by E-FOL or chitosan treatment. The use of
overlapping sets of MAP kinases seems to be an
economical way of plants to cope with the big num-
bers of different stimuli they are exposed to while
maintaining the capability to elicit specific responses
with a limited number of proteins.

We used the described analysis of MAP kinase
profiles to compare the downstream effects invoked
by voltage with the effects of the physiological stim-
uli characterized before. This comparison elucidated
a striking similarity of the effects invoked by voltage
and salicylic acid treatment. To further substantiate
that both stimuli actually induce the same pathway
we tested the refractory properties of the MAP ki-
nases activated. The activity of MAP kinases is kept
transient by a concomitantly induced phosphatase
which inactivates the MAP kinase module. Thus, a
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second stimulation of the same pathway during the
time of presence of the phosphatase results only in a
weak activation of the MAP kinase: the refractory
state. In accordance with this, voltage induced a re-
fractory time period during which a second voltage
treatment resulted in a highly reduced activation.
Although this treatment did not interfere with sig-
naling of E-FOL, the salicylic acid-induced activity
was also markedly reduced. This strongly indicates
that voltage indeed results in a natural response ac-
tivating a MAP kinase pathway that is normally ac-
tivated after reception of salicylic acid.

Calcium has been reported to be involved in signal
transduction invoked by a variety of stimuli. There
has been a great progress in calcium signaling re-
search by the establishment of methods to record
calcium concentrations in living cells by calcium dyes
and the aequorin system (Knight et al., 1991). En-
abled by these techniques spatial differences in cal-
cium concentration have been reported as well as
temporal patterns of several peaks of defined ampli-
tudes and repeated spikes (Rudd and Franklin-Tong,
1999). Yet the significance of these observations for
specific signaling remains to be elucidated. As we
have shown in this study, calcium is a prerequisite
for full activation of MAP kinases of tomato in re-
sponse to stimulation with E-FOL or voltage.
Voltage-induced signaling is in contrast to the E-FOL
response sensitive to nifedipine, a known inhibitor of
voltage-dependent calcium channels. This indicates
that the applied voltage might act directly on
voltage-gated calcium channels. We conclude from
the refractory experiments with voltage and salicylic
acid that both treatments resulted in the activation of
the same signaling pathway presumably because the
chosen voltage treatment resulted in a calcium influx
and signature that mimics the salicylic acid-induced
calcium signature. Application of voltage pulses to
elevate intracellular calcium would open a field of
potential applications to study various calcium-
dependent pathways. Increasing the cytosolic cal-
cium concentration in a controlled way by voltage
treatment would provide a tool to specifically gener-
ate calcium signatures. Using this unique experimen-
tal approach it would be possible to address the
physiological relevance of a distinct calcium signa-
ture for the induction of a specific physiological
response.

MATERIALS AND METHODS
Growth of Suspension Culture Cells

Photoautotrophic suspension culture cells of Lycopersi-
con peruvianum were established by Beimen et al. (1992) and
were subcultured every 2 weeks in Murashige and Skoog
medium and incubated shaking under continuous light
conditions with an atmosphere containing 2% (w/v) CO,.
Cells were used for the experiments during the second
week after subculturing. To ensure same starting condi-
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tions for all cultures of an experiment, cultures were mixed
and divided again 2 h before treatment.

Stimuli and inhibitors were applied at the following
concentrations unless indicated differently: E-FOL, 1 ug
dry hyphae mL ™" culture; chitosan, 100 ug mL~'; PGA, 100
pg mL~ 7 salicylic acid, 250 um; cycloheximide, 5 pg mL™;
aa-amanitin, 5 um; gadolinium(III) chloride, 1 mm; nifed-
ipine, 20 uMm; EGTA, 8 mM; and calcium chloride 8 mm.

One percent (w/v) PGA (Sigma, St. Louis) was dissolved
in 0.1 N NaOH and dialyzed for 18 h in water (Ohto et al.,
1992). One percent (w/v) chitosan (Roth, Karlsruhe, Ger-
many) was dissolved in 1 m acetic acid and dialyzed for
18 h in water.

