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The cDNA of LeCPK1, a calcium-dependent protein kinase, was cloned from tomato (Lycopersicon esculentum Mill.). LeCPK1
was expressed in Escherichia coli and purified from bacterial extracts. The recombinant protein was shown to be a functional
protein kinase using a synthetic peptide as the substrate (syntide-2, Km � 85 �m). Autophosphorylation of LeCPK1 was
observed on threonine and serine residues, one of which was identified as serine-439. Kinase activity was shown to be Ca2�

dependent and required the C-terminal, calmodulin-like domain of LeCPK1. Two classes of high- and low-affinity Ca2�-
binding sites were observed, exhibiting dissociation constants of 0.6 and 55 �m, respectively. LeCPK1 was found to
phosphorylate the regulatory C-terminal domain of the plasma membrane H�-ATPase in vitro. A potential role in the
regulation of proton pump activity is corroborated by the apparent colocalization of the plasma membrane H�-ATPase and
LeCPK1 in vivo. Upon transient expression in suspension-cultured cells, a C-terminal fusion of LeCPK1 with the green
fluorescent protein was targeted to the plasma membrane. Myristoylation of the LeCPK1 N terminus was found to be
required for plasma membrane targeting.

Protein kinases that are regulated by cytosolic free
Ca2� are important for signal transduction in all
eukaryotes. Plants and protists have calcium-
dependent protein kinases (CDPKs) that are directly
activated by calcium (Harmon et al., 1987; Zhao et
al., 1994). This is in contrast to calcium-stimulated
protein kinases in animals and fungi that have an
additional requirement for calmodulin or lipids for
full activation. The cloning of the first CDPK from
soybean (Glycine max; Harper et al., 1991) and the
subsequent analysis of CDPKs from many other
plant species (for review, see Harmon et al., 2000;
Hrabak, 2000) provided an explanation for the ap-
parent calcium sensitivity and calmodulin indepen-
dence of plant CDPKs: They all share a similar
primary structure consisting of four modules, i.e.
an N-terminal variable region, the kinase domain
followed by an auto-inhibitory domain, and a
C-terminal, calmodulin-like domain. The auto-
inhibitory region contains a pseudo-substrate site
that, in the absence of Ca2�, binds to the catalytic
center and keeps the kinase in its inactive state. Bind-
ing of Ca2� to the calmodulin-like domain is thought
to induce a conformational shift resulting in the re-

lease of the pseudo-substrate domain from the active
site and kinase activation (Harmon et al., 1994, 2000;
Harper et al., 1994; Hrabak, 2000).

The cytoplasmic free Ca2� concentration under
resting conditions is maintained at very low levels
(10–200 nm), ensuing low CDPK activity. An increase
in cytoplasmic calcium results in CDPK activation;
hence, CDPKs may function as sensors of fluctua-
tions in cytosolic Ca2� and initiate downstream sig-
naling events (Roberts and Harmon, 1992; Trewavas
and Malhó, 1998; Harmon et al., 2000; Hrabak, 2000).
A great number of both biotic and abiotic stimuli
trigger an increase in the concentration of cytoplas-
mic free Ca2�, which then acts as a second messenger
mediating a variety of cellular responses (Webb et al.,
1996; Sanders et al., 1999). The specificity of the cal-
cium signal appears to reside in characteristic spatial
and temporal patterns of its concentrations (McAinsh
and Hetherington, 1998; Sanders et al., 1999). CDPKs
are encoded by a large gene family, and individual
CDPK isoforms exhibiting different Ca2�-binding
characteristics and subcellular localization may de-
code a subset of the calcium signals (Harmon et al.,
2000). Potential downstream targets of CDPK action
include soluble enzymes, transcription factors, ion
channels and pumps, and cytoskeletal proteins. Very
few of these proteins, however, have been identified
as bona fide substrates of individual CDPKs (Har-
mon et al., 2000; Hrabak, 2000). We are particularly
interested in the plasma membrane H�-ATPase as a
potential CDPK substrate and, furthermore, in the
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role of proton pump regulation by calcium-
dependent phosphorylation as part of the signal
transduction cascade in plant defense reactions
against pathogens and herbivores.

The P-type H�-ATPase is the major electrogenic
pump in the plasma membrane of plant cells. It
builds up and maintains an electrochemical proton
gradient across the plasma membrane that drives
numerous proton- and membrane potential-coupled
transport processes and regulates ion channel activ-
ity (Morsomme and Boutry, 2000). Changes in proton
pump activity and associated ion fluxes across the
plasma membrane are among the first cellular reac-
tions after pathogen recognition (Blumwald et al.,
1998). Pathogen-derived elicitor molecules have been
shown to cause either H�-ATPase activation concom-
itant with extracellular acidification and membrane
hyper-polarization, or H�-ATPase inactivation re-
sulting in the depolarization of the plasma mem-
brane (Wevelsiep et al., 1993; Vera-Estrella et al.,
1994; Thain et al., 1995; Hammond-Kosack et al.,
1996; Xing et al., 1996; Zhou et al., 2000). A causal
relationship between the proton electrochemical gra-
dient and the activation of both wound and pathogen
defense responses was established by modulation of
H�-ATPase activity and by use of ionophores as
elicitors of defense reactions (Doherty and Bowles,
1990; Klüsener and Weiler, 1999; Roberts and Bowles,
1999; Schaller and Oecking, 1999; Schaller et al., 2000;
Engelberth et al., 2001; Schaller and Frasson, 2001).

The activity of the plasma membrane H�-ATPase is
known to be regulated by reversible protein phos-
phorylation in a complex manner. Phosphorylation
of the penultimate Thr residue in the C-terminal,
autoregulatory domain of the H�-ATPase results in
the 14-3-3 protein-dependent activation of the pump
(Fuglsang et al., 1999; Svennelid et al., 1999; Mau-
doux et al., 2000). Phosphorylation at a second or
additional unidentified sites, however, inhibits the
H�-ATPase. The latter event appears to be calcium
dependent; hence, Ca2�-dependent protein kinases
have been implicated in the regulation of proton
pump activity (Schaller and Sussman, 1988; Vera-
Estrella et al., 1994; Kinoshita et al., 1995; Xing et al.,
1996; Camoni et al., 1998; Desbrosses et al., 1998; Lino
et al., 1998; De Nisi et al., 1999).

