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A protein kinase that is activated by calcium and cis-unsaturated
fatty acids has been characterized from oat (Avena sativa L.) root
plasma membranes. The kinase phosphorylates a synthetic peptide
with a motif (-R-T-L-S-) that can be phosphorylated by both protein
kinase C (PKC) and calcium-dependent protein kinase (CDPK)-type
kinases. Calphostin C and chelerythrine, two PKC inhibitors, com-
pletely inhibited the kinase activity with values of inhibitor concen-
tration for 50% inhibition of 0.7 and 30 um, respectively. At low
Ca®* concentrations cis-unsaturated fatty acids (linolenic acid, li-
noleic acid, arachidonic acid, and oleic acid) stimulated the kinase
activity almost 10-fold. The two inhibitors of the kinase, calphostin
C and chelerythrin, strongly reduced the fusicoccin (FC)-induced
H* extrusion, and the activators of the kinase, the cis-unsaturated
fatty acids, prevented [*H]FC binding to the FC 14-3-3 receptor.
CDPK antibodies cross-reacted with a 43-kD band in the plasma
membrane and in a purified FC receptor fraction. A polypeptide
with the same apparent molecular mass was recognized by a syn-
thetic peptide that had a sequence homologous to the annexin-like
domain from barley 14-3-3. The possibility of the involvement of a
kinase, with properties from both CDPK and PKC, and a phospho-
lipase A, in the FC signal transduction pathway is discussed.

Plant cell PMs contain a family of multifunctional H™-
ATPases (Sussman, 1994). These H"-ATPases provide the
driving force for ion and solute uptake, control the cyto-
plasmic pH, lower the cell-wall pH to enable cell elonga-
tion, and control the activity of voltage-sensitive transport-
ers by means of the electrical membrane potential. In view
of these numerous functions, it is not surprising that the
activity of the pumps is controlled in a number of ways
(Palmgren, 1991). Tight control is exerted by the C termi-
nus of the pump, which acts as an autoinhibitor; a series of
phosphorylation sites in this domain are potential control
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points. Also, products of phospholipase A,, such as lyso-
phosphatidylcholine and free fatty acids, regulate the ac-
tivity of the pump (Palmgren et al., 1988), but the mode of
action is not yet known.

The phytotoxin FC induces a strong proton extrusion in
many plant tissues by stimulation of the H'-ATPase.
Hager et al. (1991) demonstrated that the mechanism of FC
action on the ATPase is by activation of an inactive pool of
ATPases rather than by de novo synthesis of new proton
pumps. FC modulates the autoinhibitory C-terminal do-
main of the H"-ATPase, which results in an increase of the
Vmax and a decrease of the K, (Johansson et al., 1993;
Rasi-Caldogno et al., 1993; Lanfermeijer and Prins, 1994).
How this inhibitory domain is modulated by FC is not
known, but it may involve phosphorylation/dephosphor-
ylation. Schaller and Sussman (1988) demonstrated that the
ATPase is a substrate for a CDPK in vitro and the phyto-
toxin syringomyecin activates a kinase that is likely to phos-
phorylate the proton pump (Bidway and Takemoto, 1987).

FC does not seem to act through direct binding to the
pump but rather indirectly through association with a
binding protein (FCBP) located in the PM. Recently, the
FCBP was identified as a member of the so-called 14-3-3
protein family (Korthout and De Boer, 1994; Marra et al.,
1994; Oecking et al, 1994). A common theme of 14-3-3
proteins is the regulation of protein kinases through direct
association with these kinases (Aitken, 1995). Among these
kinases are PKC (Toker et al., 1992), Raf kinase (Freed et al.,
1994), and Bcr kinase (Reuther et al., 1994). The phosphor-
ylation of the H"-ATPases by calcium-dependent kinases
and the fact that the FCBP is homologous to 14-3-3 proteins
indicate a role for protein kinases in signal transduction
from the FCBP to the ATPase.

The plant PM contains so-called CDPKs (Roberts and
Harmon, 1992), which are characterized by three major

Abbreviations: CDPK, calcium-dependent protein kinase; ECL,
enhanced chemoluminescence; FC, fusicoccin; FCBP, FC-binding
protein; [PH]FC, tritiated dihydrofusicoccin; ICs,, inhibitor concen-
tration for 50% displacement; MJA, methyl jasmonic acid; PA,
phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidyleth-
anolamine; PKC, protein kinase C; PLA,, phospholipase A,; PM,
plasma membrane; PMA, phorbol-12-myristate-13-acetate; PS,
phosphatidylserine.
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functional domains: (a) a catalytic domain homologous to
protein kinases, (b) a C-terminal domain resembling cal-
modulin, and (c) a junction domain containing an autoin-
hibitor (Harmon et al., 1994; Harper et al., 1994). The ability
of CDPKs to respond to cytosolic calcium changes enables
them to function in calcium-regulated signal transduction
processes. Nevertheless, a clear role for these kinases in
signal transduction pathways still has to be demonstrated.
Since calcium is essential for the phosphorylation of the
H*-ATPase (Schaller and Sussman, 1988), CDPKs are likely
candidates to mediate the FCBP to ATPase signaling.

