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Expression of a Lipid Transfer Protein in Escherichia coli and Its Phos-
phorylation by a Membrane-Bound Calcium-Dependent Protein Kinase
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Abstract: Ha-AP10 is a basic antifungal peptide from sunflower seeds (Helianthus annuus antifungal peptide of 10 kDa)
belonging to the family of plant lipid transfer proteins. We report here its expression in E. coli [Glutathione S-transferase
(GST) system] and its phosphorylation by endogenous membrane-bound calcium-dependent protein kinases.
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INTRODUCTION

Plant lipid-transfer proteins (LTPs) are small (91 to 95
residues), basic polypeptides that were first characterized in
potato in the mid-1970s [1]. They share several structural
features, the most striking being eight strictly conserved cys-
teine residues engaged in four disulfide bridges [2]. Cellular
localization of LTPs is complex, although the great majori-
tyes are localized extracellularly, there are some intracellular
LTPs. For example the intracellular LTP in Vigna unguicu-
lata seeds are localized in protein storage vacuoles and in
lipid-containing vesicles [3] as well as the LTP localized in
the glyoxysome matrix of castor been cotyledon cells [4].
Despite efforts of numerous research groups, the role of
these proteins is still a matter of debate. Based on experi-
mental results, several hypotheses have been suggested. The
in vitro lipid transfer capacity shown by Kader [1] suggested
that these proteins were involved in the intracellular traffic of
phospholipids. However, the extracellular location of the
majority of the LTPs and the fact that all the sequences
known to date exhibit a secretion signal in the N-terminal
part of the peptide seem to rule out such a role for LTPs.
Several results suggested a role for LTPs in plant defense
mechanisms; however LTPs have been implicated in many
other functions in plants [2]. Initially, the defense function
for LTPs was proposed taking into account the ability of
certain members of this family to inhibit the growth of fun-
gal and bacterial pathogens in vitro [5,6] but this role has
further been supported by other experimental evidence. First,
their expression patterns and apoplastic localization are con-
sistent with a defense role [2]. Secondly, transgenic Arabi-
dopsis and tobacco plants with constitutive overexpression of
an antimicrobial LTP gene displayed a reduction in the
symptoms caused by the bacterial pathogen Pseudomonas
syringae [7]. These observations suggest that at least certain
LTPs may control the growth of microbial pathogens. How-
ever, two recent reports have demonstrated the possible exis-
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tence of novel roles for LTPs in plant defense. Particularly, it
has been reported that LTPs from wheat [8] and tobacco [9]
bind to a plant receptor involved in the control of defense
responses (the elicitin receptor) and it has been postulated
that LTPs may be involved in the signaling pathways leading
to the hypersensitive response triggered by elicitins [8, 9]. In
addition, an LTP-like gene from Arabidopsis is involved in
the production/transmission of the mobile signal in the sys-
temic acquired resistance response [10]. Taking into account
these reports, LTPs could act either as antimicrobial proteins
of direct effect or as signaling molecules.

LTPs have been reported to be substrates for calcium-
dependent protein kinases (CDPKSs) in vitro. LTPs isolated
from wheat [11,12], barley [11] and petunia [13] are phos-
phorylated by a calcium-dependent protein kinase (CDPK)
isolated from wheat embryos. These works describe the
CDPK-catalyzed phosphorylation sites on LTPs. However
there is no evidence that LTPs are phosphorylated in vivo. In
addition, the physiological relevance and the functional con-
sequences of phosphorylation of LTPs are actually unknown.

Ca?*-dependent protein kinases (CDPKSs), which are only
found in plants, green algae, and certain protists, play impor-
tant roles regulating downstream components of calcium
signaling. The basic structural features of CDPKs are con-
served. Within a single polypeptide chain, these kinases con-
tain three functional domains: catalytic, autoinhibitory, and
calcium binding [14-17]. CDPKs exhibit diverse subcellular
localization patterns, suggesting that they participate in a
wide variety of signaling pathways. CDPKs have been local-
ized in the cytosol, nucleus [18], cytoskeleton [18,19], oil
bodies of endosperm cells [20], endoplasmic reticulum
[18,21], plasma membrane [18,22-24], and peroxisomes
[18]. A subset of these kinases contains a src homology do-
main (SH4) at the N-terminal portion of the molecule that
targets them to the membrane fraction through lipid modifi-
cations [25].