These observations point toward a role for CDPKs
in plant defense as regulators of plasma membrane
H�-ATPase activity. Such a function is corroborated
by the well-documented rise in the cytosolic Ca2�

concentration in response to pathogen infection and
wounding (Scheel, 1998). Calcium-permeable chan-
nels activated by fungal elicitors have been described
in the plasma membrane of tomato (Lycopersicon es-
culentum Mill.) and parsley (Petroselinum crispum;
Gelli et al., 1997; Zimmermann et al., 1997), and the
elicitor-induced influx of Ca2� was shown to be nec-
essary for subsequent cellular responses (Jabs et al.,
1997; Blume et al., 2000). Additional calcium chan-

nels exist in the tonoplast as well as the endoplasmic
reticulum for the release of Ca2� from internal stores
(Klüsener et al., 1995; Allen and Sanders, 1997). The
mobilization of Ca2� from both intra- and extracel-
lular stores is an early step not only in pathogen
defense but also in wound signal transduction medi-
ated by the polypeptide wound hormone systemin
(Moyen et al., 1998) or by electrical signals (Vian et
al., 1997; Herde et al., 1998). The influx of Ca2� and
the activity of a protein kinase are both required for
the systemin-triggered depolarization of the plasma
membrane and alkalinization of the extracellular
space (Felix and Boller, 1995; Moyen and Johannes,
1996; Moyen et al., 1998; Schaller and Oecking, 1999;
Schaller and Frasson, 2001). Hence, a calcium-
stimulated protein kinase was implicated in wound
signaling, but direct evidence linking a CDPK to the
respective signal transduction pathway is missing
(Schaller, 1999; Schaller and Oecking, 1999). In patho-
gen defense, on the other hand, the involvement of a
CDPK was demonstrated using tobacco (Nicotiana
tabacum) cells expressing the Cf9 resistance gene from
tomato. In these cells, the avr9 elicitor-dependent
activation of a CDPK was observed and appeared to
be required for subsequent cellular responses
(Romeis et al., 2000). Furthermore, correlative evi-
dence for the involvement of a CDPK (ZmCPK10) in
the elicitor-induced accumulation of pathogenesis-
related proteins was presented in maize (Zea mays;
Murillo et al., 2001).

With the aim to identify the CDPK(s) involved in
H�-ATPase regulation and defense signaling, we
have focused on kinases that are induced at the gene
expression level by either wounding or treatment
with a fungal toxin (fusicoccin [FC]), i.e. conditions
that prompt changes in H�-ATPase activity. Such a
CDPK has recently been described in tobacco
(NtCDPK1; Yoon et al., 1999). We report here the
cloning of the closely related LeCPK1, a CDPK from
tomato plants. The LeCPK1 transcript accumulated
after treatment with FC and the kinetics of transcript
induction resembled those of 14-3-3 proteins, i.e.
known regulators of proton pump activity. LeCPK1
was found to colocalize with the H�-ATPase at the
plasma membrane in vivo, and to phosphorylate the
C-terminal autoregulatory domain of the pump in
vitro. A potential role for LeCPK1 as an in vivo
regulator of the plasma membrane H�-ATPase is
discussed.

RESULTS AND DISCUSSION

Cloning of LeCPK1

Database searches identified an expressed se-
quence tag (EST) clone from tomato highly similar to
NtCDPK1, a CDPK from tobacco that is regulated at
the level of mRNA abundance by wounding, methyl
jasmonate, fungal elicitors, and chitosan (Yoon et al.,
1999). Using the EST sequence information, we
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cloned a possible NtCDPK1 ortholog from tomato
that was named LeCPK1 following the nomenclature
of Hrabak et al. (1996). The 2,229-bp LeCPK1 cDNA
(accession no. AJ308296) contains an open reading
frame (ORF) of 1,659 bp coding for a 63-kD protein of
553 amino acids. The deduced amino acid sequence is
94% identical to that of NtCDPK1 and exhibits the
modular structure typical for CDPKs (Harmon et al.,
2000; Hrabak, 2000), comprising an N-terminal vari-
able region, a kinase domain, an auto-inhibitory re-
gion, and a C-terminal, calmodulin-like domain with
four EF-hand motives implicated in Ca2� binding
(Fig. 1).

CDPKs are encoded by a highly conserved family
of genes. Therefore, to obtain a gene-specific probe

for DNA and RNA gel-blot analyses, the 3�-
untranslated region of the LeCPK1 cDNA was used.
The specificity of the probe for the LeCPK1 gene, was
demonstrated on gel blots of tomato genomic DNA,
where only one hybridizing DNA fragment was de-
tected in each lane (Fig. 2A). Using the same probe on
northern blots, we found the LeCPK1 transcript to be
of low abundance in leaves but more prevalent in
roots and flowers (data not shown), resembling the
tissue-specific expression of NtCDPK1 (Yoon et al.,
1999). In leaves, however, the LeCPK1 transcript tran-
siently accumulated after treatment with FC, a toxin
from Fusicoccum amygdali that is a potent activator of
the plasma membrane H�-ATPase (Marré, 1979). An
initial increase in transcript abundance was observed
1.5 h after treatment of the plants with 3 �m FC and
highest levels were observed after 4 h (Fig. 2B). This
is in contrast to the delayed induction of patho-
genesis-related protein transcripts that continue to
accumulate until 8 h after FC treatment (Fig. 2B;
Roberts and Bowles, 1999; Schaller and Oecking,
1999; Schaller et al., 2000). The temporal pattern of
transient LeCPK1 induction is similar to that of 14-3-3
proteins (Fig. 2B; Roberts and Bowles, 1999), which
are well-known regulators of H�-ATPase activity
(Jahn et al., 1997; Oecking et al., 1997; Olivari et al.,

Figure 2. Northern- and Southern-blot analyses. A, DNA gel-blot
analysis. Ten micrograms of tomato genomic DNA was restricted
with XbaI (1), HindIII (2), EcoRI (3), and DraI (4), and was separated
by agarose gel electrophoresis. DNA fragments were transferred to
nitrocellulose membranes and the blot was hybridized with the
radiolabeled 3�-untranslated region of the LeCPK1 cDNA. The posi-
tion of DNA standards (1-kb ladder, Life Technologies/Gibco-BRL,
Cleveland) is indicated and their size is given in kb. B, RNA gel-blot
analyses. Five micrograms of total RNA isolated from the leaves of
control plants (lane 1) and plants at 0.5, 1, 1.5, 2, 4, 6, or 8 h (lanes
2–8) after treatment with 3 �M FC was separated on formaldehyde
agarose gels and subsequently transferred to nitrocellulose mem-
branes. The blots were hybridized with the radiolabeled 3�-
untranslated region of the LeCPK1 cDNA and the cDNAs of 14-3-3
and pathogenesis-related proteins, as indicated. A duplicate gel was
stained with ethidium bromide as a control of RNA quantity and
integrity.