In this study we addressed the question of whether
membrane-bound kinases play a role in the mechanism of
FC signaling. Complex formation of the FC 14-3-3 receptor
with kinases was studied as a potential mechanism in
signal transduction.

MATERIALS AND METHODS

Two hundred grams of oat (Avena sativa L. cv Valiant; H.
Blonk C.V., Moerkapelle, The Netherlands) seeds were
rinsed in running tap water for 45 min and sown on a
stainless steel screen (26 X 45 cm) 1 cm over a 1 mm CaSO,
solution (1.5 L). The solution was renewed daily. The seed-
lings were sprayed twice a day with the CaSO, solution.
The plants were grown in the dark at 25°C. After 6 d of
growth, roots were harvested by cutting them off with a
razor blade at 4°C. The roots were weighed and washed
with demineralized water. Typically, about 150 g of roots
were harvested for every 200 g of seeds.

Treatment of Roots with FC

Prior to the isolation of PM vesicles, the roots were
transferred to containers containing aerated CaSO, solu-
tion with or without 10 uM FC and incubated for 30 min at
room temperature. PMs that were treated with FC will be
referred to as FC-treated vesicles or U;FC. Untreated PMs
will be referred to as PMs or Us,.

Medium Acidification by Coleoptiles

Six-day-old coleoptiles were abraded with silicium car-
bide and preincubated in 1 mm potassium phosphate
buffer, pH 6, 1 mm CaCl,, and 5 mm MgSO, for 30 min at
room temperature. From the 5- to 6-cm-long coleoptiles,
two to three sections of 15 mm were cut. Ten of these
sections were put in 3 mL of the same buffer in the pres-
ence of kinase inhibitors at concentrations indicated and
preincubated for 30 min in the light of a luminescent tube
at 30°C. This was necessary because the action of calphos-
tin C is light dependent (Bruns et al., 1991). FC was added
from a 100 uM stock solution (solvent: water containing
10% methanol) to 1 uM final concentration or solvent as
control. The pH of the medium was maintained at 6.0 by
titration with 5 mm KOH at 30- to 45-min intervals for 120
min. Chelerythrine was diluted in water from a 1 mm water
stock solution. When chelerythrine was used, the medium
was adjusted to pH 6.0 with 5 mm KOH before the coleop-
tile sections were added to the buffer (thereby increasing
the K™ concentration to 1.13 mm). Calphostin C and stau-
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rosporine were diluted in water from a 1 mm DMSO solu-
tion; DMSO had no effect on acidification.

PM Preparation

All steps were carried out at 0 to 4°C. The roots (100 g)
were ground in a Braun blender with 100 mL of buffer I (10
mM Tris-HCI [pH 7.5], 250 mM Suc, and 1 mM Na,EDTA).
The homogenate was filtered through four layers of cheese-
cloth polyamide sieve gauze (pore size 0.64 um). The ma-
terial remaining in the cloth was re-extracted with 100 mL
of buffer I. PMSF (0.2 M dissolved in methanol) was added
to the filtrate to a 1 mm final concentration. The pooled
filtrates were centrifuged for 20 min at 10,000 in a fixed
angle rotor. The resulting supernatant was centrifuged for
30 min at 100,000¢ in a fixed angle rotor to obtain the
microsomal fraction as a pellet; the remaining supernatant
is called the cytosolic fraction. This cytosolic fraction was
frozen in liquid nitrogen and stored at —20°C. The pellets
were resuspended in buffer I (5 mM potassium phosphate
[pH 7.8], 250 mM Suc, and 4 mm KCl) in a volume of 5 to
6 mL for every 200 g fresh weight roots. Aliquots of this
preparation were frozen in liquid nitrogen and stored at
—85°C; the rest was further purified in an aqueous two-
phase partitioning system. Briefly, the resuspended micro-
somal fraction was added to a 30-g two-phase partitioning
system (30 g for every 300 g fresh weight roots), resulting
in a final concentration of 6.5% (w/w) dextran T500, 6.5%
(w/w) PEG (PEG 3350), 250 mmM Suc, 5 mM potassium
phosphate (pH 7.8), and 4 mm KCl. After the sample was
mixed, phases were separated by centrifugation for 10 min
at 1,000¢. The upper phase (U,) was then mixed with fresh
lower phase, the system was centrifuged again, and the U,
was repartitioned against a fresh lower phase to yield U,.
Likewise, the lower phases (L,, L,, and L;) were parti-
tioned against fresh upper phase added initially to L, to
yield U’;, U’;, and U’;. U; and U’; were pooled and diluted
10 times in buffer III (10 mm Tris-HCI [pH 7.5] and 250 mm
Suc), pelleted by centrifugation at 100,000g for 30 min,
resuspended in buffer III to a concentration of about 5 to 8
mg/mL protein, frozen in liquid nitrogen, and stored at
—85°C. Typically, 1 g fresh weight roots yielded 30 ug of
PM protein. The purity of the PM preparations was eval-
uated as described by Korthout et al. (1994).