We previously isolated and characterized a basic antifun-
gal peptide, Ha-AP10 (Helianthus annuus antifungal peptide
of 10 kDa), belonging to the family of plant LTPs [26]. Mo-
lecular characterization of its cDNA clone [27] shows that it
is homologous to Itp4 from Arabidopsis thaliana [28] and
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presents a signal peptide that directs it to the secretory path-
way. We have shown that Ha-AP10 behaves as a typical
antimicrobial peptide demonstrating its ability to induce the
permeabilization of fungal spores [29]. This was the first
demonstration of fungal membrane damage by an LTP, giv-
ing a clue to elucidate the basis of its antimicrobial proper-
ties.

This work describes the recombinant expression of Ha-
AP10. In addition, the present paper reports the phosphoryla-
tion of Ha-AP10 by a membrane-bound calcium-dependent
protein Kinase.

MATERIALS AND METHODS
Plant Material

Seeds (Helianthus annuus line PSC8) were provided by
ADVANTA SEMILLAS, Centro Biotecnoldgico Balcarce,
Argentina. Sunflower seeds were imbibed in sterile water
during 16 hours at 25 °C in the dark to trigger the germina-
tion process.

GST-Ha-AP10 Fusion Protein Expression and Purifica-
tion

For the production of the sunflower LTP Ha-AP10, an
inducible expression system using the expression vector
pGEX was chosen. PCR mutagenesis of the plasmid pGEM-
T-Ha-AP10 [27] was used both to delete the sequence encod-
ing this signal peptide, and to introduce restriction enzyme
recognition sites to allow the sequence encoding the Ha-
AP10 mature to be cloned into the chosen expression vector.
Plasmid pGEM-T-Ha-AP10 was used as template in PCR
reactions in the presence of the following primers: LTP-6
(5’-CGCGGATCCATTACTTGCAATGATG-3’) primer
containing BamHI site (in underscore) and LTP-8 (5'-
CGCGAATTCTCAAGGAATGGTGTTACAG-3")  primer
containing EcoR1 site (in underscore) to amplify mature Ha-
AP10. The amplified PCR product was cloned into
BamH1/EcoR1 sites of pGEX-4T-3 pLysS (Amersham
Pharmacia). The resulting recombinant vector (pGEX-Ha-
AP10) was sequenced to verify that no mutation had been
introduced within the coding sequence of the Ha-AP10 dur-
ing amplification or cloning. Then the expression vector
pGEX-Ha-AP10 was introduced into E. coli BL21 (DE3)
strain. Bacteria containing the recombinant expression vector
was grown at 37 °C in 2X YTA medium supplemented with
100 pg/mL ampicillin until ODggo 0.8 . The bacteria were
induced by addition of 0.1 or 0.5 mM IPTG to the culture
medium. After different times cells were harvested by cen-
trifugation 20 min at 7 700 g and resuspended in lysis buffer
(PBS 1X containing a protease inhibitors mix: 140 uM pep-
statin A, 210 uM leupeptin, 140 uM antipain, 280 uM bes-
tatin, 25 mM EDTA, 50 uM PMSF). The E. coli cells were
sonicated in portions of 10 mL for 5 pulses of 30 s at 60 W
output with the broad tip of a High Intensity Ultrasonic
Processor. To solubilize 1 % Triton 100X was added and
shaken for 30 min at 4 °C. The suspension was centrifuged at
12 000 g for 10 min at 4 °C to separate the insoluble material
from the soluble fraction. The pellet, containing the inclusion
bodies, was resolubilized by gentle shaking using 6 M urea.

Purification of the glutathione S-transferase fusion pro-
tein was carried out according to protocols supplied by the
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manufacturer, using a glutathione Sepharose matrix (Amer-
sham Pharmacia). Protein preparations were analyzed for
purity and correct size on SDS-PAGE following the manu-
facturer’s procedures and visualized by Coomassie Blue
staining.

Protein concentration was determined by the bicinchon-
inic acid assay with BSA as standard and according to the
manufacturer’s instruction (Sigma).

