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Rapid activation of phospholipase A (PLA) by auxin or plant-pathogen interaction suggests a function in signal transduction
for this enzyme, but the molecular identification of a cytosolic PLA carrying out this function remains open. We isolated four
cDNA sequences from Arabidopsis (ecotype Columbia), AtPLA I, AtPLA IIA, AtPLA IVA, and AtPLA IVC, which are
members of the patatin-related PLA gene family in plants and which are homologous to the animal Ca2�-independent PLA2
gene family. Expression was measured by reverse transcriptase-polymerase chain reaction, and AtPLA I transcripts were
found preferentially in shoots, AtPLA IIA and AtPLA IVA in roots, and AtPLA IVC in flowers. Transient expression of the
four PLA-green fluorescent protein fusion proteins in tobacco (Nicotiana tabacum) leaves showed they were located in the
cytosol and not in the vacuoles. Surprisingly, AtPLA::green fluorescent protein was also localized to chloroplasts. The
enzymatic activity of the purified recombinant AtPLA IVA toward phosphatidylcholine was dependent on Ca2�, saturated
at 0.5 mm, and had a pH optimum of about 7.0. It had both PLA1 and PLA2 specificity. The enzyme showed in vitro highest
sensitivity toward the PLA2 inhibitors palmitoyltrifluoromethyl ketone (PACOCF3, Ki approximately 30 nm), arachidonyl-
trifluoromethyl ketone (AACOCF3, Ki approximately 25 �m), and tetrahydro-3-(1-naphtalenyl)-2H-pyran-2-one (Ki approx-
imately 200 nm) and was also sensitive to other previously used inhibitors 5,8,11,14-eicosatetraynoic acid (Ki approximately
3 �m) and nordihydroguajaretic acid (Ki approximately 15 �m). The influence of these PLA2 inhibitors on elongation in
etiolated Arabidopsis seedlings was tested, and tetrahydro-3-(1-naphtalenyl)-2H-pyran-2-one and 5,8,11,14-eicosatetraynoic
acid inhibited hypocotyl elongation maximally at concentrations close to their Ki in vitro.

Eucaryotic phospholipases A2 (PLA2s) comprise
four major genetically unrelated gene families, which
are further subdivided into 11 groups according to
their amino acid-similarities and biochemical prop-
erties (Dennis, 1994; Six and Dennis, 2000). The first
group identified comprised the secreted enzymes
(sPLA2) of around 14 kD, which have a function in
digestion or as toxins. Plant genes related to sPLA2s
have been described (Ståhl et al., 1998; Kim et al.,
1999). Two types of cytosolic PLA2s were recently
identified in animals. The Ca2�-dependent PLAs
(cPLA2s), respond to various hormonal stimuli and
are activated by phosphorylation by MAP kinase and
protein kinase C (Dessen, 2000; Six and Dennis, 2000),
and the Ca2�-independent (iPLA2s) have a function
in the remodeling of fatty acid composition of phos-
pholipids and can also be activated by stimuli

(Balsinde and Dennis, 1997; Winstead et al., 2000). A
third type of cytosolic PLA2, the platelet activating
factor acetohydrolases, seems to be a specialized type
of enzyme related to the low density lipoprotein-
PLA2, which preferentially cleave oxidized fatty ac-
ids (Stafforini et al., 1997). Plant enzymes related in
sequence to platelet activating-factor acetohydrolases
apparently differ in function (Benedetti et al., 1998).
The sequences of secreted plant sPLA2, the vacuolar
patatins, and the patatin-related PLA are similar to
the respective animal PLA2s, but the molecular iden-
tification of a cytosolic plant PLA suitable for a func-
tion in signal transduction is less clear.

The first indication for a function of plant PLA in
signal transduction was the rapid activation of PLA
activity by auxin (Scherer and André, 1989; Yi et al.,
1996; Paul et al., 1998). Later, the activation of PLA by
pathogens and elicitors was shown (Lee et al., 1992;
Chandra et al., 1996; Paul, 1999; Roos et al., 1999;
Scherer et al., 2000). Several attempts to purify solu-
ble plant PLAs have been made, and besides the
14-kD sPLA2 enzymes, other PLA enzymes ranging
from 40 to 70 kD were purified from potato (Solanum
tuberosum; Senda et al., 1996), rubber tree (Hevea bra-
siliensis; Sowka et al., 1998), broad bean (Vicia faba;
Jung and Kim, 2000), and tobacco (Nicotiana tabacum;
Dhondt et al., 2000). These were similar by sequence
to patatins, but only the rubber tree enzyme was
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shown to be cytosolic when expressed in the yeast
Pichia spp. (Sowka et al., 1998). When we set out to
isolate genes encoding plant PLAs with a potential
function in plant signal transduction, our initial at-
tempts failed to isolate enzymes similar to the major
PLA2 enzyme involved in animal signal transduc-
tion, the cPLA2 (Clark et al., 1991; Sharp et al., 1991).
Our focus turned to isolation of plant PLA cDNAs
from Arabidopsis, which are related to the animal
iPLAs, because the auxin- and elicitor-induced acti-
vation of PLA in parsley (Petroselinum crispum) cell
cultures is strongly inhibited by the drug HELSS
(Paul, 1999), which is described as a diagnostic inhib-
itor for iPLAs in contrast to cPLA2s (Balsinde et al.,
1999). Here, we report on the isolation of several
patatin-related PLA cDNAs, their tissue-specific ex-
pression, and the subcellular localization of the re-
spective green fluorescent protein (GFP) hybrid pro-
teins. Data on the inhibitor characteristics of a
purified his-tagged PLA enzyme and the effects of
these inhibitors on hypocotyl elongation suggest that
members of this gene family may have a function in
plant signal transduction.

