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The protein phosphatase inhibitor calyculin A mimics elicitor action
in plant cells and induces rapid hyperphosphorylation of specific
proteins as revealed by pulse labeling with [33P]phosphate
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ABSTRACT Susen -tured tomato cells react to mi-
CrObhal signl, socald W rapid Of
the growth ium and Iaused biosynthesis of the stress
hormone ethylene. These responses to elicitors can he blocked
by uoPOrine and K-252a, two specific tors of protein
klnases. Here we show that calyculin A, a potent ii of
protein phosphatases, the action of eicioand at

concenration, hoe imtnas
well asastrong increase In the activity of1-aminocyropane
1-carboxylate synthase, the key enzyme of ethylene blosynthe-
sis. Both responses were sry inhibited by K-252a, and
calyculin A induced both responses more rapidly than did a
fna dkeic , yaae. For example, the lag phase for
medium was only 0.2-0.4 min for cacin A,
compared with 2 min for xyanase. To study changes In the
dynamics of protein p h~n,ce were labeld wh
30-sec pulses of [33Plortboposphate. Calyculin A srogl
increaed phosphorylatlos of several polypeptlde bands within
40 sec of treatment. The sae phosphorylated bands also
appeared in response to xylanase, but only after a lag phase of
2-3 min. These results show that the protein phosphatase
inhibitor calyculin A leads to rapid hyperphosphorylation of
specific proteins in cultured cells and indicate that elicitor
action could be based on inhibition of a protein phosphatase as
well as on activation of a protein kinase.

Perception of signal molecules plays a key role in the inter-
action of plants with symbiotic (1) and pathogenic (2, 3)
microorganisms. Signal molecules derived from pathogens,
so-called elicitors, induce an array of biochemical responses
collectively known as the defense response (2, 3). They also
cause rapid, transient increases in the phosphorylation status
of specific proteins (4-6), and these changes in phosphory-
lation as well as the early biochemical responses to elicitors
can be blocked by inhibitors of protein kinases, such as
staurosporine and K-252a (5-9). This has been taken as an
indication that chemosensory transduction of the elicitor
signal depends on phosphorylation of specific proteins, as has
been shown for chemoperception by bacteria (10) as well as
by eukaryotic microorganisms (11) and animals (12). In
plants, evidence for a participation of protein phosphoryla-
tion in signal transduction has also been provided for light
signals (13), for oligogalacturonide signals related to the
wound response (14), and for hormone stimuli such as
cytokinins, auxins, and ethylene (15, 16).
Models for chemosensory transduction are generally based

on the notion that binding of a signal molecule to its receptor
activates a protein kinase, resulting in phosphorylation of
proteins involved in signal transduction (10-12). However,
since protein phosphorylation is transient and reversible, an

increased phosphorylation status of such signal-transducing
proteins might equally well be brought about by inhbition of
the corresponding protein phosphatases. Indeed, regulation
ofmetabolic processes in animal cells involves activation and
inactivation both of protein phosphatases and of protein
kinases (17). Protein phosphatases 1 and 2A have been
described in plants (18), and they too have been implicated in
the regulation of various metabolic enzymes (19-22).

Here, we use calyculin A and okadaic acid, two potent
inhibitors ofprotein phosphatases 1 and 2A (23), to study the
potential involvement of protein dephosphorylation in
chemosensory transduction in plant cells. We employ fungal
xylanase as a model elicitor, a protein known to induce a
range ofdefense responses in tobacco (16, 24, 25) and tomato
(6, 7). We examine two typical early responses ofsuspension-
cultured tomato cells to elicitors-namely, the rapid increase
in pH of the growth medium (5, 6) and the increase in activity
of the key enzyme of ethylene biosynthesis (26), 1-aminocy-
clopropane-l-carboxylate (ACC) synthase. We show that
calyculinA induces medium alkalinization and ACC synthase
activity more rapidly than the fungal elicitor itself. Using
pulse labeling of cells with [33P]phosphate, we further dem-
onstrate that calyculin A causes hyperphosphorylation of
specific polypeptide bands within 40 sec, whereas xylanase
promotes phosphorylation of the same polypeptide bands
after 2-3 min. These results lead to the conclusion that the
proteins important for signal transduction are continually
phosphorylated and dephosphorylated even in the absence of
a stimulus and that inhibition of a protein phosphatase may
be as significant for induction of elicitor responses as acti-
vation of a protein kinase.

