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Several lines of evidence indicate that phospholipase A, (PLA,) plays a crucial role in plant cellular responses through
production of linolenic acid, the precursor of jasmonic acid, from membrane phospholipids. Here we report the purification
and characterization of a 48-kD PLA, from the membrane fractions of leaves of broad bean (Vicia faba). The plant PLA, was
purified to near homogeneity by sequential column chromatographies from the membrane extracts. The purified 48-kD
protein migrated as a single band on a SDS-PAGE gel and its density correlated with the PLA, activity. It was further
confirmed that this 48-kD protein is the PLA, enzyme based on immunoprecipitating the activity with a monoclonal
antibody against it and purifying the enzyme to homogeneity with the antibody affinity column. The purified plant PLA,
preferred 2-linolenoyl-sn-glycerol-3-phosphocholine (GPC) to 2-linoleoyl-GPC, 2-palmitoyl-GPC and 2-arachidonyl-GPC as
substrates with a pH optimum at pH 7.0 to 8.0. The plant PLA, was activated by calmodulin and inhibited by pretreatment
of 5,8,11,14-eicosatetraynoic acid known as an inhibitor of mammalian PLA,s. The enzyme was characterized as a
Ca”"-independent PLA, different from mammalian PLA,s. This membrane-associated and Ca®"-independent PLA, is
suggested to play an important role in the release of linolenic acid, the precursor of jasmonic acid, through a signal

transduction pathway.

Phospholipase A, (PLA,, EC 3.1.1.4) is a family of
enzymes that catalyze the hydrolysis of the fatty acyl
ester bond at the sn-2 position of glycerophospho-
lipids. In animals, it is well known that arachidonic
acid (AA) released from membrane phospholipids by
PLA, is subsequently metabolized to eicosanoids such
as prostaglandins, thromboxanes, and leukotrienes
(Samuelsson et al., 1987; Dennis et al., 1991). These
lipid mediators play important roles in many patho-
physiological mechanisms involved in inflammation
and tissue injury (Bonventre, 1992; Kudo et al., 1993).

Mammalian cells have been known to contain secre-
tory and cytosolic forms of Ca®*-dependent PLA,
based on their biochemical properties, localization, and
primary structures (Dennis, 1994). Secretory PLA,
(sPLA,) is localized in secretory granules, and has op-
timal activity at millimolar concentrations of Ca®". It
exhibits no preference to AA at the sn-2 position of the
phospholipids. On the other hand, cytosolic PLA,
(group IV cPLA,) is localized in cytosol, and is active at
micromolar concentrations of Ca”", which triggers it to
translocate to membranes. It shows high preference for
AA at the sn-2 position of the phospholipids and may
play an important role in the signal-coupled release of
AA (Serhan et al., 1996).

! This work was supported by grants from Genetic Engineering
Research Fund from the Ministry of Education of Korea and the
Korean Science and Engineering Foundation (grant no. 961-0719—
118-2 to D.K.K.).

* Corresponding author; e-mail dkkim@cau.ac kr; fax 82-2-816—
7338.

A Ca®"-independent form of PLA, (iPLA,) having
a molecular mass of 80 kD was purified from cytosol
of mammalian tissues, and the cDNA has been
cloned (Tang et al., 1997). Although iPLA, preferen-
tially hydrolyzes dipalmitoyl phosphatidylcholine
(PC), the role of this enzyme in cellular function
remains to be elucidated (Ackermann et al., 1994).
Moreover, a novel membrane-bound form of iPLA,
was also identified, characterized, and designated as
cPLA,-vy, which contains a domain with significant
homology to the catalytic domain of the 85-kD cPLA,
(Underwood et al., 1998).

However, in plants little is known about the pres-
ence and characteristics of PLA, although many lines
of indirect evidence indicate that the enzyme is in-
volved in various plant signal transduction mecha-
nisms (Munnik et al., 1998).

Several studies propose an involvement of PLA, in
auxin signaling. For example, auxin is suggested to
stimulate elongation of plant cells through the activa-
tion of a PLA, in microsomes of zucchini, which is
blocked by the treatment of polyclonal antibody
raised against an auxin-binding protein (Andre and
Scherer, 1991). Moreover, 5,8,11,14-eicosatetraynoic
acid (ETYA), an inhibitor of PLA,, was found to
block the auxin-dependent growth in hypocotyl seg-
ments of etiolated zucchini seedling (Scherer and
Arnold, 1997).