FC-Binding Assay

FC binding was performed in glass tubes in 20 mm
Mes-Tris buffer, pH 6.0, 1 mm CaCl,, 5 mm MgSO,, 2.3 mm
DTT, 0.2 mm PMSF, 20% (v/v) glycerol, and different
concentrations of calphostin C or fatty acids diluted in
water from 1 mm DMSO stock solutions. In the case of
calphostin C, the PM vesicles were preincubated for 30 min
at 30°C under a luminescent tube just before the start of the
assay. The binding assay was started with about 2 nm
[H]FC, the final incubation volume was 0.5 mL, and incu-
bation was performed at 30°C in a shaking water bath,
0.005% (w/v) Triton X-100 was added to the binding
buffer. The assay contained 1 pg of purified PM protein.
The incubation was terminated by adding 3 mL of ice-cold
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washing buffer (25 mm Gly KOH, pH 9.5) to the tubes, and
rapid filtration was performed through polyethylenimine
(1%, w/w) pretreated Whatman GF/B filters, which were
washed twice with 5 mL of washing buffer just before
filtration. After filtration the filters were washed twice with
4 mL of washing buffer. The whole procedure of filtering
and washing took about 30 s. A Brandel (Gaithersburg,
MD) filtration apparatus was used, which made it possible
to filter 24 samples at the same time. The filters were
transferred to 5 mL of Pharmacia OptiPhase HiSafe 3 cock-
tail. After 3 d of extraction and shaking the samples daily,
the radioactivity bound to the filters was measured for 5
min with a LKB Wallac (Turku, Finland) Rackbeta 1219
liquid scintillation counter.

Protein Kinase Assay

Protein kinase activity was assayed using the PepTag
nonradioactive PKC assay kit (Promega). This assay uses a
fluorescently labeled peptide substrate with the sequence
P-L-S-R-T-L-5-V-A-A-K (peptide I). The underlined motif
in peptide I can be phosphorylated by both PKC and
CDPK. Phosphorylation of peptide I alters the peptide net
charge from +1 to —1. The change in the net charge allows
the phosphorylated and unphosphorylated forms of the
peptide to be separated on agarose gel electrophoresis. The
phosphorylated peptide migrates toward the anode and
the unphosphorylated species migrates toward the cath-
ode. The kinase activity was assayed in a final volume of 25
L containing 20 mm Hepes, pH 7.4, 1.3 mMm CaCl,, 1 mMm
DTT, 10 mm MgCl,, 1 mm ATP, 0.005% (w/v) Triton X-100,
and 2 pg of peptide I (1.2 nmol). Unless otherwise indi-
cated, the assay contained 0.2 mg/mL lipid or fatty acid.
The lipid (5X) stock solution was sonicated prior to the
assay for 20 s using a sonicator (Soniprep 150, MSE Scien-
tific Instruments, Manor Royal, Crawley, West Sussex,
UK). Rat brain PKC (as a positive control included in the
kit) was diluted 10-fold prior to the assay in PKC dilution
buffer (1 mm DTT, 20 mm potassium phosphate [pH 7.5],
50% [v/v] glycerol, 20 mm Tris-HCl [pH 7.5]) and 4 uL of
this solution (10 ng of PKC) were added to the assay. The
PM (5X) sample (5 pL) contained 20 mm Tris-HCI, pH 7.5,
5 puM okadaic acid to inhibit phosphatases, 5 mm PMSF,
and 0.25 pg of PM protein. The assay was performed at
30°C, run for 30 min, started with the addition of peptide I,
and stopped by heating the samples to 95°C for 10 min.
Then, the mixture was cooled to 4°C and 1 uL of 80%
glycerol was added to the samples to ensure that it re-
mained in the gel-slot well.

Separation and Quantification of Phosphorylated
Peptide | by Electrophoresis

Samples (26 uL) were loaded on a precooled 0.8% (w/v)
agarose gel in 50 mM Tris-HCI, pH 8.0 (well size 3 X 1 X 10
mm), and electrophoresis was performed for 25 min at 100
V. The electrophoresis was done at 4°C to minimize diffu-
sion of the peptide in the surrounding agarose. From each
sample both the phosphorylated and unphosphorylated
bands were cut from the gel, transferred to Eppendorf

vials, and centrifuged for 20 s in a microfuge. Then, the
volume of the gel pieces was adjusted to 1 mL with gel
solubilization solution (Promega, included in the PKC as-
say kit). The vials were heated for about 10 min to 95°C and
vortexed to dissolve the agarose. After the vials were
cooled to room temperature, they were centrifuged again
for 1 min, and the dissolved agarose was transferred to
cuvettes (1 mL). The amount of peptide I present in each
vial was quantified by dual-wave spectrophotometry by
reading the Ay, and Ag, as references on a DW2a UV/Vis
spectrophotometer (Aminco, Silver Spring, MD). The spec-
trophotometer was zeroed with liquefied agarose contain-
ing no peptide 1.

Calculation of Specific Activity

According to the PepTag assay protocol, only one phos-
phorylation site exists on each peptide for PKC. Therefore,
in the case of PKC the moles of peptide I present in the
negatively charged, phosphorylated bands are equivalent
to the number of moles of phosphate transferred. For cal-
culation of the specific kinase activity in our experiments,
we assumed that the same ratio is valid, because CDPK
from different sources phosphorylate several proteins and
peptides having a Basic-X-X-Ser motif, where X is any
residue. This motif is present in peptide I (R-T-L-S). The
specific activity was calculated according to the manufac-
turer’s instructions (Promega), with some modifications.