MATERIALS AND METHODS
Plant Materials, Elicitors, and Inhibitors of Protein Kinas

and Protein Phosphatases. The tomato cell suspension line
Msk8 was maintained and subcultured as described (27).
Cells were used for experiments 6-10 days after subculture.
A commercial preparation of xylanase from Trichoderma
viride (Fluka) was used as elicitor. Stock solutions (2 mM) of
the protein kinase inhibitor K-252a (Fluka) or the protein
phosphatase inhibitors calyculin A and okadaic acid (LC
Services, Woburn, MA) were prepared in dimethyl sulfoxide.

Extracellular Alkal inato. The extracellular pH was
monitored with a combined glass electrode in 2-ml aliquots of
the suspension incubated in open flasks on a shaker (5). Cell
suspensions were treated with xylanase (10 pg/ml), calyculin
A (500 nM), K-252a (500 nM), or equivalent volumes of the
solvent (dimethyl sulfoxide or water) as indicated.

Abbreviation: ACC, 1-aminocyclopropane-l-carboxylic acid.
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Assays of ACC Synthase, ACC Oxidase, and Phenylalanine
Ammonia-Lyase. ACC synthase activity was assayed in per-
meabilized cells (28). ACC oxidase activity was determined
by measuring the rate of ethylene production in cells sup-
plemented with a saturating concentration of ACC (27). In
brief, cells (-0.2 g of fresh weight in 1 ml of medium) were
placed in 6-ml glass tubes and incubated on a rotary shaker
at room temperature. After the addition of 0.1 mM ACC,
tubes were closed with rubber caps, and ethylene accumu-
lated in the gas phase was assayed 30 min later by gas
chromatography (28). Phenylalanine ammonia-lyase activity
was measured in tissue homogenates (7).

Assay of Protein Phosphatase. A batch of cells was homog-
enized in 50 mM Tris HCl, pH 7.5/15 mM 2-mercaptoetha-
nol/0.1 mM EDTA/0.1% bovine serum albumin. The crude
homogenate was tested with the protein phosphatase assay
system according -to the protocol of the manufacturer
(GIBCO/BRL). This assay employs 32P-labeled phosphory-
lated phosphorylase A as a substrate, a standard substrate for
protein phosphatases 1 and 2A (18).

Pulse Labeling of Phosphoproteins with [33PJPhosphate.
Aliquots (0.2 ml) of cell suspension (=70 mg of cells) were
added to carrier-free [33P]phosphate (10 gCi = 370 kBq).
Labeling was stopped after 30 sec by adding 0.3 ml of 10%o
(wt/vol) trichloroacetic acid/10 mM ATP and freezing in
liquid nitrogen. Samples were thawed in a sonicator bath, and
pellets were washed three times with 4:1 (vol/vol) acetone/
100 mM Tris HCl (pH 8.0) by resuspension and centrifuga-
tion. Pellets were extracted with 100 ,l ofSDS sample buffer
(29) at 95°C for 5 min. After centrifugation, 25-,ul samples of
the supernatants were subjected to SDS/PAGE (29) and
autoradiography.

RESULTS
The tomato cells used in this study have been found to react
to fungal xylanase (6) and other elicitors (5, 6) with rapid
alkalinization of their culture medium. In accordance with
these previous results, xylanase was found to induce alka-
linization after a lag phase of about 2 min (Fig. 1A). This
response was completely blocked in cells pretreated with the
protein kinase inhibitor K-252a (Fig. 1B). When given in
midcourse of the response, K-252a stopped further alkalin-
ization within "-40 sec and then caused a rapid drop in
extracellular pH (Fig. 1A), suggesting that maintenance of
the elevated pH depended on de novo protein phosphoryla-
tion and that the rapid decay of the induced state might be
caused by protein phosphatase action.
To examine the possible role of protein phosphatases, we

tested calyculin A and okadaic acid, two potent inhibitors of
protein phosphatases 1 and 2A (17, 23, 31), for their effects
on the alkalinization response. When calyculin A (500 nM)
was added to the cells, it induced apH increase similar to that
provoked by xylanase, after a lag ofonly 20-40 sec (Fig. 1A).
This alkalinization was inhibited strongly although not com-
pletely when K-252a was added before calyculin A (Fig. 1B).
K-252a could still partially reverse the alkalinization re-
sponse when given within 2 min after calyculin A, but it no
longer affected the pH response when given 15 min after
calyculin A (Fig. 1A). Calyculin A induced significant me-
dium alkalinization down to concentrations of 10 nM (Fig.
2A). In contrast, okadaic acid caused only slow and weak
extracellular alkalinization even at concentrations up to 1 ,LM
(Fig. 2B).
When the two compounds were tested for inhibition of