Figure 1. Comparison of the LeCPK1 and NtCDPK protein se-
quences. The amino acid sequences deduced from the LeCPK1 and
NtCDPK cDNAs are shown. The sequences were aligned using “pile-
up” from the University of Wisconsin GCG program package. Iden-
tical amino acids and conservative replacements are shown with
black and gray shading, respectively (box shade at http://www.
ch.embnet.org/). The variable N-terminal region (���), the kinase
domain (—), the auto-inhibitor (���), the calmodulin-like domain
(:::), and the EF hand motives (###) are indicated. Arrowheads (∧ )
mark the consensus sequence for N-myristoylation. The G2A muta-
tion and the phosphorylated Ser residue are highlighted by boldface
A and P, respectively.
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1998). To further investigate the possibility of
LeCPK1 itself being a regulator of proton pump ac-
tivity, we expressed the protein in Escherichia coli and
characterized the recombinant kinase.

Expression, Purification, and Activity of LeCPK1

The full-length LeCPK1, as well as a truncated
variant lacking the C-terminal, calmodulin-like do-
main, were expressed as N-terminal glutathione S-
transferase (GST) fusion proteins in E. coli and were
designated LeCPK1-L (LeCPK1-Long) and LeCPK1-S
(LeCPK1-Short), respectively. During denaturing
PAGE, the recombinant proteins exhibited the molec-
ular masses expected for the two fusion proteins.
LeCPK1-L and -S were purified to near homogeneity
using the GST moiety as an affinity tag (Fig. 3, A and
B). Proteolytic removal of the affinity tag turned out
to be impossible because the protease factor Xa
cleaved the fusion proteins at a second, internal site
releasing 22 amino acids from the N terminus of
LeCPK1 (data not shown). Hence, all further experi-
ments were done with the fusion proteins.

LeCPK1-L and -S were tested for autokinase activ-
ity after electrophoretic separation, western blot, and
renaturation on nitrocellulose membranes. LeCPK1-L
incorporated labeled phosphate from [�-32P]ATP in a
Ca2�-dependent manner, whereas LeCPK1-S was in-
active both in the presence or absence of calcium (Fig.
3C). This result is consistent with the proposed mech-
anism of activation of CDPKs, according to which the
binding of Ca2� triggers a conformational shift re-
leasing the auto-inhibitor from the active site. In the
absence of the calcium-binding domain, access to the
active site is permanently blocked by the pseudo-
substrate auto-inhibitor rendering the enzyme inac-
tive (Harmon et al., 1994; Harper et al., 1994). Hydro-
lysis of the phosphorylated protein and TLC analysis
of the amino acids in the hydrolysate revealed auto-
phosphorylation to occur on Ser and Thr residues but
not on Tyr (Fig. 3D). Hence, LeCPK1-L is a functional
calcium-dependent Ser/Thr protein kinase.

Autophosphorylation of CDPKs is commonly ob-
served; it appears to be more frequent on Ser than
on Thr residues, and can have an up- or down-
regulatory effect on kinase activity (Roberts and
Harmon, 1992; Chaudhuri et al., 1999; Yoon et al.,
1999; Hrabak, 2000). The position(s) of the phos-
phorylated amino acid(s), however, have not been
identified previously. Using quadrupole-time of
flight mass spectrometry (MS) for sequence analysis
of tryptic peptides, we identified Ser-439 as one of
the targets for autophosphorylation in LeCPK1-L
(Fig. 4). Phosphorylation of the peptide encompass-
ing Ser-439 was observed in two independent exper-
iments and it appeared to be quantitative because the
corresponding unphosphorylated peptide could not
be detected in the tryptic digest of autophosphory-
lated LeCPK1-L. This autophosphorylation site is lo-

cated within the calmodulin-like domain between the
two EF hands closest to the kinase domain (Fig. 1).
The effects of phosphorylation of Ser-439 on LeCPK1
activity, if any, remain to be identified. They may
include changes in Ca2�-binding properties or the
functionality of the calmodulin-like domain.

Ca2� Binding

Many calcium-binding proteins are subject to a
mobility shift during SDS-PAGE in the presence of

Figure 3. Purification of recombinant LeCPK1 and characterization
of the autokinase activity. A, The full-length LeCPK1 was expressed
in E. coli as a GST fusion protein and the purification of recombinant
LeCPK1-L was monitored by SDS-PAGE. The crude extract (1) was
separated in insoluble (2) and soluble (3) fractions by centrifugation.
The fusion protein was purified from the latter by affinity chroma-
tography on a glutathione-Sepharose 4B column (Amersham Phar-
macia Biotech, Dübendorf, Switzerland; 4, flow-through; 5, eluate).
The size of the fusion protein is indicated in kD. In lanes 1–4 of the
Coomassie Brilliant Blue-stained gel, the protein equivalent of 5 �L
of E. coli culture is shown, whereas lane 5 corresponds to 0.8 �g of
purified LeCPK1-L. B, A truncated form of LeCPK1 lacking the
C-terminal calmodulin-like domain (LeCPK1-S) was expressed in E.
coli and purified as in A. C, Recombinant LeCPK1-L and -S (L and S;
0.5 �g in each lane, two samples each) were separated by SDS-
PAGE. Top, Coomassie Brilliant Blue-stained gel; lower, correspond-
ing western blot. The blot was cut in two along the central lane (M)
containing size markers (Bio-Rad Laboratories, Hercules, CA), and
the two halves were assayed for autophosphorylation activity in
absence (left) or presence (right) of Ca2�. The blot was autoradio-
graphed for detection of incorporated 32P. D, LeCPK1-L autophos-
phorylated in presence of [�32P]ATP was hydrolyzed in 6 N HCl. The
hydrolysate was spiked with phospho-amino acid standards and
separated by two-dimensional thin-layer chromatography (TLC). The
plate was first sprayed with ninhydrin for detection of phospho-
amino acid standards (left) and then autoradiographed (right).
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Ca2�. Such a mobility shift, which is indicative of a
change in protein conformation, has also been ob-
served for a number of CDPKs (Roberts and Harmon,
1992; Zhao et al., 1994; Yoon et al., 1999; Romeis et
al., 2000). In contrast, the electrophoretic mobility of
LeCPK1-L was the same in the presence or absence
of Ca2� (data not shown). To obtain evidence for the
direct binding of Ca2�, we therefore incubated the
electroblotted LeCPK1-L and -S with 45Ca2�. Bind-
ing of the radiolabel was observed for LeCPK1-L but
not for LeCPK1-S, indicating that the calmodulin-
like domain is a functional calcium-binding domain
(Fig. 5A).