RESULTS

Isolation of cDNAs and Tissue-Specific Transcription

By sequence comparisons we could not identify
any cPLA2 sequence in the Arabidopsis genome (data
not shown), but we identified 10 genes for patatin-
like PLA protein sequences, all having the conserved
iPLA2-specific sequence motifs. Both the genomic
structures and the amino acid comparisons of these
sequences suggested that they fall into three groups:
group 1 comprising only AtPLA I; group 2 compris-
ing AtPLA IIA, AtPLA IVA, AtPLA IVB, AtPLAVIC,
and AtPLA V; and group 3 comprising AtPLA IIB,
AtPLA IIIA, AtPLA IIIB, and AtPLA IVD (Fig. 1, A
and B). Genes or putative genes are named with
Roman numerals according to the respective chromo-
somes, and letters, if multiple genes were located on
a single chromosome. When AtPLA I was compared
with the animal proteins, scores of 24% to 32% iden-
tity were obtained (Fig. 2), which is reflected in the
unrooted phylogenetic tree (Fig. 1B), so that AtPLA I
and group 1 is considered to be evolutionary older
than the other two plant gene groups. We assume
that group 3 is evolutionary younger than group 2,
because the catalytic domains of group 3 is different
from those of all other known iPLAs, and because
group 2 is closest to the presumably old prokaryotic
Anabaena spp. sequence. The fact that group 3 se-
quences have only one intron may be explained by
intron loss, as has been observed in other Arabidop-
sis gene families (Johanson et al., 2001), and may be
associated with the evolution of small genomes.

The amino acid sequences derived from cDNAs of
AtPLA I, AtPLA IIA, AtPLA IVA, and AtPLA IVC are
shown in Figure 2. We also isolated cDNAs for At-

PLA IIB, AtPLA IIIA, AtPLA IIIB, AtPLA IVB, and
AtPLA IVD (E. Oppermann, A. Holk, and G.F.E.
Scherer, unpublished data) but failed to isolate At-
PLA V. The full-length cDNA clone of AtPLA I could
only be obtained by reverse transcriptase (RT)-PCR.
AtPLA I is not only unique by possessing an iPLA2
domain with the highest similarity to animal iPLA2
sequences (Figs. 1B and 2), but also by having two
additional domains, a Leu-rich repeat (LRR) at the N
terminus and a C-terminal domain that is not similar
to other known sequences. For AtPLA I, we isolated
two splice variants. The shorter one did not contain
the fifth exon and contained a stop codon before the
PLA domain (data not shown), whereas the second,
longer cDNA included an uninterrupted reading
frame comprising all three domains and an addi-
tional exon (in comparison with the annotated se-
quence in accession no. AC004392), that extended the
LRR domain. The other, shorter cDNAs were isolated
by screening several libraries (AtPLAIIA, IVA, and
IVC) or RT-PCR (AtPLA IIB, IIIA, IIIB, IVB, and IVD).

We could find only a few ESTs for the Arabidopsis
PLA sequences, so we expected low expression and
chose competitive RT-PCR to study their expression
in different tissues (Fig. 3). The AtPLA I gene was
expressed preferentially in shoots and also in flowers
and roots, but very little in leaves. Genes AtPLA IIA
and AtPLA IVA were expressed in the roots and were
much weaker in the flowers, shoots, and leaves. The
expression of AtPLA IVC was preferentially ob-
served in flowers but also in roots and was very low
in leaves and shoots. Everywhere but in leaves, a
somewhat longer splice variant was detected for the
AtPLA IVC, but this mRNA was not further investi-
gated. The quite different tissue-specific expression
of the isoforms investigated here was reflected in
their equally different promoter sequences and was
verified by initial experiments with promoter-GUS
transformants (not shown). Because the other mem-
bers of the gene family except AtPLAV could be
isolated by RT-PCR (data not shown) this proves that
these additional genes AtPLA IIB, AtPLA IIIA, At-
PLA IIIB, and AtPLA IVD were also expressed and
probably function in Arabidopsis. Sequence AtPLA
IIIB was isolated by Huang et al. (2001), and it is
expressed most highly in roots, less in flowers and
stems, and least in leaves. A mutant resulting from
activation tagging of gene AtPLA IIIB exhibited the
“sturdy” phenotype (Huang et al., 2001). Taken to-
gether, these data suggest both tissue preference and
functional redundancy for the members of this gene
family as has been found for other plant gene
families.

Properties of Ectopically Expressed Arabidopsis PLA
Proteins and Their Cytosolic Localization