PLA, is also suggested to play an important role in
elicitor-induced defense responses. Elicitor treatment
rapidly elevated a cellular level of free linolenic acid,
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and the time course for the accumulation of linolenic
acid and linoleic acid was correlated with those for
the accumulation of jasmonic acid and expression of
defense genes (Blechert et al., 1995; Conconi et al.,
1996). Linolenic acid is known to serve as the precur-
sor of jasmonic acid and other octadecanoid-derived
chemical mediators that stimulate the expression of
defense-related genes (Bergey et al., 1996; Creelman
and Mullet, 1997). Thus, the release of linolenic acid
by a plant PLA, is thought to be the rate-limiting step
in this signal transduction pathway as is in the case of
AA-prostaglandins system in mammalians (Kudo et
al., 1993).

In plants patatin, a 40-kD protein of potato tuber,
was reported to have acyl transferase as well as PLA,
activity (Senda et al., 1996). Patatin is the major tuber
protein that shows optimal activity at neutral pH,
and requires millimolar concentrations of Ca*" for
the optimal PLA, activity. A recent report also sug-
gested that a 46-kD protein, homologous to patatin
and designated as Hev b 7, could be a defense-related
PLA, (Kostyal et al.,, 1998). However, the role of
patatin and its involvement in cellular signaling re-
main to be elucidated. A soluble PLA, was purified
and characterized from developing elm seeds (Stahl
et al., 1998). This enzyme seems to be related to the
secretory form of mammalian PLA,s, based on the
similarity of biochemical properties and sequence
homologies of catalytic motifs. These results suggest
that plant PLA s exist as multiple forms of enzyme as
is in the case of mammalians.

We previously identified two types of PLA, in the
100,000¢ supernatants and a membrane-associated
PLA, in the membrane fractions of leaves of broad
bean (Vicia faba; Kim et al., 1994). The two types of the
soluble PLA, were partially purified and shown to be
different from mammalian PLA,s.

In the present study we purified and characterized
a membrane-associated iPLA, as a homogeneous
protein of a 48-kD enzyme. This enzyme was acti-
vated by calmodulin, but inhibited by ETYA, which
was known as an inhibitor of mammalian PLA,s. The
purified plant PLA, preferred 2-linolenoyl sn-
glycerol-3-phosphocholine (GPC) to 2-linoleoyl GPC

by approximately 1.5-fold. These results suggest that
this membrane-associated 48-kD PLA, may be regu-
lated by calmodulin to produce linolenic acid, the
precursor of jasmonic acid.

RESULTS
Purification of the Membrane-Associated Plant PLA,

The plant PLA, was purified to near homogeneity
with a yield of 4.8% and 2,300-fold increase in the
specific activity over the homogenate of leaves of
broad bean by the sodium deoxycholate (SDC)-
extraction and ammonium sulfate-precipitation steps
followed by several chromatographies (Table I). The
sequential purification steps of SDC-extraction and
ammonium sulfate-precipitation resulted in a yield
of 56.8% and 28-fold increase in the specific activity
over the homogenate. The leaf-derived components
of dark green color were removed during these pu-
rification steps. This clear PLA, enzyme preparation
was applied to the Phenyl-5PW hydrophobic HPLC
column as the first chromatography, where we puri-
fied the PLA, activity by 163-fold increase in the
specific activity over the homogenate. The partially
purified enzyme activity was unstable, but stable for
several months at —70°C after the DEAE-5PW anion-
exchange HPLC column as the next step.

To further purify the enzyme and estimate the
apparent molecular mass of the activity, the active
fractions of the Mono Q FPLC were subjected to
Superose 12 gel-filtration FPLC. The highest peak of
the PLA, activity was eluted at a molecular mass of
approximately 50 kD as calibrated with molecular-
mass standards. When these active fractions were
subjected to 12% (w/v) SDS-PAGE, a single band
migrated as a molecular mass of 48 kD and its rela-
tive intensity paralleled the elution profile of the
PLA, activity as shown in Figure 1.

Immunoprecipitation of the Plant PLA,

To further define the 48-kD protein as the PLA,
enzyme, we raised mouse monoclonal antibodies

Table I. Summary of purification of the 48-kD membrane-associated PLA, from leaves of

broad bean

Sequential steps used in purification of the plant PLA,, resulting in a 2,300-fold purification with

4.8% recovery.