First, the molar extinction coefficient € was calculated for
the system used by measuring the absorbance of 1.2 nmol
of nonphosphorylated peptide in dissolved agarose:

Aszp — Aago 5
€= molpeptide X L 8.33 X 10° X (Asy — Augo)

(AU X mol™' X L). (1)

Second, the absorption of phosphorylated peptide I in
the negatively charged bands in agarose gel were normal-
ized for losses during gel loading by multiplying this ab-
sorption with a normalizing factor nf = A/B, where A =
absorption of nonphosphorylated peptide I excised from
the gel and B = total absorption of a sample as excised from
the gel (i.e. phosphorylated plus unphosphorylated band).
This yields the corrected absorption of a sample: Ag,,* =
Aszo X 1f.

The kinase activity was calculated according to:

Kinase activity

Asz" X L
"~ \g protein X min X €

) (mol Pi X g protein™! X min™").

(2)

Kinase Activity in the Presence of Fatty Acids, Lipids,
Calcium, and Inhibitors

To examine the lipid-dependent kinase activity, lipids
and fatty acids were dissolved in chloroform (PS, PC, and
PE) or 50 mg/mL DMSO (myristic acid, palmitic acid,
stearic acid, arachidonic acid, linolenic acid, linoleic acid,
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oleic acid, MJA, and PMA) or water (PA and FC) and dried
under nitrogen (in the case of PS, PC, and PE), and the
lipids and fatty acids were resuspended in water to a 1
mg/mL 5X stock solution by sonication (20 s without
cooling). The standard assay contained 1.3 mm Ca?*. For
the calcium dependency experiments, exogenous calcium
was added in the form of CaCl,. Calcium was buffered
with 1 mM EGTA, and the amount of free calcium was
calculated using the dissociation constant for Ca>*-EGTA
at pH 7.4. Calphostin C is a potent inhibitor of PKC that
acts on its regulatory site, and the inhibition is light depen-
dent (Kobayashi et al., 1989; Bruns et al., 1991). Cheleryth-
rine is a PKC inhibitor that acts on its catalytic site (Herbert
et al,, 1990). A 1 mm DMSO stock solution of calphostin C
or a 20 mm Tris-HCl (pH 7.4) buffered solution of 1 mm
chelerythrine was diluted in water or 20 mm Tris-HCI, pH
7.4, respectively, to 10 times the concentration needed in
the assay. These solutions (2.5 uL) were added to the
standard protein kinase assay buffer together with the U,
sample and illuminated for 10 min at room temperature to
activate the calphostin C. Then the samples were brought
to 30°C, and the assay was started with peptide L. The effect
of staurosporine was measured in the same way except for
the illumination.

Gel Electrophoresis and Western Blotting

Proteins were analyzed by SDS-PAGE using a a 10%
acrylamide gel and a 5% stacking gel on a Bio-Rad Protean
II xi gel system, according to the method of Laemmli
(1970). Proteins resolved by SDS-PAGE were transferred to
nitrocellulose filters by electroblotting using a Tris-Gly
buffer. Transfer conditions were 30 V and 40 mA overnight
at room temperature. The blots were blocked with 4%
(w/v) BSA in Tris-buffered saline (TBS-T: 20 mm Tris-HCI
[pH 7.5], 150 mm NaCl, and 0.05% Tween 20) for 1 h at
room temperature. The blots were probed with the follow-
ing: (a) Monoclonal anti-CDPK antibodies (1:1000 dilution;
12G8 and 14G5, mixed 1:1 mouse IgG). Then the blots were
washed with TBS-T three times. The secondary antibody
was a goat anti-mouse-IgG-conjugated horseradish perox-
idase (included in Amersham, ECL protein gel blotting
detection kit) and was used in 1:5000 dilution. The detec-
tion system that was used was an ECL system (Amersham,
Buckinghamshire, UK). Chemoluminescence was visual-
ized by short exposure (15-30 s) to blue-light-sensitive
autoradiography film (Hyperfilm, enhanced chemilumi-
nescence, Amersham). (b) Anti-14-3-3 antibody (rabbit IgG)
raised against the BMHI translation product, encoding a
14-3-3 homolog in Saccharomyces cerevisiae (1:5000 dilution),
and the secondary antibody was included in the ECL kit.
{c) PKC antibodies (1:1000 dilution; Boehringer; catalog no.
1428198, mouse IgM, clone 1.9). The secondary antibody
was peroxidase-conjugated goat anti-mouse IgM from
Sigma (A 8786) used at 1:5000 dilution.

When the same blot was probed with different antibod-
ies, the blot was stripped by submerging in 100 mm mer-
captoethanol, 2% SDS, and 62.5 mm Tris-HCl, pH 6.7, and
incubated for 30 min at 50°C, then washed thoroughly with
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TBS-T buffer, blocked, and reprobed again. The sequence
of probing was: anti-CDPK, anti-14-3-3, and anti-PKC.