Hydropathy plots for various plant patatin-related
sequences and the AtPLAs showed that a signal pep-
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Figure 1. Gene structure of the patatin-related AtPLA-family in Arabidopsis and a phylogenetic tree of several patatin-related
plant PLA and animal iPLA2 sequences. A, Gene structure of the AtPLA family in Arabidopsis. Exons are symbolized by gray
boxes, those containing the LRR by black boxes, the catalytic center by white boxes, and introns by black lines. cDNA
sequences described in this work are marked by an asterisk. The sequences are deposited in database as follows: AtPLA I
(accession no. AC004392), AtPLA IIA (accession no. AC002505), AtPLA IIB (accession no. AC004697), AtPLA IIIA (accession
no. AL049655.1), AtPLA IIIB (accession no. AL138648), AtPLA IVA (db_xref GI:4006869), AtPLA IVB (db_xref GI:4006870),
AtPLA IVC (db_xref GI:4006871), AtPLA IVD (accession no. AL050352.1), and AtPLA V (accession no. AB016875.1). A 500-bp
size standard is indicated. B, Phylogenetic tree produced by the program ClustalW (http://www2.ebi.ac.uk/clustalw/) on the
amino acid structures of the AtPLA gene-family, a putative bacterial protein from Anabeana sp. (accession no. AJ269505.1;
Rouhiainen et al., 2000), a putative protein from the nematode Caenorhabditis elegans (accession no. AC084197.1), a putative
protein from the fruitfly (Drosophila melanogaster; accession no. AE003550.2), an iPLA2 from human (accession no. JC7284;
Tanaka et al., 2000), and a patatin class I precursor from potato (accession no. P11768; Mignery et al., 1988) displayed by the
program TREEVIEW (Page, 1996).
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Figure 2. Alignment of predicted amino acid sequences of isolated PLA cDNAs from Arabidopsis and of selected domains of
patatin-related PLAs from other organisms. The conserved residues of LRRs of the consensus sequence LXXLXXLXLXXN/CXXL/
IP/RXLXXLXX are highlighted by printing the conserved residues below the AtPLA I sequence. The additional exon found by
us and derived from the isolated cDNA of PLA I is boxed. The most highly conserved motifs in the consensus sequence
DGGGXRG of the catalytic center and the lipase motif GTSTG are underlined. The PLA amino acid sequences from Arabidopsis
AtPLA I, AtPLA IIA, AtPLA IVA, and AtPLA IVC are compared with a putative bacterial protein from Anabeana sp. (accession no.
AJ269505.1), a putative protein from the nematode C. elegans (accession no. AC084197.1), a putative protein from the fruitfly
(accession no. AE003550.2), an iPLA2 from human (accession no. JC7284), and a patatin class I precursor from potato (accession
no. P11768) by using the program vector NTI from InforMax. A consensus sequence is indicated below the sequences.
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tide for secretion was present in all the patatins from
potato, several from tobacco, and one protein se-
quence from Cucumis, but not in any of the Arabi-
dopsis sequences (not shown). To demonstrate the
suspected cytosolic compartmentation, hybrid PLA-
GFP from Arabidopsis proteins were expressed tran-
siently in tobacco leaves (Fig. 4). All four expressed
sequences, AtPLA I, AtPLA IIA, AtPLA IVA, and
AtPLA IVC, clearly were not located to the vacuoles.
For AtPLA IIA, AtPLA IVA, and AtPLA IVC, a cy-
toplasmic localization is suggested, but association
with membranes (e.g. plasma membrane or ER) can-
not be excluded. As demonstrated by a series of
optical sections from palisade parenchyma cells and
additional data (not shown), the hybrid protein
AtPLA I-GFP colocalized with chloroplasts, although
not with all of them in a given cell (Fig. 4, A–C).

In previous studies, known PLA2 inhibitors were
used to inhibit auxin-dependent growth (Scherer and
Arnold, 1997) or auxin stimulation of a PLA2 activity
(Paul et al., 1998). To be able to compare the effect of
inhibitors on an isolated enzyme and on biological
responses, it would be desirable to know the enzymo-
logical properties of the PLAs and, especially, the reac-
tion of isolated PLA to known PLA2 inhibitors. As a
first step toward this goal, the gene AtPLA IVA was
expressed as a N-terminally his-tagged protein in Esch-
erichia coli and purified (Fig. 5A). Enzymatic activity
was measured using a fluorescent phosphatidylcholine

[1,2-bis-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-
s-indacene-3-undecanoyl) - sn-glycero-3-phosphocho-
line (bis-BODIPY-PC)] labeled at both fatty acids by a
fluorochrome that was used in previous experiments in
vivo (Paul et al., 1998). Hydrolysis by the purified re-
combinant enzyme yielded fluorescent free fatty acid
and fluorescent lysophosphatidylcholine as products
(Fig. 5B). When a different phosphatidylcholine was
used, carrying a fluorescent fatty acid only at the
C2 atom [2-(4,4-difluoro-5-methyl-4-bora-3a,4a-diaza-s-
indacene-3-dodecanoyl)-1-hexadecanoyl-sn-glycero-3-
phosphocholine], fluorescent lysophosphatidylcholine
and fluorescent free fatty acid originated, indicating
that the enzyme had both PLA1 and PLA2 activity.
Hydrolysis was linear for 45 min (Fig. 5C). Although
the sequence of AtPLA IVA to the iPLA2 class suggests
that its activity would be independent of Ca2�, activity
assays showed that it was dependent on Ca2�, being
saturated at 0.5 mm Ca2�. The pH optimum of the
enzyme was about 7.0 (Fig. 6, A and B). The enzyme
showed highest sensitivity toward the inhibitors palmi-
toyltrifluoromethyl ketone (PACOCF3; Ki approxi-
mately 30 nm) and tetrahydro-3-(1-naphtalenyl)-2H-
pyran-2-one (HELSS; Ki approximately 200 nm), and it
was also sensitive to other previously used inhibitors
such as arachidonyltrifluoromethylcarbon (AACOCF3;
Ki approximately 25 �m), 5,8,11,14-eicosatetraynoic
acid (ETYA; Ki approximately 3 �m), and nordihy-
droguajaretic acid (NDGA; Ki approximately 15 �m;
Fig. 6, C–G).