Voltage Treatment

To generate an electrical field in culture vessels, two
platinum wires were submerged as electrodes in a cell
culture of 50 mL. The electrodes were designed as a large
and a small circle creating a distance in-between of 25 mm.
Voltage was applied for 10 s by two Gene Power Supply
GPS200/400 (Pharmacia, Piscataway, NJ). A current of 0.7
A was observed at 60 V.

Preparation of an Elicitor from Fusarium
oxysporum lycopersici

The pathogenic fungus F. oxysporum Schlecht.: Fr.f.sp.
Iycopersici (Sacc.) was obtained from the Centraalbureau
voor Schimmelcultures (Baarn, The Netherlands). The fun-
gus was cultured in a medium containing 50 g L ' Glc, 8 g
L' casamino acids, 0.5 g L™ ! yeast extract, 0.2 g L' each
MgSO, and FeSO,, 20 mg L™ ' CaCl,, and 1.5 mg L' each
MnSO, and Na,MoQ,, in 25 mM potassium phosphate at pH
7.5. After 4 d of shaking at 29°C the culture was autoclaved,
washed three times with water, and lyophilized.

Extraction of mRNA and RNA Gel-Blot Analysis

For the isolation of RNA, cells were harvested by cen-
trifugation, snap frozen in liquid nitrogen, and ground in
the presence of liquid nitrogen. Total RNA was isolated
according to the method described in Chomczynski and
Sacchi (1987). Northern-blot analysis was carried out as
described previously (Godt and Roitsch, 1997).

H,O, Determination

For H,O, determination, 100 uL of culture supernatant
was mixed with 800 uL of 70 um luminol (5-amino-2,3-
dihydro-1,4-phthalazinedione) in 50 mm KHPO,, pH 7.9.
Light emission was started by addition of 100 uL of 12.5
mM K Fe(CN)y in water and quantified with a FB12 lumi-
nometer (Berthold, Germany).

Preparation of Crude Extracts

Cells were harvested by centrifugation, snap frozen in
liquid nitrogen, and ground in the presence of liquid ni-
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trogen. Extracts from ground cells were prepared in the
following buffer: 100 mm HEPES/KOH pH 7.5, 5 mm
EDTA, 5 mm EGTA, 10 mm dithiothreitol (DTT), 10 mm
NazVO,, 10 mm NaF, 50 mmMm B-glycerophosphate, 10%
(w/v) glycerol, 7.5% (w/v) polyvinylpolypyrrolidone, 1 ug
mL ™! antipain, 0.1 mm phenylmethylsulfonyl fluoride, and
1 mm benzamidine.

In-Gel Kinase Assay

For the determination of kinase activity in polyacryl-
amide gels, crude extracts were centrifuged for 10 min at
20,000¢. An aliquot of the supernatant containing 40 ug of
total protein as determined by Bradford assay (Bradford,
1976) was loaded on a 10% (w/v) polyacrylamide gel em-
bedded with 0.3 mg mL ' MBP (Upstate Biotechnology,
Lake Placid, NY) in the separating gels as substrate for the
kinase. As control for substrate specificity MBP was sub-
stituted by the same amount of histone or caseine. After
electrophoresis proteins were renatured and assayed for
kinase activity as described by Zhang and Klessig (1997).
Activities were visualized by autoradiography and by a
phosphor imager (Cyclone, Phosphor Storage Systems,
Madison, WI).

In-Solution Kinase Assay

For kinase determination in solution, 5 uL of sample was
mixed with reaction buffer to give a final volume of 15 uL
containing 25 mm Tris/HCI, pH 7.5, 5 mm MgCl,, 1 mm
EGTA, 1 mMm DTT, 0.5 mg mL ™' MBP, 25 pum ATP, and 1
pCi [yy->*P]JATP. Incubation at room temperature was
stopped after 20 min by addition of 10 uL of 5X SDS
sample buffer. The unincorporated [yy->P]JATP was sepa-
rated from the MBP by SDS-gel electrophoresis. Activities
were visualized and quantified using a phosphor imager
(Cyclone, Phosphor Storage Systems).