Overlay Assay with the “Annexin-Like” 14-3-3 Peptide

An annexin-like peptide with the sequence biotin-G-D-
Y-H-R-Y-L-A-E-F-K-T-G-Q-E (peptide II) was synthesized
by Eurosequence bv (Groningen, The Netherlands). The
sequence of peptide II was derived from the barley 14-3-3
homolog cloned by Brandt et al. (1992); underlined amino
acids were identified in the 31-kD subunit of the oat FCBP
(Korthout and De Boer, 1994). The overlay assay was mod-
ified after Mochly-Rosen et al. (1991): PM proteins (20 ug)
were run on SDS-PAGE and blotted as described above.
Next, proteins on the blot were renatured overnight at 4°C
with the renaturation buffer: 50 mm Tris-HCl, pH 7.5, 1 mm
MgCl,, 0.1 mMm CaSO,, 1 mMm DTT, 0.3% Tween 20, and 5%
BSA (0.1 mm ZnSO, was included when renaturation took
place in the presence of Zn>" ions). The blot was exposed
to the peptide (107° M) in renaturation buffer for 1 h at
room temperature and thereafter washed three times for 10
min each time. Biotinylated peptide II remaining on the
blot was visualized using streptavidin conjugated to horse-
radish peroxidase and the ECL method (see above).

Protein Determination

Protein concentrations were measured using the bicin-
choninic acid protein assay reagent (Pierce) with BSA as
the standard.

Materials and Chemicals

Calphostin C, chelerythrine, staurosporine, PMA, and
okadaic acid were from Biomol Research Laboratories (Ply-
mouth Meeting PA) and were dissolved in DMSO except
for chelerythrine. PC, PS, and PE were from Avanti Polar-
Lipids (Alabaster AL). All saturated and unsaturated fatty
acids and PA were from Sigma. MJA was from Bedouhian
Research (Danbury, CT). FC was obtained from Professor
Muromtsev (All-Russian Institute of Agricultural Biotech-
nology, Moscow) and stored in a 1 mm methanolic stock
solution at —20°C. The PepTag PKC assay kit was from
Promega.

RESULTS
Effect of Kinase Inhibitors on FC-Induced Proton Extrusion

To answer the question of whether a kinase mediates the
EC signal, the in vivo effect of several kinase inhibitors was
studied on the FC-induced proton extrusion (reflecting
increased H*-ATPase activity). H-7 (concentration 1078~
107* M) and staurosporine (concentration 107°-107° m)
both act on the catalytic domain of kinases. H-7 had no
effect and staurosporine slightly reduced the effect of FC
(data not shown). It is interesting that two typical kinase C
inhibitors, calphostin C and chelerythrine (acting on the
regulatory and catalytic domain, respectively), effectively
reduced the FC-stimulated H* extrusion (Fig. 1); ICs, val-
ues for inhibition were 1 and 10 uMm, respectively. Calphos-
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Figure 1. Inhibition of FC-induced proton extrusion by kinase inhib-
itors. Oat coleoptiles were preincubated for 30 min with calphostin
C (@) or chelerythrine (A), and then FC was added (1 um). In control
experiments, the inhibitors had no effect on acidification, which was
approximately 0.4 umol of H™ per assay. Results are the means * sp
of two experiments.

tin C or chelerythrine alone (controls without FC) had no
effect on the proton extrusion. Note that under these con-
trol conditions H" extrusion was approximately 0.4 pmol
of H* per assay, irrespective of the amount of inhibitor
present.

Effect of Kinase Inhibitors on PM Kinase Activity

Since calphostin C and chelerythrine are known PKC
inhibitors, we used a PKC assay kit with a fluorescently
labeled peptide as substrate to study kinase activity in the
PM. The phosphorylation motif in this peptide (PLSRTLS-
VAAK; motif is underlined) is identical with the motif in
syntide-2 (PLARTLSVAGLPGKK), a peptide preferentially
phosphorylated by CDPK (Harmon et al.,, 1994). Phosphor-
ylation of the peptide by purified oat root PM increased
linearly in the range from 0 to 0.5 ug of PM (Fig. 2, inset).
Therefore, in all further experiments 0.25 ug of PM protein
was used to ensure that the amount of peptide was not
limiting. Clearly, the oat root PM contains kinase(s) capable
of phosphorylating the synthetic peptide. To investigate
whether the kinase(s) responsible for phosphorylation of
the peptide is the same as that involved in the FC signaling,
we measured the kinase activity in the presence of calphos-
tin C and chelerythrine (Fig. 2). Both inhibitors effectively
inhibited the kinase activity with IC,, values of 0.7 and 30
uM, respectively. Also, staurosporine (concentration 1078~
107° M) reduced the kinase activity, but H-7 (concentration
1078-10* M) was ineffective (data not shown). The fact
that no residual kinase activity was left at higher calphostin
C and chelerythrine concentrations (Fig. 2) suggests that
the peptide is specifically phosphorylated by one class of
kinase(s) with PKC- and CDPK-like properties.