It was previously suggested that a PLA is involved
in auxin signal transduction because it became rap-
idly activated by auxin (Paul et al., 1998) and PLA2
inhibitors specifically prevented auxin action (Yi et
al., 1996; Scherer and Arnold, 1997). Therefore, we
tested the influence of PLA2 inhibitors on auxin-
dependent elongation in etiolated Arabidopsis seed-
lings (Fig. 7). Of all inhibitors tested, HELSS and
ETYA strongly inhibited hypocotyl elongation at
concentrations close to the Ki in vitro. NDGA was
only marginally active, and the other inhibitors were
ineffective in vivo. This may have been perhaps be-
cause of their metabolism in plants or because of
other unknown side effects.

DISCUSSION

The goal of this work was to identify which plant
PLA or group of plant PLAs could have a function in
plant signal transduction. Comparison of the limited
number of sequences presented here and about 60
homologous sequences (not shown) revealed that all
PLAs from Arabidopsis isolated by us clearly belong
to the patatin group, which is related to the animal
iPLA2 type. Two sequence features, the N-terminal
iLsiDGGGXRGXX (X � aliphatic residues) element
and the sequences flanking the catalytic Ser, IXGT-
STGGXLXX, are highly conserved in all sequences
found in protists, plants, and animals. The catalytic

Figure 3. Expression of mRNA of the AtPLA I, AtPLA IIA, AtPLA IVA,
and AtPLA IVC gene in organs of Arabidopsis. The total RNA from
roots, shoots, leaves, and flowers was analyzed by competitive RT-
PCR using gene-specific internal standards for the genes I, IIA, and
IVA or by RT-PCR using actin as external standard for the gene IVC;
separated on ethidium-bromide gel; and inverted into gray scale for
digitization and quantification. Relative amounts of cDNAs (highest
value is set to 100%) are shown in A for I, in B for IIA, in C for IVA,
and in D for IVC.
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center of the animal cPLA2 contains two motifs sim-
ilar to those two mentioned for iPLA2s, SGGGXRAX
and GXSGS, where both the Arg in the first element
and the central Ser in the second element participate
in the catalytic mechanism (Dessen et al., 2000). This
similarity in catalytic sites may explain the partially
similar sensitivity to inhibitors for both cPLA2s and
iPLA2s (Ackermann et al., 1995; Balsinde et al., 1999).
Nevertheless, when we searched by BLAST for the
presence of cPLA2 sequences in plants using the cat-
alytic centers of cPLA2s as a template, we did not
find any, but we found many distantly related fungal
enzymes in the databases. Moreover, the Caenorhab-
ditis spp. genome contains six iPLA2s, but no cPLA2.
Although it is difficult to exclude the presence of
cPLA2 in plants, even after completion of the Arabi-
dopsis genome, it seems unlikely that plants possess
this type of enzyme, which is the dominant type of
PLA2 signal transduction in higher animals (Dennis,
1994). On the other hand, several additional patatin-
and iPLA2-specific motifs such as SAAPtYF, DGGXX-
ANN, and SLGTG were found to be highly conserved
in protist, plant, and animal sequences. They may
constitute the patatin-type or iPLA2 “signature,”

which should be named in honor of the first PLA,
potato patatin, shown to contain this sequence
(Racusen, 1984; Mignery et al., 1988).

Besides functioning as a vacuolar enzyme, plant
PLA has been suggested to have a role in auxin and
elicitor signal transduction where it hydrolyzes phos-
phatidylcholine and phosphatidylethanolamine with-
in 1 to 5 min to generate free fatty acid and lysophos-
pholipids as potential second messengers (Scherer
and André, 1989; Lee et al., 1992; Scherer and André,
1993; Chandra et al., 1996; Paul et al., 1998; Narvaez-
Vasquez et al., 1999; Roos et al., 1999). In this study,
we show that four members of the PLA family have
cytosolic rather than vacuolar localizations. A vacu-
olar localization would clearly exclude these patatin-
related PLAs from a function in signal transduction
so that, in turn, our data support this supposed func-
tion. Another patatin-related PLA from rubber tree
was previously shown to be a cytosolic enzyme
(Sowka et al., 1998). A surprise was the possibly dual
localization of the AtPLA I-GFP fusion protein in the
cytosol and in or on chloroplasts. BLAST compari-
sons indicate that this protein contains a G-protein-
binding motif within a LRR motif, and computer

Figure 4. Transient expression of PLA-GFP fusion proteins in tobacco leaf cells as visualized by confocal laser scanning
microscopy. A through C, Three consecutive optical sections, moving from the epidermal top side of palisade cells toward
the spongy parenchyma side containing, expressed PLA-I-GFP fusion protein. Arrows, Localization of PLA-I-GFP fusion
protein in an individual chloroplast in consecutive frames. Arrowheads, Localization of PLA-I-GFP fusion protein in the
cytosol. D, Single optical section of palisade parenchyma cells expressing the PLA-IIA-GFP fusion protein. E, Summarized
image showing the expressed PLA-IVA-GFP-fusion protein calculated from 16 consecutively taken single optical sections (in
z-direction) through a large cell. F, Single optical section of an epidermal cell expressing the PLA-IVC-GFP fusion protein.
Bar � 10 �M.
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analysis (PSORT, version 6.4) of this sequence indi-
cates a certainty of 0.425 for chloroplast membrane
localization. Our data obtained by laser confocal mi-
croscopy are supported by this sequence analysis,
but they need to be corroborated by independent
methods in the future. For other investigated patatin-
related PLAs the subcellular localization remained as
yet unclear (Senda et al., 1996; Dhondt et al., 2000;
Jung and Kim, 2000; Huang et al., 2001; Matos et al.,
2001).