protein phosphatase activity in homogenates of the tomato
cells (Fig. 3), both displayed dose-response curves expected
from work with other tissues (17, 18). Okadaic acid yielded
a typical two-step curve with IC50 values of =100 pM and
=100nM for the two steps of inhibition (17, 18, 31). Calyculin
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FIG. 1. Alkalinization of the growth medium by tomato cells in
response to xylanase, calyculin A, and K-252a. (A) Tomato cells
were treated with either xylanase (10 ug/ml) or calyculin A (500 nM)
at time zero and with K-252a (500 nM) as indicated by the arrows. (B)
Cells pretreated for -5 min with K-252a (500 nM) were treated with
either xylanase (10 pg/ml) or calyculin A (500 nM) at time zero.
Control cells received K-252a only.

A was active at even lower doses and, although the first step
of inhibition was less clear and might actually comprise more
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FIG. 2. Effect of various doses of calyculin A (A) and okadaic
acid (B) on the extracellular pH of tomato cells. DMSO, dimethyl
sulfoxide.
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FIG. 3. Dose-response curve for the inhibition of protein phos-
phatase in tomato cell homogenates by calyculin A (*) and okadaic
acid (0). 32P-labeled phosphorylated phosphorylase A was used as
substrate and maximal activity (10) was 4.6 nmol of phosphate
released per minute pergram ofcells in the experiment with calyculin
A and 7.4 amol per minute per gram of cells in the experiment with
okadaic acid, respectively.

than one step, IC5o values of =3 pM and -1 nM were
observed.

Induction of ethylene biosynthesis is another early re-
sponse of plant cells to elicitors (reviewed in ref. 30). In
suspension-cultured tomato cells, the first sign of this re-
sponse is an induction ofACC synthase activity, apparently
at the posttranscriptional level (27). Xylanase rapidly and
strongly induced ACC synthase (Fig. 4). Compared with the
low basal level in control cells, ACC synthase activity
increased 50- to 100-fold within 60 min of stimulation. The lag
phase of induction varied between 5 and 10 min for different
batches of cells and was 10 min in the experiment shown in
Fig. 4. Calyculin A provoked a similarly strong increase in
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ACC synthase activity (Fig. 4). The lag phase for induction
was 8 min in the experiment shown in Fig. 4 (Inset) and,
within the resolution ofthe assay, consistently appeared to be
about 2 min shorter than that observed for xylanase. Pre-
treatment of cells with K-252a completely inhibited induction
of ACC synthase by xylanase but reduced stimulation by
calyculin A only partially (Fig. 4).
A dose-response curve was established for the induction of

ACC synthase by calyculln A. Half-maximal stimulation was
observed at %100 nM, and the maximum level ofincrease was
maintained for concentrations between 200 nM and 5 pM
(Fig. SA). In cells treated with xylanase, low doses of
calyculin A, up to 60 nM, showed an additive effect, but at
higher concentrations, induction was at the same level as
with xylanase alone. Dose-response curves were also estab-
lished for the effects of calyculin A on the second enzyme in
ethylene biosynthesis, ACC oxidase (Fig. SB), and on phe-
nylalanine ammonia-lyase, two enzymes typically induced by
elicitors in the tomato cells as well (27). Compared withACC
synthase, induction of these enzymes, thought to occur
primarily at the transcriptional level (2, 27), was slower:
clearly elevated levels could be measured only after a treat-
ment of several hours (27). Calyculin A also induced ACC
oxidase and phenylalanine ammonia-lyase, but only at con-
centrations between 20 and 100 nM (Fig. 5 B and C).
Induction ofACC oxidase and phenylalanine ammonia-lyase
by xylanase was strongly inhibited by concentrations of
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FIG. 4. Effect of xylanase, calyculin A, and K-252a on the
activity ofACC synthase in tomato cells. Cells pretreated for 5 min
with K-252a (500 nM, open symbols) or an equivalent volume of the
solvent, dimethyl sulfoxide (filled symbols), were treated with either
xylanase (10 pLg/ml) or calyculin A (500 nM) at time zero. Control
cells received dimethyl sulfoxide only. (Inset) Values for early time
points on an expanded scale.
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FIG. 5. Dose-response curves for the effect of calyculin A on
ACC synthase (A), ACC oxidase (B), and phenylalanine ammonia-
lyase (PAL) (C). Cells were treated with various doses of calyculin
A either alone (open symbols) or together with xylanase (10 gg/mi)
(filled symbols). (A) ACC synthase was measured after a treatment
of 1 hr. (B) ACC oxidase was determined in the interval between 4.0
and 4.5 hr of incubation. (C) PAL was measured after 4 hr of
incubation.
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calyculin A above 50-100 nM (Fig. 5 B and C), indicating that
the inhibitor disturbs the induction process in the long run.
To study the effect of xylanase and calyculin A on the