Step Protein Total Activity Specific Activity Purification Yield

mg pmol min~'! pmol min~" mg~! fold %

Lysate 4,770 14,310 3 1 100
SDC extracts 185 8,880 48 16 62.1
(NH,),SO, fractionation 98 8,134 83 28 56.8
Phenyl-5PW 2.70 1,323 490 163 9.2
DEAE-5PW 0.48 1,238 2,580 860 8.7
G3000-PW 0.31 1,190 3,840 1,280 8.3
Mono Q 0.13 750 5,770 1,923 5.2
Superose 12 0.10 690 6,900 2,300 4.8
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Figure 1. Cel filtration column chromatography on Superose 12
FPLC. The active fractions obtained from Mono Q FPLC column were
applied to a Superose 12 gel filtration FPLC column as described in
“Materials and Methods.” The inset shows the calibration curve for
the estimation of the apparent molecular mass of the PLA,. The
standard protein markers for the gel filtration chromatography were
as follows: B-amylase (200 kD), alcohol dehydrogenase (150 kD),
BSA (66 kD), carbonic anhydrase (29 kD), and cytochrome c (12.4
kD) (A). The active fractions from Superose 12 gel filtration FPLC
columns were analyzed by 12% (w/v) SDS-PAGE and visualized by
silver stain as described in “Materials and Methods.” The standard
protein markers were as follows: myosin (200 kD), B-galactosidase
(116 kD), phosphorylase b (97.4 kD), BSA (66.2 kD), ovalbumin (45
kD), carbonic anhydrase (31 kD), and trypsin inhibitor (21.5 kD). The
molecular mass (arrow) of the plant PLA, was extrapolated from R;
value (B). Essentially identical results were obtained in three inde-
pendent experiments.

against the 48-kD protein and examined whether the
antibodies immunoprecipitate the PLA, activity. We
screened hybridoma cells using the active fractions
obtained from the Mono Q FPLC column, and iden-
tified two positive hybridoma clones, C4 and C118.
As shown in Figure 2, only the hybridoma clone
C4-derived antibody immunoprecipitated the PLA,
activity partially purified from the DEAE-5PW col-
umn in a time-dependent manner, but it did not react
with the 48-kD protein in a western blot (data not
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shown). When each of immunoprecipitates obtained
from the hybridoma media was subjected to SDS-
PAGE and visualized by a silver-staining kit, the
immunoprecipitate by only the hybridoma clone C4-
derived antibody migrated as a single band of the
48-kD protein on a SDS-PAGE gel (Fig. 2).

Purification of the 48-kD Plant PLA, by Using
Anti-48-kD PLA, Protein Antibody Affinity Column

To further confirm the 48-kD protein as the PLA,
enzyme and purify the enzyme in a more efficient
manner, we made an anti-48-kD protein antibody
affinity column by coupling the antibody to the
N-hydroxysuccinimide (NHS)-activated column. The
partially purified PLA, enzyme preparation obtained
by the purification procedure yielded a single band
of 48-kD protein on a SDS-PAGE gel, which corre-
lated with the enzymatic activity (Fig. 3, A and B).
The N-terminal sequencing of the 48-kD protein re-
vealed sequence similarity to a cucumber patatin-like
lipase (May et al., 1998; KM. Jung and D.K. Kim,
unpublished data) as well as a potato patatin. As
these proteins were reported to act as lipid acyl hy-
drolases, these similarities also confirm our result
that the 48-kD protein is a plant PLA,.

Characterization of the Purified Plant PLA,

To determine pH dependency of the purified 48-kD
plant PLA,, an aliquot of the active fractions obtained
from the Superose 12 gel filtration column was as-
sayed in the range of pH 4.5 to 11.0. The PLA,

Cc4

PLA, Activity (% of Control )

Time (min)