Other known plant PLA enzymes belong to the
sPLA2 group, which are secretory proteins in plants
and in animals containing a Ca2�-binding pocket
necessary for catalysis. Their activity depends on
millimolar Ca2� concentration and on a nonreducing
environment. This seems difficult to reconcile with a
role in cytosolic signal transduction, although animal
sPLA2 participates in the release of arachidonic acid
by binding to the plasma membrane (Lambeau et al.,
1994). HELSS is not an inhibitor for sPLA2 because
the catalytic mechanism does not use Ser but His in
the catalytic center (Balsinde et al., 1999). ETYA was
not tested as a PLA2 inhibitor before, to the best of
our knowledge.

Specific inhibitors can define the role of an en-
zyme in signal transduction by inhibiting a down-
stream process. Therefore, a series of inhibitors were
tested in vitro on the activity of the first enzyme
purified in our laboratory (AtPLA IVA) and in vivo
on the elongation of hypocotyls, an auxin-depen-
dent process. HELSS and ETYA were strong inhib-
itors in both sets of experiments. Although AtPLA
IVA was expressed at a low level in the shoot, it
should be a good biochemical representative of the
patatin-iPLA gene family, because it contains all
conserved sequence elements, and it is inhibited by
HELSS, an inhibitor used to discriminate iPLA2s
from cPLA2s (Balsinde et al., 1999; Mancuso et al.,
2000). The previously reported enzymatic properties
of iPLA2s and especially the inhibitor studies in this

nickel-nitrilotriacetic acid agarose resin-purified recombinant AtPLA
IVA protein. B, Thin-layer chromatogram and comparison of the
enzymatic products of PLA digestion of 2-(4,4-difluoro-5-methyl-4-
bora-3a,4a-diaza-s-indacene-3-dodecanoyl)-1-hexadecanoyl-sn-gly-
cero-3-phosphocholine (in lanes 1–3) and bis-BODIPY-PC (lanes
4–6) by recombinant protein from gene AtPLA IVA. Lane 1, Mono-
labeled substrate only; lane 2, assay with monolabeled substrate
using equivalent amount to lane 3 of control eluate of an empty-
vector purification; lane 3, assay with monolabeled substrate using
0.5 �g of IVA purified protein; lane 4, bis-labeled substrate only; lane
5, bis-labeled substrate using an equivalent amount of control eluate
from empty-vector purification; lane 6, bis-labeled substrate using
0.5 �g of purified IVA protein in 6 �L; and lane 7, standards for fatty
acid and lysophosphatidylcholine. C, PLA activity test. Time-course
experiment with recombinant AtPLA IVA and bis-labeled substrate.
The amounts of the remaining substrate and the enzymatic products,
fatty acid (FA) and lysophosphatidylcholine (LPC), had different ap-
parent molar efficiencies regarding fluorescence emission because of
different spot sizes as captured by video photography so that results
are expressed on a relative scale.

Figure 5. Purification and PLA activity of the recombinant AtPLA IVA
protein. A, SDS-PAGE of recombinant AtPLA IVA-purification steps.
Lane M, Mr size marker; lane 1, E. coli proteins without induction
by isopropyl-�-D-thiogalactosid (IPTG); lane 2, E. coli proteins af-
ter induction by 0.5 mM IPTG; lane 3, 12,000g pellet after lysis; lane
4, supernatant of soluble proteins (12,000g centrifugation); lane 5,

Holk et al.
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Figure 6. Catalytic properties of purified recombinant PLA derived from gene AtPLA IVA. A, Ca2� dependence of PLA
activity; inset, highlighting of low Ca2� concentrations. B, pH dependence of activity; C, inhibition by HELSS; D, inhibition
by NDGA; E, inhibition by AACOCF3; F, inhibition by ETYA; and G, inhibition by PACOCF3. Fluorescent fatty acid was
quantified on a relative scale.

Patatin-Related Phospholipases A and Signal Transduction

Plant Physiol. Vol. 130, 2002 97



paper support a role in plant signal transduction for
plant patatin-related PLAs (Yi et al., 1996; Scherer
and Arnold, 1997; Paul et al., 1998; Piedras et al.,
1998; Narvaez-Vasquez et al., 1999; Paul, 1999;
Scherer et al., 2000).

In the context of signal transduction, it is interest-
ing to consider the role of Ca2� and PLA. Despite
their genetic relationship to the animal iPLA2s, all
reported plant PLA or PLA2 assays, including ours,
contained Ca2� at concentrations far above cytosolic
concentrations (Racusen, 1984; Andrews et al., 1988;
Mignery et al., 1988; Senda et al., 1996; Dhondt et al.,
2000; Jung and Kim, 2000; Matos et al., 2001). There
is, however, no obvious feature or domain in plant
patatin-like PLAs that could indicate such an impor-
tant difference to animal enzymes, which are Ca2�

independent (Balsinde and Dennis, 1997; Winstead et

al., 2000). The catalytic mechanism of the cPLA2, sim-
ilarly to the animal iPLA2s, does not depend directly
on Ca2� (as it does for the sPLA2s), but a Ca2�-binding
C2-domain binds cPLA2 to the membrane surface,
which thereby greatly increases its activity (Dessen,
2000). Either, plant patatin-related PLAs are activated
by Ca2�, or by as-yet-unknown mechanisms in the
cytoplasm, or the lipid substrate conformation neces-
sary for catalysis may be Ca2� dependent. For exam-
ple, it might be necessary that Ca2� binds to the
phosphate group and induces an altered lipid con-
formation, which may not become induced by the
detergents used in vitro. This might lead to an ap-
parent Ca2�-dependent hydrolysis mechanism of an
otherwise Ca2�-independent enzyme. The role of
possible interactions of Ca2� and PLA in plant signal
transduction warrants further investigations.