Preparation of Homogenates of CDPKs from Soluble and
Microsomal Membrane Fractions

All procedures were performed at 4 °C. Germinating
seeds (0.5-2 g) imbibed for 16 h were homogenized in three
volumes of extraction buffer (50 mM Tris-HCI pH 7.5, 2
mM DTT, 0,1 mM EDTA, 5 mM NaF, 1 mM Na,VO,, 20
mM B-glycerophosphate and protease inhibitors) and ex-
tracted for 10 min at 4 °C. The extracts were filtered through
cheesecloth and centrifuged twice at 10 000 g for 10 min to
remove cell debris. The homogenate was centrifuged at
100 000 g for 1 h obtaining a soluble fraction (kept for pro-
tein kinase activity assays) and the pellet. The pellet was
washed in extraction buffer and the microsomal membrane
fraction was obtained by resuspending the pellet during one
hour at 4 °C in the same buffer containing 1 % (v/v) Nonidet
P40.

In Silico Analysis of Potential Phosphorylation Sites on
Ha-AP10

Complete sequences of the sunflower Ha-AP10 was
aligned with homologous sequences of the phosphorylable
LTPs from wheat (WPB1A and WBP1B [11, 12]), barley
(LTP1 [12]), petunia (PET1 and PET2 [13]) and the consen-
sus sequence for LTPs by using Clustal format for T-Coffee
Version 1.41 [39].

Phosphorylation of Ha-AP10 In Vitro Using Pull Down
Assays

GST or GST-HaAP10 from the fraction purified from the
E. coli culture supernatant bound to glutathione-Sepharose
beads (approximately 5 ug) were used as substrate. Aliquots
of 20 uL (containing 80 ug of soluble proteins or 20 ug of
membrane proteins, see above) were assayed in a final vol-
ume of 40 uL of reaction mixture containing: 50 mM Tris-
HCI pH 7.5, 1 mM DTT, 10 mM MgCl,, 10 uM ATP, 5 uCi
[y-**P]ATP (6000 Ci.mmol™, NEN Dupont), 5 mM NaF, 1
mM Na,VO,, 20 mM B-glycerophosphate, protease inhibi-
tors (140 uM pepstatin A, 210 uM leupeptin, 140 uM anti-
pain, 280 uM bestatin, 25 mM EDTA, 50 uM PMSF) and
CaCl, or EGTA at the indicated concentration. Reactions
were incubated with gentle shaking for 15 min at room tem-
perature and stopped by adding EDTA to a final concentra-
tion of 25 mM. The glutathione-Sepharose beads were pel-
leted and washed three times with PBS buffer containing
protein phosphatases inhibitors (5 mM NaF, 1 mM Na,VOy,,
20 mM B-glycerophosphate) and proteases inhibitors (140
UM pepstatin A, 210 uM leupeptin, 140 uM antipain, 280
UM bestatin, 50 uM PMSF). GST and GST-Ha-AP10 pro-
teins were eluted from the matrix by boiling in SDS-PAGE
loading buffer fractionated by SDS-PAGE and stained by
Coomassie Brilliant Blue R250. The stained gel was dried
and autoradiographed.
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Protein Gel Blot Analysis

Aliquots of homogenates, soluble and membrane frac-
tions were resolved in 15 % SDS-PAGE and electroblotted
onto nitrocellulose membranes. Molecular weight markers
were identified by staining the membrane with Red Ponceau
S [30]. We used a primary antibody against the Ha-AP10
protein (dilution 1:8000) [26]. The LTP was visualized after
incubation with a secondary antibody using the 5-bromo-4-
chloro-3-indolyl-phosphate/nitroblue tetrazolium substrate
system according to the manufacturer’s directions (Sigma).

RESULTS AND DISCUSSION
Production of the Recombinant GST-Ha-AP10 Protein

The heterologous production of LTPs in prokaryotic and
eukaryotic systems has previously been reported [31-34]. In
this regard, a soluble wheat LTP has been produced in cyto-
plasm of E. coli fused to maltose binding protein (MBP).
However, the purification yield was low and the purified
protein was found to be degraded after the cleavage by the
factor Xa [31]. When produced as an unfused protein with
the pET expression system the wheat LTP accumulated in
inclusion bodies [34]. The existence of four disulfide bridges
in LTPs could be responsible for the improper folding of the
wheat LTP in E. coli. The use of eukaryotic system such as
P. pastoris was used to overcome this problem. However the
LTP was improperly processed and the protein carried three
extra amino acids [33].