Inhibitor Studies

The inhibitors bohemine (6-benzylamino-2-[3-hydro-
xypropylamino]-9-isopropylpurine), olomoucine (6-ben-
zylamino-2-[2-hydroxyethylamino]-9-methylpurine), and
A.2.39R (6-[3-hydroxybenzylamino]-2-[R]-[1-{hydroxyme-
thyl} propylamino]-9-isopropylpurine) were synthesized
(Havlicek et al., 1997) and prepared as 100 mm stock solu-
tions in pure dimethyl sulfoxide. A.2.3.9R is derivative of
roscovitine with an additional hydroxy group on the N6
benzyl ring. It is referred to as roscovitine throughout this
publication. A 100 mm solution in dimethyl sulfoxide was
diluted in water to a final concentration of 100 uMm in the
in-solution kinase assay. Staurosporine (Boehringer Mann-
heim, Basel) was used at a final concentration of 1 um.

Immunoprecipitation with MMK Antibodies

The antibodies specific for SIMK (M23), MMK2 (H140),
MMKS3 (H141), and SAMK (M24) were a generous gift from
H. Hirt (University of Vienna). One microliter of serum,
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0.1% (v/v) Nonidet P-40, and 75 mm NaCl were added to
60 uL of the chromatography fraction to be analyzed. After
2 h of shaking at 4°C 20 pL of protein A-Sepharose (50%
suspension, Calbiochem, San Diego) was added. After an-
other 3 h we proceeded with washings and kinase assay
exactly as described by Munnik et al. (1999) to ensure the
same specificity.

Immunoprecipitation with Phospho-Tyr-
Specific Antibody

For the immunoprecipitation 200 ug of total protein in a
crude extract was brought to 150 mm NaCl and 1% (v/v)
Nonidet P40. After addition of 1 pg of the phospho-Tyr
specific monoclonal antibody 4G10 (UBI, Lake Placid, NY)
the assay was shaken at 4°C for 2 h and, after the subse-
quent addition of 15 uL of protein A-Sepharose (50% sus-
pension, Calbiochem), for another 4 h. Competing
phospho-amino acids phospho-Ser, phospho-Thr, and
phospho-Tyr were included in the precipitation mixture in
a concentration of 1 mm. The protein A-Sepharose with the
bound antigen was pelleted at 20,000¢ for 2 min and
washed with 500 pL of 100 mm HEPES/KOH, pH 7.5, 5 mm
EDTA, 5 mm EGTA, 10 mm DTT, 10 mm NazVO,, 10 mm
NaF, 50 mm B-glycerophosphate, 10% (w/v) glycerol, 1 ug
mL ™! antipain, 0.1 mM phenylmethylsulfonyl fluoride, 1
mM benzamidine, 150 mm NaCl, and 1% (v/v) Nonidet
P40. The pellet was resuspended in 40 uL of SDS-loading
buffer and incubated at 37°C for 15 min and at 65°C for
another 15 min. After centrifugation, the supernatant was
analyzed by in-gel kinase assay with MBP as substrate.

Chromatographic Separation

Ground cells of a 50 mL of culture were used to prepare
the crude extract with 20 mL of buffer A (25 mm Tris/HCI,
pH 7.5, 5 mMm MgCl,, 5 mm EDTA, 1 mm DTT, 5% [w/v]
glycerol, 20 mm B-glycerophosphate, and 10 mm NaF) con-
taining 0.1 mm phenylmethylsulfonyl fluoride, 1 mm ben-
zamidine, and 1 mm NazVO,. After 40 min of centrifuga-
tion at 120,000g, supernatant containing 20 mg of total
protein was loaded on the strong anion-exchange column
Resource Q (6 mL, Pharmacia). The column was washed
with 30 mL of buffer A and then eluted with a 80-mL linear
gradient of 0 to 500 mm NaCl in buffer A. Fractions were
analyzed by in-solution kinase assay or in-gel kinase assay
and quantified by phosphor imager. Relative activities de-
picted in Figure 4C were calculated by dividing the mea-
sured activity by the basal activity of unstimulated cells
processed in the same way.
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