Figure 2. Immunoprecipitation of the plant PLA, activity by a mono-
clonal antibody raised against the purified 48-kD protein. Culture
media of mouse hybridoma clones raised against the plant 48-kD
protein were mixed with packed Protein A-Sepharose beads and
incubate with 25 pg of partially purified PLA, as described in “Ma-
terials and Methods.” The resulting supernatants were assayed for the
PLA, activity. The immunoprecipitates were subjected to 12% (w/v)
SDS-PAGE as described in “Materials and Methods.” C4 and C118
mean the mouse hybridoma clones raised against the plant 48-kD
protein, which were positively reactive in ELISA. Essentially identical
results were obtained in three independent experiments.
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Figure 3. Purification of the 48-kD plant PLA, by using anti-48-kD
PLA, protein antibody affinity column. The plant PLA, partially
purified from the plant homogenates was applied to an anti-48-kD
protein antibody affinity column (1-mL bed volume) as described in
“Materials and Methods.” Aliquots of each fraction were assayed for
the PLA, activity (A) as described in “Materials and Methods,” ana-
lyzed by 12% (w/v) SDS-PAGE (B), and visualized by a silver-staining
kit. Essentially identical results were obtained in three independent
experiments.

showed optimal activity at a narrow range of neutral
pH of 7.0 to 8.0 (Fig. 4A).

The effects of detergents on the purified plant PLA,
activity were examined. When 0.1% (w/v) SDC and
0.05% (w/v) Triton X-100 was added to the assay
mixture, the enzymatic activity was increased by 44-
and 5-fold, respectively (Fig. 4B).

The substrate specificity for the plant PLA, enzyme
was also examined as shown in Figure 5A. The PLA,
showed the highest specific activity of 11.1 nmol
min~! mg71 protein for 2—[1—14C]lin01e0y1-GPC,
which is higher by 1.6- and 3.3-fold than activity with
2-[1—14C]arachidonyl—GPC and 2—[1—14C]palmitoyl—
GPC, respectively. The plant PLA, preferred PC to
phosphatidylethanolamine (PE), and unsaturated
fatty acids to saturated fatty acids at sn-2 position of
the phospholipids. No radioactive LPC was detected
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when the enzyme was incubated with sn-2-labeled
GPC, indicating that the enzyme has no PLA, activity
(data not shown). However, when assayed with 1-[1-
1C]palmitoyl-LPC as substrate, this enzyme also
showed a considerable lysophospholipase activity.
To compare the specific activity for 1-stearoyl-2-[1-
*Cllinoleoyl-sn-glycero-3-PC  (2-[1-"*CJLE-PC) with
that for 1-stearoyl-2-[1-'*C]linolenoyl-sn-glycero-3-PC
(2-[1-"*C]LEN-PC), the substrates were synthesized by
enzzlmatically transferring [1-'"*C]linoleic acid and
[1-"*CJlinolenic acid, respectively, to 1-stearoyl-2-
hydroxy-sn-glycero-3-PC (Lyso PC) and isolated the
[1-"*C]PCs by a normal phase p-porasil HPLC. This
synthesis procedure produced 2-[1-'*CJLE-PC and
2-[1-"*CJLEN-PC with yield of 81.3% and 76.2%, re-
spectively. As shown in Figure 5B, the purified 48-kD

A
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Figure 4. Effects of pH and detergents on the purified PLA, activity.
The purified PLA, activity from the Superose 12 gel filtration FPLC
was assayed in the range of pH 4.5 to 11.0. The pH buffers were as
follows: Gly-HCI, pH 4.5 to 6.0 (®); imidazole-HCI, pH 6.0 to 7.0
(O0); Tris-HCI, pH 7.0 to 9.0 (A); Gly-NaOH, pH 9.0 to 11.0 (0) (A).
The purified PLA, activity was assayed as described in “Materials and
Methods” in the presence of the indicated concentrations of SDC
(W/V %) or Triton X-100 (TX-100, v/v %), respectively. Each data
point represents the means = s of three independent experiments.
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PLA, preferred 2-[1-'*C]LEN-PC to 2-[1-'"*C]LE-PC by
approximately 1.5-fold. When human plasma as the
positive control was assayed for triacylglycerol lipase
activity as described (Shirai et al., 1981), the purified
48-kD PLA, did not reveal any triacylglycerol lipase
activity with glycerol tri[1-™CJoleate (Amersham
Pharmacia Biotech, Buckinghamshire, UK) as sub-
strate (data not shown).