Taken into account these evidences, we choose the glu-
tathione S-transferase (GST) gene fusion system for the pro-
duction of the sunflower LTP Ha-AP10. The system is based
on inducible high-level expression of genes as fusion with
GST. This expression system has important advantages: 1)
Simple and fast purification, fusion proteins could be rapidly
purified by affinity in a single chromatographic step; 2)
Avoid toxicity of the recombinant protein. This is an induc-
ible system, and this characteristic prevented problems due
to possible toxicity of the recombinant protein when expres-
sion is not tightly controlled within E. coli cells; 3) Improve
solubility of the recombinant protein; and 4) GST-fusion
proteins can be used as a vehicle to determine the crystal
structures of the attached small peptides [35].

The construction of the expression vector carrying the
sequence encoding Ha-AP10 was realized as described in
Materials and Methods. The resulting plasmid, pGEX-Ha-
AP10, was used to transform E. coli BL21 (DE3). Expres-
sion conditions were optimized by using different inductor
(IPTG) concentrations (0.1 and 0.5 mM) during different
times of induction (0, 1, 3 and 16 hours). Bacterial pellets
were harvested, disrupted directly in the gel loading buffer
and the proteins were analyzed by SDS-PAGE. After the
Coomassie staining of the gel, the accumulation of a poly-
peptide with the expected electrophoretic mobility for the
fusion protein (39 kDa) was detected in induced bacteria
carrying the pGEX-Ha-AP10 plasmid (+IPTG) but was ab-
sent from uninduced control (-IPTG) bacteria (Fig. 1A). We
found both IPTG concentrations tested to be equally effec-
tive for the induction of the 39 kDa protein so, for further
assays the lowest concentration of IPTG (0.1 mM) was cho-
sen. The expression of GST-Ha-AP10 increased during the
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time of induction reaching the highest levels at 16 hours
(Fig. 1A).

In addition to the 39 kDa protein, peptides with an esti-
mated molecular weight between 24 and 37 kDa were also
detected upon induction. In order to avoid the presence of
these peptides culture conditions were optimized. The rela-
tive proportions of these peptides increased with the time of
induction (Fig. 1A). Moreover, the addition of protease in-
hibitors just before disrupting cells was unable to avoid the
presence of these peptides (data not shown) suggesting they
are not a result of protein degradation and probably they
could be abortive peptides. There are evidences that bacterial
systems could not recognize efficiently codons more regu-
larly used by the eukaryote translational machinery produc-
ing delays and interrupting protein synthesis.

In conclusion, the best condition to obtain a high produc-
tion of fusion protein with the lowest amount of low molecu-
lar weight peptides (24-37 kDa) was 0.1 mM IPTG and one
hour of induction (Fig. 1A).

A protein of the expected molecular mass for GST (29
kDa) was detected in lysates of cells transformed with plas-
mid pGEX as a control (Fig. 1A). In addition, a higher pro-
duction of GST than GST-Ha-AP10 was obtained.

It is known that recombinant proteins overproduced in
bacteria often form inclusion bodies to store insoluble pro-
teins. To determine the solubility of the recombinant protein
GST-Ha-AP10, the lysates obtained from induced bacterial
culture were centrifuged to separate soluble from insoluble
proteins. The resulting supernatant and pellet were analyzed
by SDS-PAGE. As seen in Fig. 1B, a relatively high amount
of the recombinant GST-Ha-AP10 fusion protein was in
soluble form (70 % by densitometric analysis), while some
amount of the fusion protein was also found in inclusion
body. As Ha-AP10 is a low-molecular-mass cystein-rich
protein the production of a fusion with GST probably im-
proved its solubility. The GST control was also detected
mainly in the soluble fraction (Fig. 1B).