Figure 7. Influence of PLA2-inhibitors on auxin-induced hypocotyl elongation growth of Arabidopsis. A, Inhibition by
HELSS; B, inhibition by ETYA; C, inhibition by NDGA; D, inhibition by PACOCF3; and E, inhibition by AACOCF3. SE is
shown (25–40 individuals per sample).
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The substrates reported for this type of plant PLA
include phospholipids and galactolipids (Andrews et
al., 1988; Senda et al., 1996; Dhondt et al., 2000; Jung
and Kim, 2000; Matos et al., 2001), which indicates
little discrimination between headgroups. Our data
also indicate that patatin-related plant PLA has com-
bined PLA1 and PLA2 activity, similarly, as reported
for animal iPLA2 (Tang et al., 1997). Therefore, if
plant patatin-related PLAs are “sloppy” both in se-
lecting head groups and the position of the fatty acid,
these enzymatic properties may not be as relevant for
their functions compared with their compartmenta-
tion. Especially interesting and puzzling is the hy-
drolysis of galactolipids by patatin-related PLAs,
which are lipids specifically found in chloroplasts,
which are not known to participate in signal trans-
duction but are the site of jasmonate biosynthesis
(Schaller, 2001). It should be emphasized, however,
that the same fluorescent phosphatidylcholines em-
ployed here as substrates, were also used to show the
rapid activation of PLA2 and not of a PLA1 within 5
min in cultured parsley cells by auxin and elicitor
(Paul et al., 1998; Paul, 1999) so that one or several
members of the patatin-related cytosolic PLAs might
be activated by auxin.

In summary, our data demonstrate that both an
Arabidopsis patatin-related PLA and a physiological
response are highly sensitive to inhibition by HELSS
and ETYA. These data are the first to suggest that a
patatin-related PLA with iPLA2-specific sequence
motifs may function in plant signal transduction. The
apparent absence of cPLA2 from the Arabidopsis ge-
nome provides further support for our hypothesis.
Because the patatin-related PLA family in Arabidop-
sis contains a number of isoforms, further confirma-
tion of their exact functions can only arise from in-
vestigations of phenotypes of knockout plants
and/or plants transformed by single genes.

MATERIALS AND METHODS

cDNA Isolation

The different members of the patatin-related PLAs in Arabidopsis were
designated by their chromosome number and, if necessary, by additional
letters. For isolation of the full-length cDNAs of the PLA genes IIA, IVA,
and IVC, we used the gene-specific primers: AtPLA IIA sense (5�-TGC ATG
AGG TGA ACG AAT GTC TCG-3�) and antisense (5�-TGG TTG ATT TCC
ATC TCT CTG CCG-3�); AtPLA IVA sense (5�-TTA TGG AGA ACA AAT
CGC CCT CC-3�) and antisense (5�-AAC GGC ACA ATG TCT TTA GCC
G-3�); and AtPLA IVC sense (5�-GAT GTG TTG GGT CTT TGA AAG
TGG-3�) and antisense (5�-TTT ACC GTT GAA CTT GGG TCC-3�). The
primers were designed for the 5�- and 3�-untranslated region of the respec-
tive genes and were used for 35 cycles PCR (each cycle: 94°C for 30s, 50°C
for 30 s, and 72°C for 60 s) to amplify the specific cDNA fragment from an
Arabidopsis lambda cDNA library (Uni-ZAP XR Library, Stratagene, La
Jolla, CA). By stepwise dilution of positive library fractions as described by
Watanabe et al. (1997), the full-length cDNA phage clones from AtPLA IIA,
IVA, and IVC were isolated according to the manufacturer’s protocol.
Plasmids were prepared and the cDNA-insertions were sequenced. The
full-length cDNA from AtPLA I with a length of 4.1 kb could not be
identified in the lambda cDNA-library Uni-ZAP XR (Stratagene). Total RNA
was prepared from 28-d-old Arabidopsis plants by the RNA-purification kit
from Qiagen (Hilden, Germany). Three micrograms of RNA was used for

first-strand cDNA-synthesis using oligo(dT)12–18 (Invitrogen, Carlsbad,
CA). One hundred nanograms of cDNA was taken for RT-PCR using the
primers, sense (5�-GAT CTG AAC GAC GAT CCG ATT C-3�) and antisense
(5�-GCA GAA ACG AAC AAA ACT TCG-3�) to amplify the full-length
cDNA of the gene AtPLA I. PCR conditions were 35 cycles of 94°C for 15 s,
55°C for 30 s, and 72°C for 120 s. The amplified cDNA was cloned via
adenosine-overhangs produced by the Taq-DNA-polymerase (AGS-Gold,
AGS) into the vector pCR2.1 (Invitrogen).

RT-PCR Gene Expression Analysis

Total RNAs were prepared from roots, shoots, leaves, and flowers and
treated with DNase according to the manufacturer’s protocol (Qiagen). The
RNAs were subsequently examined with respect to contaminating DNA
using PCR. For this purpose, the RNA preparations were used for amplifi-
cation reactions with each gene-specific PLA primer pair for 40 cycles and
analyzed by gel electrophoresis. Initiated by an oligo(dT)12–18 primer (In-
vitrogen), first-strand cDNA was synthesized from each 3 �g of total RNA
to quantify PLA mRNAs.