ETYA, an inhibitor of mammalian PLA,, has been
shown to block auxin-induced growth (Scherer and

PLA, Activity (nmol/min/mg)

oe)

20
E\O ® O [1-“C]LEN-GPC
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S 15k
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Figure 5. Substrate specificity for the purified 48-kD plant PLA,. A,
An aliquot of the active pool obtained from the Superose 12 gel
filtration HPLC column was assayed for the PLA, activity with 25 um
of the indicated substrates as described in “Materials and Methods.”
B, 2-[1-"CJLEN-PC and 2-[1-"CJLE-PC were synthesized as de-
scribed in “Materials and Methods.” The indicated amounts of the
active fractions from the Superose 12 gel filtration HPLC column was
assayed for the PLA, activity with approximately 11.2 um substrates
as described in “Materials and Methods.” LE-GPC, 1-Palmitoyl-2-[1-
"Cllinoleoyl-GPC; PA-GPC, 1-palmitoyl-2-[1-'*C]palmitoyl-GPC;
AA-GPE, 1-stearoyl-2-[1-"*ClJarachidonyl-sn-glycerol-3-PE; PA-LPC,
1-[1-"*C]palmitoyl-2-hydroxy-sn-glycerol-3-PC.
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Figure 6. Effects of various mammalian PLA, inhibitors on the puri-
fied PLA, activity. The purified plant PLA, (pPLA,) obtained from the
Superose 12 gel filtration FPLC was pre-incubated with the indicated
concentrations of mammalian PLA, inhibitors, ETYA (A), AACOCF,
(B), or DTT (C), at 37°C for 10 min followed by assaying the PLA,
activity as described in “Materials and Methods.” The inhibitors-free
activity of pPLA,, group IV cPLA,, and sPLA, were 3,250, 3,010, and
3,670 cpm, respectively, under the assay condition. Ethanol (2.5%,
v/v) and 5% (w/v) dimethyl sulfoxide as vehicles did not affect the
PLA, activity. Each data point represents the means * st of three
independent experiments.
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Arnold, 1997). This finding prompted us to examine
the effect of the inhibitors of mammalian PLA,s on
the plant PLA, activity. First, as shown in Figure 6A,
ETYA inhibited in a dose-dependent manner the pu-
rified plant PLA, and the pancreatic form of sPLA,,
but not porcine spleen group IV cPLA,. Second,
arachidonyl trifluoromethyl ketone (AACOCE;), a
trifluoromethyl ketone analog of AA, is known to
inhibit group IV cPLA, (Street et al., 1993) and iPLA,
(Ackermann et al., 1995). This compound inhibited
the purified plant PLA, with potency similar to that
for inhibition of group IV cPLA,, but not the pancre-
atic form of PLA, (Fig. 6B). Third, dithiothreitol
(DTT) has been used as an inhibitor to differentiate
group IV cPLA, from sPLA,, which contains seven
disulfide bonds sensitive to DTT (Kudo et al., 1993).
Figure 6C shows that the reducing agent inhibited
the sPLA,, but it increased the plant PLA, activity
slightly.

We examined the requirement of Ca®" for the ac-
tivity. The purified plant PLA, obtained from the
Superose 12 gel filtration FPLC column was assayed
in the presence of 2 mm EGTA or various concentra-
tions of CaCl,. The calcium concentrations were de-
termined in EGTA /CaCl, buffers at pH 7.4 described
previously (Durham, 1983) The activity was not sig-
n1f1cantly changed in Ca®>" concentrations of 10~° to
1072 M. While 2 mm EGTA slightly inhibited the
activity by 8%, 2 mm EDTA inhibited it by 28% (data
not shown). Thus, it is found that the 48-kD plant
PLA, is of a Ca®"-independent form. To elucidate the
biochemical mechanisms by which the 48-kD plant
PLA, is regulated in intact plant cells, the effects of
calmodulin on the PLA, activity were examined.
When calmodulin was pre-incubated with the puri-

PLA, Activity (% of Control)

Calmeodulin (Unit)

Figure 7. Effects of calcium and calmodulin on the purified plant
PLA, activity. The purified plant PLA, obtained from the Superose 12
gel filtration FPLC column was pre-incubated with the indicated
concentrations of calmodulin (40,000 units/mg protein) in the pres-
ence of 3 mm CaCl, or 2 mm EGTA at 37°C for 10 min followed by
assaying the PLA, activity as described in “Materials and Methods.”
Each data point represents the means * st of three independent
experiments.