Purification of the GST-Ha-AP10 fusion protein was
carried out using a glutathione-Sepharose chromatography.
To control the homogeneity of the eluted fraction and to con-
firm its identity, the purified protein was analyzed by SDS-
PAGE (Fig. 2A) and protein gel blotting followed by immu-
nodetection with antiserum against Ha-AP210 isolated from
sunflower seeds (Fig. 2B). The purified fusion protein
showed one clear band of the expected molecular mass (39
kDa) and additional bands of lower intensity corresponding
to peptides of 24-37 kDa in SDS-PAGE. A GST-sized (29
kDa) protein consistent with that encoded by the parent vec-
tor without the insert was purified as a control (Fig. 2A).
Antibodies developed against Ha-AP10 purified from sun-
flower seeds recognized specifically the GST-Ha-AP10 fu-
sion protein, while the control GST and polypeptides of 24
and 37 kDa were not immunodetected (Fig. 2B right panel).
As a control of protein transference the nitrocellulose mem-
brane was stained with Red Ponceau (Fig. 2B left panel).

A sufficient quantity of recombinant GST-Ha-AP10
(13.72 mg.L™ bacterial culture) was obtained for biochemi-
cal and functional studies. A similar production was obtained
for awheat LTP [31].
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Figure 1. Expression of the recombinant GST-Ha-AP10 protein. E. coli containing the plasmid pGST-Ha-AP10 (GST-Ha-AP10) and the
empty plasmid (GST control) were cultivated at 37 °C and when the growth OD600 reached 0.8, IPTG (0.1 and 0.5 mM) was added and cul-
tivation continued for 1, 3 and 16 h. Bacterial pellets were harvested and disrupted directly in the gel loading buffer. A) Coomassie-stained
SDS-PAGE from uninduced control cell lysate (-IPTG) and IPTG induced cell lysates (+IPTG). B) Total cell lysates induced with 0.1 mM
IPTG 1h (+IPTG) and uninduced control lysate (-IPTG) were centrifuged (12 000 g, 10 min, 4°C) yielding a soluble fraction and an insoluble
pellet. Soluble fraction (S) and pellet solubilized with 6M urea (P) were analyzed by SDS-PAGE stained with Coomassie blue. The arrows
indicate the GST control protein and the GST-Ha-AP10 protein. MWM: Molecular weight markers.
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Figure 2. Purification and immunoblot analysis of the recombinant GST-Ha-AP10 protein. A) SDS-PAGE analysis stained with Coomassie
blue of the total cell lysate (T) and the purified fraction (P) for the recombinant GST-HaAP10 and the GST control. t0: uninduced cell lysate.
MWM: Molecular weight markers. B) Immunodetection of the purified recombinant GST-Ha-AP10 and the purified GST control after the
incubation with an antiserum raised against sunflower Ha-AP10 (right panel). Proteins stained with red ponceau (left panel). The arrows indi-
cate the GST control protein and the recombinant GST-Ha-AP10.
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In Silico Analysis of Potential Phosphorylation Sites in
Ha-AP10

To evaluate the presence of a potential phosphorylation
site on Ha-AP10, we have looked for phosphorylation site
motif found for synthetic peptides substrates of plant CDPKs
(Basic-X-X-Ser/Thr) [36] and phosphorylation sites deter-
mined for LTPs: wheat WBP1A/B LAPCIS"YAMGR and
KQQASGI/MGGIK [12]; barley LTP1 PCLTYY [11];
petunia Petl SQAS™TTP and Pet 2 GLPS"'TCG [13]. As
was reported for others LTPs [11-13], the Basic-X-X-
Ser/Thr motif found with many synthetic peptide substrates
and various protein substrates of plant CDPKs is absent on
Ha-AP10 sequence. An alignment of amino acid sequences
of LTPs known to be phosphorylated and Ha-AP10 was per-
formed (Fig. 3). Wheat WBPs and barley LTP1 are both
phosphorylated on Ser and Thr respectively, within homolo-
gous sequences, while petunia PET1 and PET2 are both
phosphorylated on Ser residues within non-homologous se-
quence. Phosphorylable Ser/Thr on the LTPs is replaced by
P, A, R, Q, K or G residues in other LTPs, including Ha-
AP10. Hence, we could not identify a potential phosphoryla-
tion site motif on Ha-AP10 sequence. However, the absence
of phosphorylation site motifs homologous to those identi-
fied in others LTPs does not rule out the possibility that Ha-
AP10 could be phosphorylated in vivo. In that sense, it is
interesting to mention the presence of non-homologous
phosphorylation sites in this family of proteins (Fig. 3).
Moreover, the analysis of Ha-AP10 with predictors of phos-
phorylation sites (Phosphobase and NetPhos) showed the
presence of potential phosphorylation sites for others protein
kinases (casein kinase I, casein kinase Il and protein kinase
A).