The cDNAs were amplified with gene-specific primer pairs each derived
from different exons and comprising at least one intron sequence in the
corresponding genomic DNA-sequence AtPLA I: sense, 5�-ATA TTG GAC
GCC AGA CCC TA-3�, and antisense, 5�-TGT TTT CTC GTG GTC GCT
ATC-3�; AtPLA IIA: sense, 5�-CGT CCT TGA GAG GAT GGT TT-3�, and
antisense, 5�-TGG ATG GAG AAG AAG CAA GG-3�; AtPLA IVA: sense,
5�-TTC GAC CGG TTT CTC GTT AT-3� and antisense, 5�-TCG TCC GAG
AGA ATT TTT GC-3�; and AtPLA IVC: sense, 5�-GGA CCC AAG TTC AAC
GGT AA-3�, and antisense, 5�-CAC CCT TCA ACG AAT CAT CA-3�. A total
of either 33 cycles (AtPLA I) or 35 cycles (AtPLA IIA and AtPLA IVA) were
chosen, because then amplification was in the logarithmic range when 100
ng cDNA were used. A total of 100 ng of purified first strand cDNAs was
used for subsequent amplification reactions. Conditions for amplification
were 94°C for 30 s, 55°C for 30 s, and 68°C for 45 s. The RT-PCR products
were 414 bp (AtPLA I), 390 bp (AtPLA IIA), and 432 bp (AtPLA IVA) in
length, and their identities were verified by sequencing. Competitor DNA as
an internal standard was obtained by the addition of 25 fg (AtPLA I), 1.5 fg
(AtPLA IIA), and 4 fg (AtPLA IVA) of the appropriate cloned genomic DNA
fragment harboring an intron, which led to the respective larger amplifica-
tion products (competitor-AtPLA I � 752 bp; competitor-AtPLA IIA � 475
bp; competitor-AtPLA IVA � 650 bp). The PCR products were analyzed by
electrophoretic separation on agarose gels and quantified by using the
program “scan pack” (Biometra, Göttingen, Germany).

The relative amounts of cDNAs were calculated by the formula [amount
competitor DNA] � [gray scale value of cDNA]/[gray scale value of com-
petitor DNA], setting the highest value to 100%. Because the gene-specific
primer pair for AtPLA IVC resulted in amplification of two splicing-
variants, a competitive RT-PCR described above was not possible. To nor-
malize RT-PCR amplification, control reactions were run with the primers
sense, 5�-AGG ATA TTC AGC CAC TTG TCT GTG-3�, and antisense,
5�-AGA AAC ATT TCC TGT GAA CAA TCG-3�, derived from consensus
sequence of the Arabidopsis actin genes Act 2 and Act 7 (McDowell et al.,
1996). The amounts of first strand cDNA were 100 ng for AtPLA IVC
transcript amplification and 20 ng for actin transcript amplification. PCR
was performed through 25 cycles of 94°C for 15 s, 56°C for 30 s, and 72°C for
90 s for actin gene fragments.

Transient Hybrid PLA::GFP Expression

The open reading frame of GFP from psmGFP (Sheen et al., 1995) was
amplified in a PCR-reaction for 30 cycles (each cycle: 94°C for 15 s, 50°C for
30 s, and 72°C for 60 s) using the sense primer (5�-GCT CTA GAG TCG ACA
TGA GTA AAG GAG AAG AAC-3�) and the antisense primer (5�-GCG AGC
TCG AGC TCT TAT TTG TAT AGT TCA T-3�) to introduce a XbaI and SalI
recognition site at the N terminus of the open reading frame of the GFP. The
amplified PCR product was digested with SacI and XbaI and was ligated
into the vector pBI221. The open reading frames of the PLA cDNAs of genes
AtPLA I, IIA, IVA, and IVC were amplified by PCR using the sense primers
for IA (5�-GCT CTA GAA TGT CTT CTA CAT GTT CTT C-3�), for IIA
(5�-AGC TCT AGA ATG CAA ATG GAC AGC CCC-3�), for IVA (5�-AGC
TCT AGA ATG GAG AAC AAA TCG CC-3�), and for IVC (5�-AGC TCT
AGA ATG GAT ACA GAG AGA-3�) containing a XbaI-recognition site and
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the antisense primers for I (5�-ACG CGT CGA CTA CAC TAG GAA GAT
GAC AAG-3�), for IIA (5�-ACG CGT CGA CGA TCC TAA TTG GAG CTT
TTG-3�), for IVA (5�-ACG CGT CGA CCT CTT GTG ATT CAT TTG ATG-3�),
and for IVC (5�-ACG CGT CGA CAT TAT TAA ACC TTT TGA GAG-3�)
containing a SalI recognition site. After digestion of the modified pBI221 and
the PLA amplification products by XbaI and SalI, the open reading frames of
PLA I, IIA, IVA, and IVC were fused into the pBI221 to the N terminus of
the GFP.

Plasmid preparations of PLA-psmGFP were done as described in the
protocol “Plasmid Mini Preparation” (Qiagen) but without using the puri-
fication step by columns and then dissolved in sterile deionized water. One
microgram of plasmid (each PLA isoform) was bound to wolfram particles
(M17, Bio-Rad, Hercules, CA) in the presence of 30 �m CaNO3. PLA-
psmGFP-wolfram particles were shot by using a particle gun (PDS100,
Bio-Rad) into leaves from Nicotiana benthamiana being 3 to 4 cm in diameter.
The transformed leaves were incubated in petri dishes for 72 h in the dark
to express the PLA-GFP-fusion proteins and were analyzed by confocal laser
microscopy (TCS 4D, Leica Microsystems, Bensheim, Germany). For each
construct, three independent repeats were done.