dynamics of protein phosphorylation, we pulse-labeled the
cells with [33P]orthophosphate for 30 sec at various times
after addition ofthe stimuli (Fig. 6A). Pulse-labeling has been
shown to be suitable to label phosphoproteins with a high
turnover of their phosphate groups (5, 6), and the use of 33P
instead of 32P as a label greatly increased resolution on
autoradiograms. To minimize indirect effects of the extra-
cellular pH on phosphate uptake, cells were buffered with 10
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FIG. 6. Time course of alkalinization and of changes in protein
phosphorylation in response to xylanase and calyculin A. (A) Effect
of xylanase (10 pg/ml) or calyculin A (500 nM) on the extracellular
pH in the presence or absence of 10mM Mes/KOH buffer at pH 5.1.
Bars above the time scale indicate the intervals used in B and C for
the [33P]phosphate pulses. (B and C) SDS/PAGE and autoradiog-
raphy of cell extracts from tomato cells treated with calyculin A (B)
or xylanase (C) in the presence of 10mM Mes/KOH buffer at pH 5.1
and labeled with 30-sec pulses of [33P]phosphate. First lane (c),
extract of cells pulse-labeled 1 min before the remaining cells
received xylanase or calyculin A.

mM Mes/KOH at pH 5.1. Under these conditions, the
alkalinization response was still measurable and occurred
with the same kinetics as in unbuffered cells but led to a pH
increase of only 0.1 unit during the experiment (Fig. 6A). A
series of control experiments showed that uptake of the
radioactive phosphate occurred at the same rapid rate
throughout the experiment in both the presence and the
absence of stimuli: >90%o of the label was taken up by the
cells, and 0.5-1% of the label was incorporated into the
trichloroacetic acid-insoluble fraction within the 30 sec of the
pulse. SDS/PAGE of this fraction, followed by autoradiog-
raphy, revealed a large number of bands in untreated control
cells (first lane in Fig. 6 B and C), indicating rapid phosphor-
ylation of many cellular proteins. When calyculin A was
added to the cells, the first sample, taken after 20 sec (lane 2
in Fig. 6B; labeling had started 10 sec before addition of
calyculin A) showed the same pattern of phosphoprotein
labeling as control cells. Subsequently, several newly labeled
bands appeared, most prominently among them four bands of
51, 27, 26, and 20.5 kDa (arrows in Fig. 6B). In total, >10 new
bands could be observed consistently on one-dimensional
SDS/PAGE, and these new bands became first visible at the
onset of the alkalinization response. In addition, a somewhat
more intense overall labeling was observed after 1-1.3 min.
When xylanase was added to the cells, the pattern of labeled
phosphoproteins was indistinguishable from controls for the
first 2 min, but then, at the beginning of the alkalinization,
showed the same marked changes as the ones apparent in
cells treated with calyculin A (Fig. 6C). In particular, the
newly phosphorylated bands marked with arrows were in the
same position and displayed a relative intensity similar to that
of the corresponding bands from the calyculin A treatment.

DISCUSSION
We have previously shown that inhibitors of protein kinases
such as K-252a rapidly block elicitor responses, even when
applied in midcourse (ref. 5; see also Fig. 1) and that
radioactivity disappears rapidly from the newly labeled phos-
phoproteins in the presence of K-252a (5). These findings
indicate that protein kinase activity is important not only to
initiate elicitor response but also to maintain it and that the
rapid reversion of the elicitor effects by K-252a may be
connected to protein phosphatase action.
We used calyculin A and okadaic acid, two inhibitors of