Calcium Dependency of the Kinase Activity

Both CDPK and PKC enzymes are stimulated by cytoso-
lic Ca®", and also the kinase responsible for the phosphor-
ylation of peptide I was clearly Ca®* dependent; half-
maximal stimulation was reached at 1077 m Ca®* (Fig. 3A).
To test the idea that FC modulation of the calcium depen-
dency of the kinase might be responsible for the FC mod-
ulation of the H*-ATPase after in vivo treatment of the
roots (Lanfermeijer and Prins, 1994) Ca®* dependency of
kinase activity of the latter roots was studied as well.
However, the calcium dependency of the kinase was un-
changed after in vivo FC treatment (Fig. 3A).

If the kinase has an intrinsic calmodulin domain like
CDPK-type kinases, one might expect an inhibitory effect
of calmodulin antagonists. At 1073 M, the calmodulin an-
tagonist trifluoperazine reduced the kinase activity by 50%,
and a series of prenylamine derivatives, synthesized for
calmodulin inhibition (Caldirola, 1992), inhibited up to
60% of the kinase activity at 107* M (data not shown).
These assays were done in the presence of high calcium.
The concentration of trifluoperazine necessary to inhibit
50% of the kinase activity is higher than reported by others
for CDPKs (Abo-El-Saad and Wu, 1995), which may be due
to the different substrates used.

Kinase Activity Is Modulated by cis-Unsaturated Free
Fatty Acids

The PM H*-ATPase is modulated by free fatty acids in
such a way that the pH optimum of the enzyme shifts to
more alkaline values, the K, decreases, and the V__ _in-

creases (Palmgren et al., 1988). The FC-modulated H™-
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Figure 2. Inhibition of oat root PM protein kinase activity by cal-
phostin C (@) and chelerythrine (A). PM vesicles were preincubated
with calphostin C or chelerythrine for 10 min in standard protein
kinase assay buffer containing 0.2 mg/mL arachidonic acid as acti-
vator. Results are the means * sp of two experiments. The inset
shows the percentage of phosphorylated peptide 1 (phosph.; total
amount 1.2 nmol) in dependence of the amount of PM protein added
to the assay. prot, Protein; P, Pi.
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Figure 3. A, Kinase activity in PM vesicles from roots pretreated
without FC (A) and with FC (@) in dependence of the free Ca®™
concentration in the assay. Results are the means * sp of three
experiments. B, Kinase activity in PM vesicles in dependence of the
free Ca?™ concentration in the assay. The assay was done in the
absence (@) and presence of arachidonic acid (4A), 0.2 mg/mL.
Results are the means =+ sD of three experiments. prot, Protein; P, Pi.
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ATPase shows similar characteristics (Lanfermeijer and
Prins, 1994). Palmgren et al. (1988) and Johansson et al.
(1993) hypothesized that these changes in pump kinetics
might be the result of (de)phosphorylation. Furthermore,
CDPKs have been shown to be stimulated by fatty acids
(Klucis and Polya, 1987; Lucantoni and Polya, 1987). There-
fore, we tested the effects of free fatty acids and other lipids
on the PM kinase activity under conditions of low and high
calcium concentrations. Saturated fatty acids (myristic,
palmitic, and stearic acids) had no effect, but all of the
cis-unsaturated fatty acids tested (oleic, linoleic, linolenic,
and arachidonic acids) stimulated the kinase activity up to
10-fold in the presence of 10 um Ca®* (Fig. 4A). PS and
PMA, activators of PKC, were not effective; nor were the

Plant Physiol. Vol. 111, 1996

lipids PA, PE, PC, or MJA, a derivative of linolenic acid
(Fig. 4A). Also, the addition of FC to the assay did not
significantly change the kinase activity. In the presence of
high Ca** (1.3 mm), the stimulatory effect of the cis-
unsaturated fatty acids is smaller (linoleic, linolenic, and
arachidonic acids) or absent (oleic acid) (Fig. 4B).

Activators of PKC, like diacylglycerol and PMA, dramat-
ically increase the affinity of the kinase for Ca**, thereby
making the kinase Ca®" independent (Nishizuka, 1986).
Figure 3B shows that the same may hold true for the kinase
that phosphorylates peptide I, since the Ca®* dependency
of the kinase is strongly reduced in the presence of arachi-
donic acid.