1062

fied plant PLA, in the presence of 3 mm CaCl, or 2
mM EGTA, it enhanced the plant PLA, activity by
approximately 2-fold at 50 unit in a dose-dependent
manner only when Ca®" was present in the assay

(Fig. 7).

DISCUSSION

PLA, has been known to play a crucial role in
signal transduction of plant cells. However, the bio-
chemical characteristics of plant PLA, have not been
fully determined because the enzyme has not been
purified to homogeneity. Accumulating evidence
suggested that a membrane-associated form of PLA,
is implicated in a number of cellular responses in
plant cells. It was reported that a PLA, from the
microsomal fractions of the plant cells was activated
through agonist-coupled signal transduction (Andre
and Scherer, 1991). It was also shown that a
membrane-associated PLA, was activated via auxin-
induced signaling (Scherer and Andre, 1989; van der
Hoeven et al., 1996). Plant PLA, is known to liberate
linolenic acid from the membrane phospholipids,
which is subsequently metabolized to produce jas-
monic acid as a second messenger. This process is
known as octadecanoid pathway in plant similar to
eicosanoid pathway in mammalian and has been sug-
gested to occur in plasma membranes and plastids
(Blechert et al., 1995; Conconi et al., 1996).

In this context the present study was focused on a
membrane-associated form of plant PLA,. The spe-
cific act1v1ty of the purified plant PLA, was 6.9 nmol
min ' mg~ ' protein, which was relatively low by
approximately 100-fold compared with that of group
IV cPLA, previously purified from porcine spleen
(Kim and Bonventre, 1993). This may result from the
assay condition that is different in the presence of
SDC or the amount of substrate. Otherwise, this may
be due to its localization in membranes: This
membrane-associated enzyme may catalyze its mem-
brane substrates efficiently in spite of low specific
activity.

As shown in Figure 1, the highest peak of the en-
zyme activity migrated as an apparent molecular mass
of 50 kD during the Superose 12 gel filtration chroma-
tography. These data also indicate that the 48-kD pro-
tein is likely to be the plant PLA, enzyme, and suggest
that the enzyme exist as a monomer in the Superose 12
gel filtration column. As shown in Figure 2, the 48-kD
protein was further confirmed to be the PLA, enzyme
by immunoprecipitating the activity using a monoclo-
nal antibody raised against the 48-kD protein. Further-
more, only the immunoprecipitate obtained from the
medium that immunoprecipitated the PLA, activity
revealed the 48-kD protein band on a SDS-PAGE gel,
indicating that the 48-kD protein is responsible for the
PLA, activity. However, in western blot analysis, the
48-kD protein band was not shown, suggesting that
the antibody does not recognize the denatured 48-kD
protein.
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To further confirm that the 48-kD protein is really
the PLA, enzyme, we established the anti-48-kD pro-
tein monoclonal antibody affinity column, by which
the PLA, protein was purified. As shown in Figure 3,
the 48-kD protein was purified as a single band from
the DEAE-5PW-purified enzyme preparation. Fortu-
nately, despite exposure to an acidic condition of pH
2.6, the fractions from the antibody affinity column
revealed a considerable activity correlating with their
band density (Fig. 3, A and B).

The plant PLA, activity is increased by approxi-
mately 44-fold under assay condition containing
0.1% (w/v) SDC (Fig. 4B), where the activities of
group IV cPLA, and sPLA, were completely inhib-
ited (data not shown). However, whether SDC di-
rectly stimulates the plant PLA, or affects its avail-
ability for the substrate remains to be determined.

It is known that auxin-induced plant cell growth is
inhibited by ETYA (Scherer and Arnold, 1997), fur-
ther suggesting a crucial role of PLA, in the plant cell
growth. As shown in Figure 6A, ETYA inhibited both
the plant and secretory forms of PLA, with a similar
potency. This suggests that the 48-kD membrane-
associated PLA, may be responsible for inhibition of
auxin-induced plant cell growth by ETYA.