In Vitro Ha-AP10 Phosphorylation

To examine whether the Ha-AP10 protein is phosphory-
lated by protein kinases present in sunflower seeds pull down
assays were performed. The GST-Ha-AP10 fusion protein
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from the fraction purified from the E. coli culture super-
natant bound to glutathione-Sepharose beads was incubated
with [y*>P]-ATP and seed extracts as a source of enzyme.
The protein was pelleted and eluted by boiling in SDS-
PAGE and then autoradiographed. Parallel incubations using
GST beads as substrate were also performed to analyze the
specificity of the assay. GST-Ha-AP10 was effectively
phosphorylated as demonstrated by the visualization of a
strong band of phosphorylated protein of 39 kDa (Fig. 4).
However, the control using GST as substrate was also phos-
phorylated suggesting the presence of protein kinases able to
phosphorylate GST protein in homogenates of sunflower
seeds. Pull down assays using unbound glutathione-
Sepharose beads showed the absence of phosphoproteins
bound non-specifically (Fig. 4). The addition of an excess of
free GST protein to the GST-HaAP10 pull down assay re-
duced but not eliminated fusion protein phosphorylation
suggesting that both proteins, GST and Ha-AP10, were
phosphorylated (Fig. 4). Taken into account these evidences,
this assay condition can not be used to study Ha-AP10 phos-
phorylation.

Ha-AP10 is Phosphorylated by Membrane-Bound Pro-
tein Kinases Present in Sunflower Seeds

In an effort to distinguish the sources of phosphorylation
of the GST and Ha-AP10 moieties, sunflower homogenates
were fractionated in a soluble and a microsomal membrane
fraction for further use in pull down phosphorylation assays.
Membranes were solubilized with a buffer containing 1%
(v/v) Nonidet P40 and GST-Ha-AP10 phosphorylation was
assayed in both fractions. Results obtained shows that GST-
Ha-AP10 and not GST is phosphorylated by a membrane
bound protein kinase (Fig. 5A). It was also observed that in
the presence of 1 mM EGTA phosphorylation of the protein
was partially blocked. On the other hand, in the soluble frac-
tion both GST and GST-Ha-AP10 were radiolabeled avoid-
ing a detailed analysis of Ha-AP10 phosphorylation (Fig.
5B). These results suggest that a Ha-AP10-kinase is local-
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Figure 3. In silico analysis of potential phosphorylation sites on Ha-AP10. Complete sequences of the sunflower Ha-AP10 are aligned with
homologous sequences of the phosphorylable LTPs from wheat (WPB1A and WBP1B [11, 12]), barley (LTP1 [12]), petunia (PET1 and
PET2 [13]) and the consensus sequence for LTPs. (-) space introduced for alignment of homologous sequences, (X) unknown amino acid,
(grey boxes) determined phosphorylation sites, (underlined) phosphorylable amino acid. Clustal format for T-Coffee Version 1.41 [39].
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Figure 4. In vitro phosphorylation of the recombinant GST-Ha-
AP10 using pull down assays. Glutathione-Sepharose beads bound
to GST, GST-Ha-AP10 and unbound beads were incubated with
[g32P]-ATP and seed extracts. The addition of an excess of free
GST protein was assayed (GST-Ha-AP10 + GST). The proteins
were pelleted and eluted by boiling in SDS-PAGE and then autora-
diographed. The arrow indicates the GST control protein and the
recombinant GST-Ha-AP10. Molecular weight markers are indi-
cated on the left.

The in vitro phosphorylation of GST by mammalian pro-
tein kinase C-o at Ser-93 has already been reported [37] and
our results demonstrate that GST is also phosphorylated by
protein kinase/s present in soluble fraction of sunflower
seeds homogenates.