Expression and Purification of the Recombinant
PLA Proteins

The full-length cDNA from AtPLA IVA was amplified by using the sense
5�-CGG GAT CCG AGA ACA AAT CGC CCT CC-3� containing a BamHI
restriction site and the antisense primer 5�-ATT CTG CAG TTA TTT TAT
CTC TTG TG-3� containing a PstI restriction site. The PCR product was
digested by BamHI and PstI, purified by column (Cycle pure, PEQLAB,
Erlangen, Germany), and then cloned into BamHI- and PstI-digested pQE30
plasmid, a his-tagged expression vector (Qiagen). Escherichia coli strain XL
1Blue was used as the host for the transformation. The his-tag was fused to
the N terminus of the PLA. E. coli cells with the pQE30-AtPLA IVA plasmid
were grown to OD600 � 0.5 in 250 mL of Luria-Bertani broth supplemented
with 100 �g mL�1 ampicillin and 25 �g mL�1 tetracycline. IPTG was added
to 0.5 mm to induce expression of recombinant proteins, and the culture was
continued at 30°C for 30 min. After harvesting by centrifugation, the cells
were frozen at �20°C overnight or in liquid nitrogen. The recombinant
protein purification method was slightly modified from that of the QIAex-
pressionist manual (Qiagen). The bacterial cells were resuspended in 10 mL
of ice cold 50 mm Na2HPO4 (pH 7.5), 300 mm NaCl, 10 mm imidazole, 0.1%
(v/v) Tween-80, 10% (v/v) glycerol, and 1 mg mL�1 lysozyme, and digested
with 10 �g mL�1 DNase I for 1 h on ice. The cells were ruptured by a French
press (three cycles, 1,000 psi). After centrifugation for 12 min at 4°C
(10,000g), the supernatant was incubated on ice with nickel-nitrilotriacetic
acid agarose (Qiagen) for 20 min under shaking and washed twice with
buffer (50 mm NaH2PO4, pH 8.0, 300 mm NaCl, and 20 mm imidazole) by
centrifugation. The recombinant protein was eluted by 50 mm NaH2PO4 pH
8.0, 300 mm NaCl, and 250 mm imidazole. Expression of the transformed E.
coli strains as well as purity, Mr, and quantitative amounts of recombinant
PLA proteins were analyzed by 10% (w/v) SDS-PAGE according to Lae-
mmli (1970). Protein amounts were determined by the method of Bradford
(1976).

Assay of PLA Activity

Liposomes were prepared by drying a mix of 186.7 �g of soy PC (Sigma
P3644) and 13.3 �g of fluorescence-labeled phospholipid [bis-BODIPY-PC
and 2-(4,4-difluoro-5-methyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoyl)-
1-hexadecanoyl-sn-glycero-3-phosphocholine) in 100 �L of chloroform un-
der a stream of nitrogen, followed by resuspension in 50 mm Tris, pH 8.0,
100 mm KCl, and 0.1% (w/v) sodium deoxycholate at a concentration of 1
�g �L�1 and sonication for 5 min to achieve a clear suspension. For routine
enzymatic tests, recombinant protein (0.5 �g in 6 �L) was incubated with 3
�L of liposomes in a total volume of 100 �L of MES-KOH, pH 6.8, and 1 mm
CaCl2 at 33°C for 30 min. The pH dependence was determined by testing at
different pH values of 5.5, 6.0, 6.6, and 7.24 in 50 mm MES buffer; at pH
values of 7.3, 7.41, and 7.8 in 25 mm HEPES buffer; and at pH 8.0 and 9.0 in
50 mm Tris buffer. PLA2 inhibitors AACOCF3, NDGA, HELSS, ETYA, and
PACOCF3 were added from stock solutions adjusting the solvent concen-
tration to 0.25% (v/v) dimethyl sulfoxide. Reactions were stopped by a
slightly modified protocol of Bligh and Dyer (1959) by extraction with 2

volumes of the stopping solution (methanol:chloroform � 2:1, v/v), 1
volume 0.1 m KCl was added subsequently, and then incubation at �20°C
for 20 min followed. After centrifugation for 30 s at 10,000g, the organic
phase was evaporated by a stream of nitrogen and redissolved in 10 �L
chloroform for thin-layer chromatography on silica gel 60 (Merck, Darm-
stadt, Germany) in a solvent of chloroform:methanol:water (65:25:4, v/v).
Plates were dried and scanned optically by a video camera under UV light
for computer-assisted quantification. All assays were repeated at least three
times.

Hypcotyl Elongation Growth Test

Sterile Arabidopsis seeds were stratified in the dark in deionized water at
4°C for 2 d. After transfer into 2 mL of one-half-strength Murashige and
Skoog medium, seeds were pretreated with light at 24°C and then grown for
48 h under gentle shaking (80 rpm). The PLA2 inhibitors (AACOCF3,
NDGA, and HELSS), ETYA, and PACOCF3 were dissolved in ethanol or
dimethyl sulfoxide. The solvent concentration was adjusted in all samples to
0.25%, and after additional growth for 18 h at 24°C, the length of the
hypocotyls were measured from video photographs by using the program
dhs-Bild-Datenverarbeitungsprogramm (Leica).
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