The sensitivity of the plant PLA, to other inhibitors
of mammalian PLA,s, AACOCF; and DTT, was also
examined. AACOCEF; is known to inhibit both group
IV cPLA, (Street et al.,, 1993) and 80-kD iPLA,
by competing with fatty acyl chains at the sn-2 posi-
tion of phospholipids (Ackermann et al., 1995), but
not the low M, forms of sPLA,. In contrast, DTT
inhibits the low M, forms of sPLA, through the re-
duction of the disulfide bonds, but not the group IV
cPLA, (Winkler et al., 1994). In this context, the 48-kD
plant PLA, seems to recognize crucially the fatty acyl
chains at the sn-2 position of phospholipids since the
activity was inhibited by AACOCF; with a similar
potency to group IV cPLA, (Fig. 6B). Moreover, a
disulfide bond seems neither to exist within the PLA,
protein nor to be important for the activity because
the activity was not sensitive to DTT (Fig. 6C).

It was reported that unsaturated fatty acids serve as
activators of H"-ATPase (Nasyrova et al.,, 1996) and
protein kinases (Klucis and Polya, 1987; Minichiello et
al., 1989; Polya et al., 1990; van der Hoeven et al., 1996)
to trigger plant cell responses. In particular linolenic
acid is implicated in such responses since it could be
metabolized to jasmonic acid through the octade-
canoid pathway. It was also reported that PC and PE
were the major phospholipids hydrolyzed by elici-
tor-induced PLA, activation of plant cells (Roy et
al.,, 1995). In our experiments the purified plant
PLA, preferred 2-[1-14C]1inoleoyl-GPC to 2-[1-
“C]palmitoyl-GPC and 2-[1-'*CJarachidonoyl-GPC
by 3.3- and 1.6-folds, respectively. Although the
PLA, activity should be tested for the PC and PE
containing various species of fatty acids at the sn-2
position, PC seems to be the better substrate than PE
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for the PLA, activity. These results suggest the pos-
sibility that this 48-kD PLA, may be involved in the
plant defense responses. On the other hand, to com-
pare the PLA, activity for 2-[1-'*C]LEN-PC with that
for 2-[1-"*C]LE-PC, these substrates were synthesized
by enzymatically transferring [1-'*C]linolenic acid
and [1-"*C]linoleic acid to sn-2 position of Lyso PC,
respectively. As shown in Filgure 5B, the purified
Plant PLA, preferred 2-[1-"*C]JLEN-PC to 2-[1-
*C]LE-PC by approximately 1.5-fold. This suggests
that the 48-kD PLA, may not selectively hydrolyze
phospholipids containing linolenoyl moiety at their
sn-2 positions, but it does not mean that this PLA,
will not play a role in the production of linolenic acid
as the precursor of jasmonic acid. Whether this PLA,
will be able to selectively release linolenoyl moiety
from intact plant cell membranes, whose physical
state is much different from the PC vesicles, remains
to be studied.

Calcium ion is known to be an important factor for
the activation of mammalian PLA,s. It serves as a
cofactor mediating catalysis of the low M, forms of
PLA, or triggering to translocate group IV cPLA, to
membranes (Yoshihara and Watanabe, 1990). The pu-
rified plant PLA, showed no requirement for calcium
ions. Thus, the plant PLA, will be categorized into a
form of iPLA,. The pH profile is also important for
examining biochemical properties of the PLA,. Mam-
malian PLA,s reveal a relatively broad range of pH
optimum and was fully activated at alkaline pH of
8.0 to 9.0 (Rordorf et al., 1991). However, the plant
48-kD PLA, showed a pH profile optimally activated
at a narrow range of neutral pH of 7.0 to 8.0 (Fig. 4A).

Calmodulin has been known as an activator of
plant PLA,: It increased the PLA, activity by 2-fold
when added to the soluble fractions of potato leaves
(Moreau, 1986) and potato tubers (Kawakita et al.,
1993). We found that calmodulin increased the PLA,
activity of the crude enzyme extracts from the mem-
brane fractions of leaves of broad bean (data not
shown). Importantly, as shown in Figure 7, the puri-
fied plant PLA, activity was markedly enhanced by
calmodulin in the presence of Ca**, but not in the
presence of EGTA, a calcium chelator. In fact, recent
report showed that calmodulin regulated a mamma-
lian iPLA, activity by unknown mechanism (Wolf
and Gross, 1996). The fact that calmodulin-induced
plant PLA, activation is attributable to calcium ions
suggests a role of intracellular calcium ions in a direct
interaction between the proteins.