As shown in Fig. 5B an additional band of approximately
45 kDa was phosphorylated by a calcium-dependent protein
kinase. The presence of this band could be eliminated by
preclearing (preincubating homogenates with glutathione-
Sepharose 4B, data not shown) suggesting that this *P-
labeled protein of 45 kDa is an endogenous and soluble seed
protein that bound non-specifically to the matrix.
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Figure 5. Phosphorylation of Ha-AP10 by a membrane-bound pro-
tein kinase. Glutathione-Sepharose beads bound to GST, GST-Ha-
AP10 and native unbound were incubated with [g32P]-ATP and
soluble (A) or microsomal fractions (B) in the presence of 200 mM
calcium (Ca2+) or 1 mM EGTA (E). The protein was pelleted and
eluted by boiling in SDS-PAGE and then autoradiographed. The
arrow indicates the GST control protein and the recombinant GST-
Ha-AP10. Molecular weight markers are indicated on the left.
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ized in membranes and the GST-kinase is a soluble protein.
We could not rule out the existence of a soluble Ha-AP10
kinase.

Properties of the Membrane-Bound Ha-AP10-Kinase

The majority of calcium-stimulated kinases found in
plants extracts are associated with CDPKs. These enzymes
require micromolar concentration of free calcium and are
inhibited by calcium antagonists. To assess whether the Ha-
AP10-kinase activity found in membranes from germinating
seeds was a CDPK, we measured the kinase activity in pres-
ence of micromolar and millimolar calcium concentration.
Fig. 6 shows that GST-Ha-AP10 phosphorylation occurred at
very low levels of calcium (micromolar) and it is partially
inhibited by the presence of 1 mM EGTA. Additional ex-
periments using higher EGTA concentrations (10 mM) still
allow us to detect Ha-AP10 kinase activity (data not shown).
This result suggests that Ha-AP10 could be phosphorylated
at different sites by protein kinases Ca**-dependent and Ca?*
independent. The presence of multiple phosphorylation sites
on LTPs had previously been demonstrated [12].

In addition, the phosphorylating activity was inhibited by
H7, an inhibitor of protein kinase C that also affects the ac-
tivity of CDPKs, but not by calmodulin antagonists: CPZ
and W-7 (Fig. 6).
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Figure 6. Characterization of the membrane-bound Ha-AP10-
kinase. GST-Ha-AP10 bound to glutathione-Sepharose beads was
incubated with [g32P]-ATP and microsomal fractions in presence
of 1 mM, 200 mM, 1 mM calcium (Ca2+) and 1 mM EGTA (E). To
study the effect of protein kinase inhibitors microsomal fractions
were pre-incubated 15 min with 1 mM W7, 1 mM H7 and 3 mM
CPZ. The protein was pelleted and eluted by boiling in SDS-PAGE
and then autoradiographed. The arrow indicated the recombinant
GST-Ha-AP10. MWM: Molecular weight markers.

Calcium requirements of the protein kinase that catalyzed
the phosphorylation of Ha-AP10 and its response to different
inhibitors suggest that the kinase belongs to the CDPK fam-
ily.

Preliminary results have shown the localization of Ha-
AP10 in microsomal membrane fractions from seeds [38].
The co-localization of the LTP and the protein kinase in mi-
crosomes support the physiological relevance for Ha-AP10
phosphorylation. The functional consequences of phosphory-
lation of LTPs are unknown. Possible consequences could
relate to folding, processing and targeting of newly-
synthesized LTPs, susceptibility to proteolysis and alteration
of antifungal function.

This work describes the phosphorylation by endogenous
membrane-bound calcium-dependent protein kinases of the
recombinant LTP Ha-AP10. These results and previous evi-
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dence that shows the binding of LTPs to a plant elicitin re-
ceptor [8,9] suggest that LTP’s may be involved in signaling
pathways.
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ABBREVIATIONS
CDPK = Calcium-dependent protein kinases

CPz = 2-Chloro-10-[3-
(dimethylamino)propyl]phenothiazine hydrochlo-

ride
DTT = Dithiothreitol
EDTA = Ethylenediaminetetraacetic acid
EGTA = Ethylene glycol-bis(2-aminoethylether)-
N,N,N’,N’-tetraacetic acid
GST = Glutathione S-transferase
H7 = 1-(5-Isoquinolinesulfonyl)-3-methylpiperazine
IPTG = Isopropyl B-D-1-thiogalactopyranoside
LTP = Lipid-transfer proteins
PMSF = Phenylmethanesulfonyl fluoride
PBS = Phosphate Buffered Saline
W7 = N-(6-Aminohexyl)-5-chloro-1-

naphthalenesulfonamide hydrochloride
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