Furthermore, a Trp fluorescence quench was ob-
served upon titration of LeCPK1-L with Ca2�, which
was most prominent at the fluorescence maximum of
325 nm. There are four Trp residues in the catalytic
domain of LeCPK1 (Trp-289, -306, -329, and -362) and
the change in fluorescence reflects an altered molec-
ular environment of these residues likely due to a
change in protein conformation in response to cal-
cium binding. The experimental data for the decrease
in Trp fluorescence as a function of the increasing
Ca2� concentration are best described by a double
rectangular hyperbolic function (Sigma Plot, R2 �
0.993; Fig. 5B) from which two dissociation constants
of 0.6 and 55 �m can be derived. Apparently, the four
Ca2�-binding EF hands fall into two classes of high
and low affinity, respectively. Likewise, two Ca2�-
binding sites each of low and high affinity are known
to exist in calmodulin (Chin and Means, 2000). A Kd
of 0.6 �m for the high-affinity Ca2�-binding site(s) in
LeCPK1-L is in the range of calcium concentrations
required for the activation of many CDPKs (Roberts
and Harmon, 1992; Lee et al., 1998). Consistently,

most of the Trp fluorescence intensity quench was
observed already at very low calcium concentration
(Fig. 5B), indicating that occupation of the high-
affinity site(s) is sufficient to induce the conforma-
tional change required for kinase activation. This
conclusion is in good agreement with the work of
Zhao et al. showing that the four EF hands of Plas-
modium falciparum CDPK are not functionally equiv-
alent. Site-directed mutagenesis of the two EF hands
adjacent to the catalytic domain impaired Ca2� bind-
ing, the conformational shift, and enzyme activation,
whereas mutations in the two distal EF hands had
only minor effects (Zhao et al., 1994). Furthermore, it
was concluded for two soybean CDPKs that binding
of one or two calcium ions per molecule of enzyme is
sufficient for significant activation (Lee et al., 1998).

Figure 5. Characterization of Ca2�-binding properties. A, Recombi-
nant LeCPK1-L and -S (L and S; 0.5 �g in each lane, two samples
each) and Mr marker proteins (M, Bio-Rad) were separated by SDS-
PAGE, transferred to a nitrocellulose membrane, and stained with
Ponceau S (top). The membrane was then incubated in 45Ca2�,
washed, and the bound radiolabel was detected by autoradiography
(lower). Positions and size (in kD) of LeCPK1-L and -S are indicated.
B, LeCPK1-L (45 �g mL�1 [0.5 �M] in 50 mM HEPES, pH 7.5) was
titrated with CaCl2. Two-microliter aliquots of CaCl2 (0.2 �M–2 mM

in 50 mM HEPES, pH 7.5) were added and at each interval the
emission spectrum was recorded using a Kontron SFM 25 fluorimeter
(�ex: 280 nm). The observed quench in Trp fluorescence at 325 nm
was plotted against the Ca2� concentration. Individual measure-
ments are shown as well as the interpolated graph [SigmaPlot soft-
ware, SPSS, Chicago; y � f(x) � a � x/(b � x) � c � x/(d � x), R2 �
0.993) from which high- and low-affinity Ca2�-binding constants
were derived.

Figure 4. Processed MS/MS spectrum of peptide m/z 642.89. MS
analysis identified a tryptic peptide of autophosphorylated LeCPK1,
the mass of which (m/z � 642.89; double charge; mass � 1,285 D)
indicated the presence of a phosphorylated residue. The peptide was
selected on basis of its mass, subjected to low-energy collision-
induced decomposition, and the resulting fragments were analyzed
by MS/MS. The processed (software: MaxEnt 3) MS/MS spectrum is
shown. The y ion series is labeled as such and the deduced amino
acid sequence is indicated. The mass difference (y9 � y8) indicates
the presence of a phosphorylated Ser residue (pS), as do the ions M
� H� � [H3PO4], y10 � [H3PO4], and y9 � [H3PO4], which are
derived from the peptide m/z 642.89 as a result of collision-induced
decomposition of the phosphate-ester bond.
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Substrate Specificity and Subcellular Localization

The multitude of CDPK isoforms existing within a
given plant species (Harmon et al., 2000; Hrabak,
2000) evokes the question of how any one isoform
recognizes its substrate protein to trigger specific
signaling events. The required specificity may be
achieved by the substrate specificity of the kinase,
and/or a specific developmental or subcellular colo-
calization of the two proteins.

The substrate specificities of plant CDPKs are not
well defined. They do not seem to be strict because
most CDPKs are able to phosphorylate histone H1
and casein (Roberts and Harmon, 1992; Hrabak,
2000). Synthetic peptides have been widely used to
study the activity of CDPKs and the motif -basic-X-
X-Ser/Thr- has been identified as a minimal se-
quence element recognized by many CDPKs (Roberts
and Harmon, 1992). Consistently, we found syntide-2
(PLARTLSVAGLPGKK, recognition element under-
lined) to be a substrate of LeCPK1-L for which an
apparent Km value of 85 �m was derived from
steady-state kinetic analyses. However, two other
peptides containing a similar sequence element with
Lys replacing the Arg residue were not phosphory-
lated (data not shown).