Kinase Association with FCBP

CDPK and PKC antibodies showed cross-reactivity with
a number of bands in oat root PM on western blot (Fig. 5A).
The CDPK antibody cross-reacts with three bands with
apparent molecular masses of 67, 54, and 43 kD, and two of
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Figure 4. Effects of fatty acids, lipids, and signal transduction re-
agents on protein kinase activity in oat root PM vesicles. A, Kinase
activity measured with 10 um free Ca2” in the assay medium. B,
Kinase activity in the presence of high Ca®>* concentration (standard
conditions, 1.3 mm Ca?*). The kinase activity was assayed with the
addition of 0.2 mg/mL fatty acid or lipid (final concentration). MJA,
400 uMm; PMA, 100 pm; FC, 10 um. The results are the means * sp of
two assays, except for linoleic acid, arachidonic acid, PS, FC, and the
water control, which are the means *+ sp of three to four assays.
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these bands (67 and 54 kD) are recognized by the PKC
antibody as well. The 54- and 43-kD bands may be break-
down products, since it is known that CDPKs are readily
degraded (Roberts and Harmon, 1992). In a fraction highly
enriched in FCBP (Korthout and De Boer, 1994), the 43-kD
band cross-reacting with the CDPK antibody was still
present (Fig. 5A, lane 3); no cross-reactivity with the PKC
antibody was observed (the 31-kD band is due to incom-
plete stripping of the 14-3-3 antibody; lane 5). This co-
purification of the 43-kD band and the two FCBP subunits
is no proof that the two proteins are physically associated.
Therefore, we also tested FCBP fractions purified with the
FC-biotin/avidin method (Korthout and De Boer, 1994) for
the presence of bands cross-reacting with CDPK antibod-
ies. Also, in this highly pure FCBP fraction, a 43-kD band
was visible, although it was very faint (data not shown).
It should be noted that FCBP affinity purified with FC-
biotin is activated and the activated state may not be fa-
vorable for association of the receptor with other proteins.
Therefore, we used a different approach as described by
Mochly-Rosen et al. (1991). These authors demonstrated
that a synthetic peptide with sequence homology to the
so-called annexin-like domain present in 14-3-3 proteins
can bind to PKC in an overlay assay. This annexin-like
14-3-3 domain is also conserved in plant 14-3-3 isoforms,
and one peptide sequenced from the 31-kD FCBP subunit
was in the middle of this motif (Korthout and De Boer,
1994). We synthesized the full-length peptide according to
the barley 14-3-3 gene (Brandt et al., 1992) and added a
biotin group to the N-terminal end: biotin-G-D-Y-H-R-Y-
L-A-E-F-K-T-G-Q-E (peptide II). In an overlay assay, pep-
tide II recognized a 43-kD band on a blot with renatured
PM proteins (Fig. 5B). The assay with the peptide was done
in the presence and absence of zinc ions, since all kinases

known to associate with 14-3-3 proteins contain a zinc
finger-like domain (Aitken, 1995). Recognition in the plus-
zinc lane was slightly stronger than in the minus-zinc lane.

Effect of cis-Unsaturated Free Fatty Acids upon
[*HIFC Binding

If the kinase under investigation and the FCBP form one
complex under certain conditions, then kinase activation
by fatty acids might also affect the binding of [PH]FC.
Indeed, the cis-unsaturated fatty acids tested (oleic, lino-
leic, and arachidonic acids) almost fully inhibited the bind-
ing with ICs, values of approximately 30 um (Fig. 6). This
inhibitory effect is specific for the cis-unsaturated fatty
acids, since saturated fatty acids have no effect on FC
binding (Aducci et al., 1993). It is interesting that when PM
vesicles were preincubated for 30 min with calphostin C (in
a buffer containing 0.005% Triton X-100) [*H]JFC binding
was inhibited by 40% at 10™° m calphostin C (Fig. 6, inset).
Other kinase inhibitors (staurosporine, H7, and ML-7)
tested under identical conditions did not affect the binding
of [PH]FC (data not shown).

DISCUSSION

Results reported in this paper provide direct evidence for
the involvement of a downstream protein kinase in the
FC-signaling pathway. This finding fits very well with
the mounting evidence that the direct target enzyme of FC,
the H"-ATPase, is controlled in its activity by phosphory-
lation/dephosphorylation (Vera-Estrella et al., 1994). More
surprising was the observation that, among the kinase
inhibitors tested, calphostin C and chelerythrine, known as
typical PKC inhibitors (Kobayashi et al., 1989; Herbert et
al,, 1990), were most effective in blocking the in vivo FC
response. Very recently, it was shown that calphostin C
does inhibit the phosphorylation of the H*-ATPase (E.
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Figure 6. Inhibition of [*H]FC binding to PM vesicles by cis-
unsaturated fatty acids. B, Arachidonic acid; A, oleic acid; and @,
linoleic acid. Nonspecific binding was not corrected for. Inset shows
the inhibitory effect of calphostin C (calph. C) on [*H]FC binding.
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Blumwald, personal communication), thus corroborating
our conclusion that a calphostin C-sensitive kinase medi-
ates the signal from the FC receptor to the H* pump.

Based on the in vivo effect of the two kinase inhibitors
and on the reports that a kinase of the CDPK-type phos-
phorylates the H* pump (Schaller and Sussman, 1988), we
choose for the in vitro kinase assay the syntide-2-like pep-
tide I as a substrate. This peptide has a phosphorylation
motif that can serve as a substrate for both PKC and CDPK.
The specificity of this substrate for the kinase present in oat
root PM is apparently very good, as can be judged from the
complete inhibition of kinase activity by both calphostin C
and chelerythrine (IC;, values of 0.6 and 15 um respective-
ly). It seems very likely that the kinase has some structural
similarity to kinase C proteins because the two inhibitors
act at different domains of PKC: calphostin C at the regu-
latory domain and chelerythrine at the catalytic domain.
In the regulatory domain, calphostin C inhibits PMA
binding to PKC, since it interacts with the Cys-rich zinc-
binding domain (Rotenberg et al., 1995), where PMA
binds (Gschwendt et al., 1991).