protein phosphatases 1 and 2A (17, 23, 31), to study this
possibility. While calyculin A has barely been used yet in
plants (32), okadaic acid has been frequently employed as a
tool to study regulation of metabolic enzymes (19-22) and of
signal transduction processes (15, 16). In particular, okadaic
acid has recently been reported to induce accumulation of
pathogenesis-related proteins in tobacco in a similar way as
the elicitor xylanase and the stress hormone ethylene (16). In
our study, however, okadaic acid proved to be unsuitable as
a probe for the early events in signaling, since at concentra-
tions up to 1 ,M it caused only slow and weak extracellular
alkalinization (Fig. 1B) and was therefore not further studied.
Calyculin A, in contrast, mimicked this early elicitor action
and induced significant medium alkalinization down to con-
centrations of 10 nM (Fig. 2A). The simplest explanation for
the differential effect of the two compounds is their differ-
ential affinity for different protein phosphatases, calyculin A
showing much higher affinity than okadaic acid for protein
phosphatase 1 (23). However, concentrations of calyculin A
with maximal effect in cells (>100 nM) completely inhibit
both classes of phosphatases in cell-free preparations, and
differences in cell permeation or inactivation of the inhibitors
may also play a role, making it difficult to pinpoint the type
of protein phosphatase involved.

Plant Biology: Felix et al.
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Calyculin A induced medium alkalinization and ACC syn-
thase activity faster than did the elicitor xylanase (Figs. 1 and
2), a finding consistent with the idea that it acts downstream
in the signal transduction pathway. Whereas medium alka-
linization might be regulated directly by the phosphorylation
of an unidentified ion channel or pump, induction of ACC
synthase appears to be more indirect since it requires protein
synthesis (27) and since ACC synthase activity is resistant to
treatment with protein phosphatases in vitro (P.S., G.F., and
T.B., unpublished work). Calyculin A also induced ACC
oxidase and phenylalanine ammonia-lyase activities, al-
though induction of these two enzymes, thought to be regu-
lated at the transcriptional level (2, 27), occurred with a more
complex dose dependency (Fig. 5 B and C). Stimulation was
observed at low concentrations (20-100 nM), but concentra-
tions inducing ACC synthase and alkalinization maximally
were inhibitory and inhibited also the stimulation ofthese two
enzymes by elicitor. Induction ofthese slower responses was
measured after 4-4.5 hr of treatment, and prolonged inhibi-
tion of protein phosphatases or unknown side effects of
calyculin A might be toxic for cellular processes such as
transcription.
Rather than study the long-term effects of calyculin A, we

tried to show its action on protein phosphorylation within the
first few minutes of application, the time span necessary to
establish the alkalinizaton response. Pulse-labeling with
radioactive orthophosphate has been shown to be the method
of choice to label phosphoproteins with a high turnover of
their phosphate groups (5, 6). For this study we reduced the
time oflabeling to 30 sec and used 33P instead of 32P as a label.
In addition to lowering the biohazard, the lower energy ofthe
8 radiation of 33P greatly increased resolution on autoradio-
grams. Changes in the pattern of labeled phosphoproteins
first became visible in cells labeled between 10 and 40 sec of
treatment with calyculinA (Fig. 6B). The same set ofchanges
was also observed in cells treated with the elicitor xylanase,
although with a longer lag phase (Fig. 6C). These changes
coincided in both cases with the onset of the akalinization
response. More than 10 new bands could be observed con-
sistently after one-dimensional SDS/PAGE, a clear advan-
tage of the superior resolution of the autoradiograms pro-
vided by labeling with 33P as compared with 32p.

Calyculin A was found to mimic elicitor action in several
aspects, suggesting that inhibition ofprotein phosphatases by
calyculin A is sufficient to induce elicitor responses, as long
as the K-252a-sensitive protein kinase(s) is active. This is
compatible with the hypothesis that the proteins critical for
signaling are continually phosphorylated and dephosphory-
lated even in the absence of stimuli and that the phosphor-
ylation status ofthe relevant proteins is low in the basal state
because the protein phosphatases involved are more active
than the corresponding protein kinases. In this highly dy-
namic system, inhibition of protein phosphatases by calycu-
lin A may be sufficient to cause hyperphosphorylation of the
relevant phosphoproteins within a few seconds and thereby
to induce medium alkalinization and ACC synthase activity.

In conclusion, our data indicate that chemosensory trans-
duction of elicitor signals in plant cells is based on a finely
balanced system ofprotein phosphorylation and dephosphor-

ylation. It will be interesting to find out whether chemosen-
sory transduction in plants is primarily connected with a
reduced activity of a protein phosphatase, with an increased
activity of a protein kinase, or with a combination of both.

We thank Drs. S. Zolnierowicz and Y. Nagamine (Friedrich
Miescher-Institute, Basel) for helpful discussions.
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