Despite the broad substrate specificity in vitro,
CDPKs are supposed to have a limited range of sub-
strates in vivo. Although there is little experimental
evidence to support this hypothesis, a higher in vivo
specificity may be accomplished by temporally and
spatially restricted patterns of expression during
plant development (for review, see Hrabak, 2000) or
by targeting of CDPK isoforms to specific subcellular
compartments. CDPKs have been detected in the cy-
tosol, in the nucleus, as well as in association with
microsomal or plasma membranes (for review, see
Hrabak, 2000). The primary structures of known
CDPKs including that of LeCPK1 do not contain ex-
tended hydrophobic stretches that could promote
membrane association. Yet, the N termini of LeCPK1
and many other CDPKs have a consensus sequence
for myristoylation (MGxxxS/T, with x indicating any
amino acid; Hrabak et al., 1996; Färber et al., 1997;
Yalovsky et al., 1999). The covalent attachment of the
14-carbon-saturated fatty acid myristate to the amino
group of the essential Gly residue in position two of
the primary structure occurs cotranslationally after
removal of the initiator Met. Myristoylation per se is
not sufficient to anchor the protein in the lipid bi-
layer. Membrane association is further promoted by
additional features, including palmitoylation at a Cys
residue close to the myristoylated Gly and clusters of
positively charged amino acids that can interact with
acidic head groups of phospholipids at the cytoplas-
mic face of the plasma membrane (Yalovsky et al.,
1999). The N terminus of LeCPK1 comprises all three
features, i.e. potential acceptor sites for myristoyl-
ation and palmitoylation as well as a pair of basic
residues (Fig. 1).

We used a coupled in vitro transcription/transla-
tion system to test for N-myristoylation of LeCPK1.
When the reaction was performed in the presence of
[35S]Met, wild-type LeCPK1 and a G2A-mutant, in
which the myristate acceptor Gly had been substi-
tuted by Ala, were produced in similar amounts, as
indicated by the apparent masses and band intensi-
ties of the predominant labeled proteins (Fig. 6). Ad-
ditional weak bands correspond to less abundant
proteins that may be a result of incomplete termina-
tion of translation at the first stop codon (the high-Mr
protein) or additional sites of translational initiation
(the lower Mr proteins). In the presence of [3H]myr-
istate, on the other hand, only LeCPK1 but not the
G2A mutant became labeled, indicating the N termi-
nus of LeCPK1 to be a functional myristate acceptor
site and Gly-2 to be essential for myristoylation (Fig.
6). The higher resolution obtained with 3H as com-
pared with 35S during fluorography may account for
the slightly different appearance of the two bands
obtained for the wild-type LeCPK1 in the left and the
right part of Figure 6, respectively. Alternatively, the
covalent modification by N-myristoylation may re-
sult in a subtle change in electrophoretic mobility.

N-terminal myristoylation has been shown previ-
ously for zucchini (Cucurbita pepo) and potato (Sola-
num tuberosum) CDPKs (Ellard-Ivey et al., 1999;
Raı́ces et al., 2001), but its physiological function has
not been addressed experimentally. In a study of rice
(Oryza sativa) OsCPK2, myristoylation was shown to
be essential for membrane association that was fur-
ther enhanced by palmitoylation (Martin and Bus-
coni, 2000). The nature of membrane to which
OsCPK2 was targeted has not been identified, how-
ever. As shown below, N-myristoylation of LeCPK1
results in efficient targeting to the plasma membrane
in vivo.

Figure 6. Assay for N-myristoylation. A wheat germ coupled in vitro
transcription/translation system was used to generate cDNA-encoded
proteins: luciferase (lane 1, positive control), no cDNA added (lane
2, negative control), LeCPK1 (lanes 3 and 5), and G2A-CPK1 (lanes
4 and 6). In vitro translation was carried out in the presence of either
[35S]Met (lanes 1–4) or [3H]myristic acid (lanes 5 and 6). The reaction
products were separated by SDS-PAGE and the gel was analyzed by
fluorography. The position and size (in kD) of marker proteins (Bio-
Rad) are indicated.
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Using transient expression systems, we analyzed
the subcellular localization of wild-type LeCPK1 and
the G2A mutant in C-terminal fusion with green
fluorescent protein (GFP) by confocal laser scanning
microscopy. When expressed in suspension-cultured
cells of Lycopersicon peruvianum under control of the
cauliflower mosaic virus 35S promoter, the LeCPK1-
GFP fusion protein was efficiently targeted to the cell
periphery, likely the plasma membrane (Fig. 7A). In
contrast, the G2A-GFP fusion protein localized to the
cytoplasm and the nucleus (Fig. 7B) and its expres-
sion pattern was essentially indistinguishable from
that of GFP alone (Fig. 7C). We obtained comparable
results using the well-established transient expres-
sion system in onion (Allium cepa) epidermal cells
(Scott et al., 1999; Fig. 7D; data not shown). In this
system as well, we observed targeting of LeCPK1-
GFP to the plasma membrane, whereas no fluores-
cence was found in association with the tonoplast or
any other internal membrane system. The data
clearly demonstrate N-terminal myristoylation to re-
sult in and to be necessary for plasma membrane
targeting.

The nuclear localization of G2A-GFP is somewhat
surprising considering the mass of the fusion protein
(90 kD), which is well above the size exclusion limit
of the nuclear pore complex (40 kD). Targeting to the
nucleus may result from a potential nuclear localiza-
tion signal (SV40 large T antigen prototype) located
close to the C terminus of the LeCPK1 kinase domain
(Pro-348-Arg-349-Lys-350-Arg-351). This nuclear lo-
calization signal may well be cryptic in wild-type
LeCPK1 but may become active in the G2A mutant
protein when plasma membrane targeting is sup-
pressed. The physiological relevance of nuclear local-
ization, if any, remains to be investigated.

Phosphorylation of the Plasma Membrane H�-ATPase

It has been well established that the plant plasma
membrane H�-ATPase is regulated by calcium-
dependent, reversible phosphorylation at multiple
sites (Schaller and Sussman, 1988; Morsomme and
Boutry, 2000) resulting in enhanced (Kinoshita
and Shimazaki, 1999) or reduced (Lino et al., 1998;
De Nisi et al., 1999) proton transport activities, re-
spectively. Protein kinase C, Ca2�/calmodulin-
dependent protein kinases, and CDPKs have been
implicated in these processes (Vera-Estrella et al.,
1994; Xing et al., 1996; Camoni et al., 1998; Lino et al.,
1998). The positions of the phosphorylated Ser and
Thr residues are largely unknown. Some of the phos-
phorylation sites, however, were shown to reside
within the C-terminal autoregulatory domain of the
H�-ATPase, which includes the highly conserved
penultimate phospho-Thr residue required for the
14-3-3 and FC-mediated activation of the pump
(Fuglsang et al., 1999; Svennelid et al., 1999; Mau-
doux et al., 2000). In vitro phosphorylation of the

Figure 7. Subcellular localization of GFP fusion proteins. Wild-type
LeCPK1 (A) and the G2A site-directed mutant of LeCPK1 (B) were
transiently expressed as C-terminal GFP-fusion proteins in
suspension-cultured L. peruvianum cells. Cells in C were trans-
formed to express GFP alone. D, Onion epidermal cells expressing
the wild-type LeCPK1-GFP fusion. Letters indicate the nucleus (N),
the vacuole (V), the tonoplast (T), and a cytoplasmic strand (C). The
localization of GFP-fusion proteins was analyzed by confocal laser
scanning microscopy (left). Merged pictures of the green fluores-
cence channel with the corresponding light micrographs are shown
on the right. The length of the bars corresponds to 10 (A–C) and 50
(D) �m, respectively.
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C-terminal domain of the plasma membrane H�-
ATPase by a CDPK partially purified from maize
root plasma membranes has been demonstrated but
no effect on proton pump activity has been reported
(Camoni et al., 1998). Therefore, we tested the H�-
ATPase C-terminal domain as a substrate of
LeCPK1-L.