However, a significant difference between the kinase
characterized here and most kinase C isoforms is the
absence of a stimulatory effect of PS and PMA. On the
other hand, the stimulatory effect that cis-unsaturated
fatty acids have on this kinase (Fig. 4) is shared by one
PKC isoform, namely PKC ¢ (Nakanishi and Exton,
1992). Stimulation of calcium-dependent kinase activity
in plants by cis-unsaturated fatty acids has been reported
(Klucis and Polya, 1987; Lucantoni and Polya, 1987), but
on purified CDPKs, thus far no clear relationship be-
tween the nature of the fatty acid and its effect has been
established (Roberts and Harmon, 1992). A unique fea-
ture of CDPKs is the intrinsic calmodulin domain; the
fact that up to 60% inhibition of the kinase activity was
inhibited by calmodulin inhibitors (prenylamine deriva-
tives) in the presence of arachidonic acid and calcium
(data not shown) indicates the involvement of calmodu-
lin in the regulation of the activity of this kinase. These
data suggest that the kinase is a hybrid with features of
both kinase C proteins and CDPKs.

These hybrid features are confirmed by the cross-reactivity
of CDPK and PKC antibodies with PM proteins: anti-CDPK
recognized 67-, 55-, and 43-kD bands, whereas anti-PKC rec-
ognized bands with apparent molecular masses of 67 and 55
kD (Fig. 6). CDPKs are known to be readily subject to prote-
olysis (Roberts and Harmon 1992), and it may well be that the
55- and 43-kD bands are proteolytic products of the 67-kD
band. If so, then the 43-kD band does not contain the epitope
recognized by the PKC antibody. Based on the fact that the
CDPK antibody does recognize an epitope in the catalytic
domain of the CDPK protein (Professor A.C. Harmon, per-
sonal communication), the 43-kD band should have kinase
activity. This was confirmed by gel-filtration experiments
showing kinase activity in fractions collected at approxi-
mately 40 kD (data not shown).

An emerging theme in the function of 14-3-3 proteins
(the class of proteins to which the FC receptor belongs) is
the regulation of different kinds of kinases through a direct
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association (Aitken, 1995). What is the evidence, if any, for
a direct association between the kinase characterized in this
paper and the FCBP? First, the 43-kD band cross-reacting
with the CDPK antibody is still present in a solubilized PM
fraction highly enriched in FCBP (Fig. 5A). It is also
present, although very faint, in an FCBP fraction purified
by means of the ligand FC-biotin (Korthout and De Boer,
1994). Further evidence comes from the use of the annexin-
like peptide (Fig. 5B). The recognition by this peptide of a
43-kD band is in line with the observations described above.
It is also in line with the results described by Mochly-Rosen et
al. (1991), showing that an annexin-like peptide from mam-
malian 14-3-3 does bind to kinase C isoforms.

All mammalian kinases, known to associate with 14-3-3
(Raf, PKC, and Ber kinase), contain a so-called zinc-finger
domain (Aitken, 1995). This is a domain where a zinc ion is
involved in the coordination of the position of Cys and/or
His residues. In three CDPK sequences (SK5, Harper et al.,
1991; AK1, Harper et al., 1993; ATCDPK?2, Urao et al., 1994),
we discovered a putative zinc-finger domain, consisting of
three His residues and one Cys residue: H-X;-H-X, -H-
X5-C. Although this motif is unusual, it has been shown
that three His residues can bind zinc (Mozier et al., 1991).
We are currently investigating whether zinc ions are im-
portant for the functioning of the kinase. A first indication
may come from the observation that Zn®* strongly inhibits
the kinase activity with an ICy, of 30 uM (data not shown).
A comparable inhibitory effect of Zn?* on the activity of
PKC in the presence of high Ca®" has been described by
Murakami et al. (1987). Also, the fact that calphostin C
interacts with the Cys-rich zinc-binding domain in PKC
(Rotenberg et al., 1995) favors the presence of a comparable
domain in the kinase described here.

The effect of the cis-unsaturated fatty acids on both the
enzymatic activity of the kinase and the binding activity
of the FCBP is remarkable. It becomes even more intrigu-
ing in light of the report by Zupan et al. (1992), who
assigned PLA, activity to 14-3-3 from sheep platelets.
The recombinant and purified 14-3-3 protein did not
release fatty acids but formed an acyl enzyme interme-
diate with arachidonic acid. According to Zupan et al.
(1992), a cofactor necessary for the release of the inter-
mediate was lacking in the recombinant sample. If this
were true for our 14-3-3 receptor, then the following
working model accommodates our observations: (a) un-
der native conditions, the FCBP has or controls PLA,
activity, and this activity is stimulated by binding of FC;
(b) upon binding of FC to the receptor, free fatty acid is
released (if the cofactor is present), and the fatty acid
binds to the kinase associated with the 14-3-3 protein;
and (c) fatty acid induces dissociation of the 14-3-3 re-
ceptor and kinase, activates the kinase (Fig. 4), and re-
duces the receptor affinity for FC.

The fact that we did not observe an effect of FC on kinase
activity in vitro could be due to (a) a missing cofactor
necessary for the release of fatty acid or (b) the lack of a
suitable substrate. The hypothesis that the FC 14-3-3 recep-
tor protein has intrinsic PLA, activity or controls the activ-
ity of a PLA, enzyme is currently under investigation.
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