LeCPK1-L phosphorylated a fusion protein of GST
and CT66, the 66 C-terminal amino acids from the
Nicotiana plumbaginifolia H�-ATPase PMA2, in a
calcium-dependent manner (Fig. 8, A and B). Phos-
phorylation occurred within the PMA2-derived 66
amino acids as shown by proteolytic cleavage of the

GST moiety (Fig. 8C). The phosphorylation of CT66
in vitro, and the colocalization of LeCPK1 and the
H�-ATPase at the plasma membrane, are consistent
with the hypothesis that the H�-ATPase is a bona
fide substrate of LeCPK1 in vivo, suggesting a role for
LeCPK1 in proton pump regulation.

At present, we can only speculate about the phys-
iological function of LeCPK1, but correlative evi-
dence supports a role in plant defense reactions. We
previously proposed the modulation of H�-ATPase
activity by Ca2�-dependent phosphorylation to be
part of the wound and pathogen defense signaling
cascades (Schaller, 1999; Schaller and Oecking, 1999;
Schaller et al., 2000). The polypeptide wound hor-
mone systemin triggers a depolarization of the
plasma membrane and an alkalinization of the apo-
plast (Felix and Boller, 1995; Moyen and Johannes,
1996), which depend on the influx of Ca2� as well as
the activity of a protein kinase: The systemin-induced
alkalinization response could be mimicked by the
protein phosphatase inhibitor calyculin A, whereas
the protein kinase inhibitors staurosporine and
K252a suppressed the systemin response (Felix and
Boller, 1995; Schaller and Oecking, 1999). Likewise,
staurosporine and K252a inactivated LeCPK1, inhib-
iting both the autokinase activity as well as the phos-
phorylation of CT66 (Fig. 9). Selective inhibitors of
protein kinase C (bisindolylmaleimide) and Ca2�/
calmodulin-dependent protein kinase II (KN-62), on
the other hand, do not inhibit LeCPK1-L (Fig. 9).
Likewise, these compounds did not affect the
systemin-induced alkalinization response (Schaller
and Oecking, 1999). Hence, the activity of systemin
and LeCPK1 are affected in a similar way by various
protein kinase inhibitors supporting a hypothetical
role for LeCPK1 in the systemin signal transduction
pathway.

Figure 9. Effect of kinase inhibitors on the activity of LeCPK1-L.
LeCPK1-L (0.13 �g) activity was assayed with GST-CT66 (2 �g) and
5 �M [�-32P]ATP (3.5 � 107 Bq pmol�1) as the substrates (lane 1) in
the presence of staurosporine (4 �M, lane 2), K252a (2 �M, lane 3),
KN62 (5 �M, lane 4), and bisindolylmaleimide (0.2 �M, lane 5). The
assays were performed at 25°C for 60 min. Reaction products were
separated by SDS-PAGE and the gel was dried and analyzed by
autoradiography.

Figure 8. Phosphorylation of the H�-ATPase C terminus. LeCPK1-L
(0.25 �g) was incubated with GST-CT66 (a fusion protein of GST and
the 66 amino acids from the C terminus of the N. plumbaginifolia
H�-ATPase PMA2, 1.3 �g) in the presence of [�-32P]ATP for 1, 5, and
25 min at 25°C (lanes 1, 2, and 3, respectively). The assays shown in
lanes 4, 5, and 6 were incubated for 25 min but lacked Ca2�, the
substrate (CT66), or LeCPK1-L, respectively. A, Coomassie Brilliant
Blue-stained SDS-PAGE gel is shown. The molecular masses of pro-
tein standards (Bio-Rad, low-Mr markers) are indicated in kD. B,
Autoradiograph of the gel shown in A. C, GST-CT66 was treated with
thrombin (2.5 units mg�1 GST-CT66, 3.5 h) to release the GST
moiety before the phosphorylation reactions with LeCPK1-L were
performed as above. The reaction products were separated electro-
phoretically on a Tricine/SDS gel (Schägger and Jagow, 1987). The
gels were dried and analyzed by autoradiography. The positions of
peptide size standards (Bio-Rad) are indicated in kD.
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MATERIALS AND METHODS

Cloning of LeCPK1

Database comparison revealed the sequence of a tomato
(Lycopersicon esculentum Mill. cv Castlemart II) EST clone
highly similar to tobacco (Nicotiana tabacum) NtCDPK1
(cLER8C16, accession no. AI773815), which formed the ba-
sis for the cloning of LeCPK1 by PCR. The 3� end of LeCPK1
was cloned using tomato cDNA libraries from tomato
shoot and flower tissues in pBluescript SK� (Stratagene, La
Jolla, CA) as the template (200 ng) in the PCR with an
EST-derived oligonucleotide (GGGAATTCGGTATGGGT-
GATGAGGCCAC) and the T7 primer as 5� and 3� primers,
respectively. PCR products were cloned into the EcoRI and
XhoI sites of pBluescript SK�. Sequence analysis of several
independent clones showed that cDNAs derived from
flower and shoot tissue had different polyadenylation sites
but were otherwise identical and corresponded to the to-
mato EST clone. The main part of the LeCPK1 cDNA,
including the entire ORF, was cloned by reverse
transcriptase-PCR using the Smart RACE cDNA amplifica-
tion system (CLONTECH, Palo Alto, CA) following the
manufacturer’s instructions. In a first step, single-stranded
cDNA was synthesized from total tomato leaf RNA of
FC-treated plants using Moloney murine leukemia virus
reverse transcriptase (Promega, Madison, WI) and oli-
go(dT) as the primer. RACE-PCR was performed with a
gene-specific primer derived from the cloned LeCPK1 3�
end (CGTGCTGGCTGGTGAACGTTCTCTGCTC; Micro-
synth, Balgach, Switzerland) and the universal primer pro-
vided with the kit. RACE-PCR products were cloned into
PCR 2.1-TOPO (Invitrogen, Groningen, the Netherlands).
The identity of these and all other PCR-generated clones
was confirmed by sequence analysis of several indepen-
dent PCR products using fluorescent dideoxy chain termi-
nators in the cycle sequencing reaction (Perkin Elmer,
Foster City, CA) and the model 373A DNA sequencer
(PE-Applied Biosystems, Foster City, CA).

Northern- and Southern-Blot Analyses

Tomato plants (Ochoa Seed Co., Gilroy, CA) were grown
for 14 d and were treated with 3 �m FC as described
(Schaller et al., 2000). RNA was isolated from tomato leaf,
cotyledon, stem, and flower tissue as well as from
suspension-cultured cells using a phenol-based extraction
procedure. Total RNA (5 �g) was subjected to electro-
phoresis on formaldehyde/agarose gels and transferred to
nitrocellulose membranes according to standard protocols.
For Southern-blot analysis, genomic DNA was extracted
from tomato leaf tissue using the Nucleon Phytopure DNA
extraction kit (Amersham Pharmacia Biotech). Ten micro-
grams of DNA was restricted using the enzymes indicated
in the legend to Figure 2. RNA and DNA gel blots were
probed with the radiolabeled 3�-untranslated region of the
LeCPK1 cDNA. The blots were hybridized, washed, and
evaluated as described (Schaller and Oecking, 1999).

Expression and Purification of Recombinant
LeCPK1-L and -S

Two constructs were generated for the expression of
LeCPK1 in Escherichia coli as GST fusion proteins, i.e.
LeCPK1-L corresponding to the entire ORF and LeCPK1-S,
coding for a truncated protein lacking the C-terminal
calmodulin-like domain (compare with Fig. 1). The respec-
tive regions of the LeCPK1 cDNA were amplified by PCR
using Pwo DNA polymerase (Roche Diagnostics, Rotkreuz,
Switzerland) and synthetic oligonucleotide primers (for-
ward primer, 5�-ATGGGTGGTTGTTTTAGCAAGAAGT-3�;
reverse primers for LeCPK1-L and -S, 5�-GGGGTACCCTA-
GAAAAGCTTTTGTTGTGGTTG-3� and 5�-GGGGTAC-
CCTATTACAGAGGGTTGATTTCTTCTTCA-3�, respective-
ly). The PCR products were cloned into the StuI/KpnI sites
of pGEX-G, a derivative of pGEX-3x (Amersham Pharmacia
Biotech) for the expression of N-terminal GST fusion pro-
teins under the control of the isopropylthio-�-galactoside
(IPTG)-inducible tac promoter. The constructs were trans-
formed into E. coli BL21 codon plus (DE3)-RIL (Stratagene).
The fusion proteins were purified from IPTG-induced cul-
tures by affinity chromatography on immobilized glutathi-
one and analyzed by SDS-PAGE as described (Hauser et al.,
2001).

Autophosphorylation and Phospho-Amino
Acid Analysis

Autophosphorylation of LeCPK1-L and -S was analyzed
on western blots. The immobilized proteins were dena-
tured for 1 h in 50 mm Tris/HCl, 7 m guanidine/HCl, 50
mm dithiothreitol, 2 mm EDTA, and 0.25% (w/v) dry milk.
Proteins were then renatured in the same buffer with 100
mm NaCl replacing the guanidine/HCl. To assay Ca2�-
dependent autophosphorylation, the membranes were
then incubated for 30 min at 25°C in either kinase buffer A
(50 mm HEPES, pH 7.5; 10 mm MgCl2; 1 mm EGTA; 2 mm
dithiothreitol; and 1.1 mm CaCl2) with 0.012 �m [�-32P]ATP
(3 � 1010 Bq �mol�1), or the same buffer with 4 mm
EGTA replacing CaCl2 (kinase buffer B). The membranes
were washed repeatedly in 30 mm HEPES, pH 7.5, and
analyzed on a PhosphorImager (Molecular Dynamics,
Sunnyvale, CA).

Phospho-amino acids were analyzed essentially as de-
scribed by Shi et al. (1999). In brief, LeCPK1-L (5 �g) was
autophosphorylated in 0.5 mL of buffer A containing 0.05
�m [�-32P]ATP (7.4 � 1010 Bq �mol�1), the protein was
precipitated, and then hydrolyzed in 6 n HCl during 1 h at
110°C. The hydrolysate was dried in vacuo, spiked with
phospho-amino acid standards (12 �g each of l-phospho-
Ser, -Thr, and -Tyr), and analyzed by two-dimensional TLC
on cellulose plates (first dimension, iso-butyric acid:0.5 m
NH4OH � 5:3 [v/v]; second dimension, propionic acid:1 m
NH4OH:iso-propanol � 45:17.5:17.5 [v/v]). Phospho-
amino acid standards were visualized by spraying with
ninhydrin (0.25% [w/v] in acetone), and the labeled amino
acids were detected by autoradiography.
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Determination of Autophosphorylation Sites

LeCPK1-L (100 �g) was allowed to autophosphorylate in
100 �L of kinase buffer A containing 10 �m [�-32P]ATP
(3.5 � 107 Bq pmol�1) during 1 h at 25°C. The protein was
then digested with factor Xa (factor Xa cleavage and re-
moval kit, Roche Diagnostics) resulting in the release of the
GST moiety as well as the removal of the N-terminal 22
amino acids of LeCPK1 due to the presence of an internal
processing site. The proteins were separated by SDS-PAGE
and stained with Coomassie Brilliant Blue. In-gel digestion
with trypsin (Promega, Mannheim, Germany) was done as
described by Jensen et al. (1998). Phosphopeptides were
purified on three ZipTip MC tips (Millipore, Eschborn,
Germany) charged with Fe3�, Ni2�, and Cu2�, respec-
tively. Part of the radiolabel was retained on each of the
three tips. The eluates were combined, reduced to dryness
in vacuo, and resuspended in 60% (v/v) acetonitrile and
0.1% (v/v) trifluoroacetic acid. MS spectra were recorded
on a Q-TOF2 instrument (Micromass, Manchester, UK)
using nano-electrospray ionization. Peptides correspond-
ing in mass to possible phosphopeptides of LeCPK1 were
fragmented by collision-induced decomposition and amino
acid sequences were derived from the resulting MS/MS
spectra using the software MassLynx 3.5 including the
MaxEnt 3 module (Micromass).

Ca2�-Binding Activity

The Ca2�-binding capacities of LeCPK1-L and LeCPK1-S
were compared after SDS-PAGE and subsequent electro-
phoretic transfer of the proteins onto nitrocellulose mem-
branes. The membranes were washed three times for 20
min in 60 mm KCl, 5 mm MgCl2, and 10 mm imidazol/HCl,
pH 6.8. They were then incubated for 10 min in 20 mL
of the same buffer containing 20 �Ci 45CaCl2 (3.5 � 108

Bq mg�1), rinsed in a large excess of water, and
autoradiographed.

The Ca2�-binding constants were determined for
LeCPK1-L (45 �g mL�1 in 50 mm HEPES, pH 7.5) by
fluorescence spectroscopy using an SFM 25 fluorimeter
(�ex: 280 nm, Kontron, Neufahrn, Germany). Two-
microliter aliquots of CaCl2 stock solutions in 50 mm
HEPES, pH 7.5, were added to result in a final Ca2� con-
centration ranging from 0.2 �m to 2 mm. At each interval,
the emission spectrum was recorded. The maximum
change of Trp fluorescence was observed at 325 nm and
was plotted against the Ca2� concentration in the assay.
The software SigmaPlot was used for the evaluation of the
data.

Kinase Activity Assay

Assays of LeCPK1-L activity with syntide-2 (PLARTLS-
VAGLPGKK, Sigma, St. Louis) as the substrate were per-
formed as described by Harmon et al. (1994) with minor
modifications. The 50-�L reaction mixture contained 30 nm
recombinant LeCPK1-L and varying concentrations of
syntide-2 in kinase buffer A with 0.1 mg mL�1 bovine
serum albumin. After 5 min at 30°C, the reaction was

started by addition of 60 �m [�-32P]ATP (3,000 Bq pmol�1).
The reaction was terminated after 15 min by spotting 10-�L
aliquots onto phosphocellulose paper (Whatman P81). The
paper was first washed in a large excess of 150 mm H3PO4,
then in acetone, air dried, and counted in a liquid scintil-
lation counter.

N-Myristoylation Assay

Myristoylation assays were performed in a cell-free
wheat germ transcription/translation system (Promega)
essentially as described (Ellard-Ivey et al., 1999). PCR was
employed to amplify the ORF of LeCPK1 as well as a
mutant cDNA that codes for a Gly substituting Ala in the
second amino acid position (G2A-CPK1) using synthetic
oligonucleotide primers (CPK1–5�, CCTCTAGAATGGGT-
GGTTGTTTTAGCAA; G2A-CPK1–5�, CCTCTAGAATG-
GCTGGTTGTTTTAGCAAGAAGT; and 3�, GGTCTA-
GAGGGAAAAGCTTTTGTTGTGGTTGT) and Pwo DNA
polymerase. The PCR products were cloned into the XbaI
site of pBluescript SK� and clones containing the insert in
the correct orientation with respect to the T7 promoter
were identified by restriction analysis. The plasmids (0.6
and 1 �g, respectively) were linearized with NotI and used
as templates in the TNT-coupled transcription/translation
system according to the manufacturer’s instructions (Pro-
mega). Translation products were radiolabeled in the pres-
ence of either 10 �m [35S]l-Met (3.7 � 1013 Bq mmol�1;
Hartmann Analytic, Braunschweig, Germany) or 40 �m
[9,10-3H]myristic acid (1.9 � 1012 Bq mmol�1; Moravek
Biochemicals, Brea, CA). The reaction products were sep-
arated by SDS-PAGE and analyzed by fluorography.

Transient Expression of LeCPK1/GFP Fusion Proteins

The ORFs of wild-type LeCPK1 and the G2A mutant (see
above) were cloned into pCL60 (gift of Dr. Claudio Lupi,
Swiss Federal Institute of Technology, Zurich), a derivative
of pBluescript SK� that allows the transient expression of
proteins in C-terminal fusion with enhanced GFP (CLON-
TECH) under control of the cauliflower mosaic virus 35S
promoter. The constructs (35S-CPK1-GFP and 35S-G2A-
GFP) were delivered into onion (Allium cepa) epidermal
cells (Scott et al., 1999) and suspension-cultured cells of
Lycopersicon peruvianum (Felix and Boller, 1995) using a
particle inflow gun (Vain et al., 1993); 4 �g of plasmid DNA
and 4 �g of gold particles per shot). Cells were allowed to
recover for 24 to 48 h before they were analyzed by confo-
cal laser scanning microscopy using an ArKr laser at 488
nm (Leica TCS SP, Leica DM IRBE; Leica Microsystems,
Wetzlar, Germany).

Phosphorylation of the C-Terminal Domain of the
H�-ATPase

A PCR-fragment (forward primer, TATGAATTCCAT-
GGGCTGCAAGTTCCT; and reverse primer, TATGTC-
GACTCAAACAGTGTATGATTG) coding for the 66
C-terminal amino acids of the Nicotiana plumbaginifolia
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plasma membrane H�-ATPase PMA2 was cloned into
pGEX-2T (Amersham Pharmacia Biotech) for expression in
E. coli of GST-CT66, an N-terminal fusion of GST with the
carboxy terminus of the proton pump (Jelich-Ottmann et
al., 2001). The fusion protein was purified from IPTG-
induced cultures by affinity chromatography on immobi-
lized glutathione. When applicable, the GST moiety was
released proteolytically using 1 unit of thrombin (Amer-
sham Pharmacia Biotech) per 2.5 �g of fusion protein dur-
ing 3 h at 25°C.

Two micrograms of GST-CT66 was used directly, or 5 �g
of the thrombin-digested fusion protein was tested as sub-
strates of LeCPK1-L in 15 �L of kinase buffers A or B
containing 5 �m [�-32P]ATP (3.5 � 107 Bq pmol�1). Protein
kinase inhibitors (4 �m staurosporine, 2 �m K-252a, 5 �m
KN-62, and 0.2 �m bisindolylmaleimide; Alexis Corpora-
tion, San Diego) were added as indicated. The reaction
products were separated by SDS-PAGE using the Laemmli-
buffer system, or on Tricine/SDS gels according to Schäg-
ger and Jagow (1987). The gels were dried and analyzed by
autoradiography.
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