Recently, it was reported that a patatin-like PLA, is
transiently synthesized during seed germination and
involved in the initiation of lipid body mobilization
(May et al., 1998). The amino acid sequence of this
45-kD protein showed 47.9% identity with that of
potato patatin. It is interesting that the N-terminal
sequence of our 48-kD PLA, also showed significant
identities with these proteins, suggesting the possi-
bility that patatin family proteins actually act as
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phospholipases involved in various plant cell
responses.

In summary, the present study demonstrates that
leaves of broad bean contain a membrane-associated
48-kD PLA, activated by calmodulin and inhibited
by pretreatment of ETYA. This is the first finding
suggesting that this membrane-associated 48-kD
PLA, may be regulated by calmodulin to play a role
in plant cell responses through production of linole-
nic acid.

MATERIALS AND METHODS
Materials

1-Stearoyl-2-[1-'*CJarachidonyl-GPC (55.3 mCi/mmol),
1-palmitoyl-2-[1-'*C]linoleoyl-GPC (55.0 mCi/mmol), 1-pal
mitoyl-2-[1-'*C]palmitoyl-GPC (55.6 mCi/mmol), 1-stearoyl-
2-[1-'*CJarachidonoyl-sn-glycerol-3-PE  (55.1 mCi/mmol),
and 1-[1-"*C]palmitoyl-Lyso PC (54.0 mCi/mmol) were pur-
chased from the radio-chemical center, Amersham Life Sci-
ence (Buckinghamshire, UK). [1-'*C]Linoleic acid (52.8
mCi/mmol) and [1-'*C]linolenic acid (55.0 mCi/mmol)
were purchased from NEN Life Science Products (Bos-
ton). 1-Stearoyl-2-arachidonyl-sn-glycerol, AA, 1-stearoyl-
2-arachidonoyl-GPC, porcine pancreatic group 1 PLA,
(sPLA,), ETYA, SDC, calmodulin from bovine brain, and
DTT were purchased from Sigma (St. Louis). Lyso PC was
purchased from AvantiPolar Lipids (Alabaster, AL). Mam-
malian 100-kD cPLA, was purified from porcine spleen as
described previously (Kim et al., 1993). Arachidonyl triflu-
oromethyl ketone (AACOCEF;) was obtained from Biomol
(Plymouth Meeting, PA). Protein G and Hitrap NHS-
activated columns were purchased from Gibco-BRL/Life
Technologies (Grand Island, NY) and Pharmacia LKB
(Uppsala), respectively. All other chemicals were of the
highest purity available from commercial sources.

Assay for PLA, Activity

PLA, activity was assayed using 2-[1-'*C]AA-GPC as
substrate unless specified otherwise. Each substrate was
dried under a nitrogen stream and resuspended in the
same volume of ethanol. The standard incubation system
(100 L) for assay of PLA, activity contained 75 mm Tris
[tris(hydroxymethyl)aminomethane]-HCl (pH 7.0), 3 mm
CaCl,, 0.1% (w/v) SDC, and 4.5 nmol of radioactive phos-
pholipids (approximately 55,000 cpm). Reactions were car-
ried out at 37°C for 30 min and stopped by adding 320 uL
of chloroform:methanol (1:1, by volume) and 30 uL of 2
N-HCI into the reaction mixture (Kim et al., 1997). The
samples were then centrifuged, and an aliquot of the lower
lipid phase was removed. Solvents were removed with a
stream of nitrogen gas and the lipids were resuspended in
a small aliquot of chloroform:methanol (1:1, by volume).
Free fatty acid was separated by thin layer chromatogra-
phy on Silica gel G plate (Merck, Darmstadt, Germany)
using a solvent system, n-hexane:ethyl ether:acetic acid
(160:40:3, v/v). After drying, the plates were subjected to
iodine vapor and the spots were identified with comigrated
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authentic standards. Free fatty acid was quantified by
scraping its corresponding spot into counting vial contain-
ing 2.5 mL of scintillation solution (Insta gel-XF, Packard
Instrument, Meriden, CT), and counted for radioactivity in
a Packard Tri-Carb liquid B-scintillation counter.

In purification steps, the concentration of SDC in the
incubation system was adjusted to 0.025%, and [1-"*CJAA
from 2-[1-"*CJAA-GPC were extracted by modified Dole’s
method (Dole and Meimertz, 1960). Reactions were carried
out at 37°C for 30 min and were stopped by adding 560 uL
of Dole’s reagent (n-heptane:isopropyl alcohol:1 N-H,SO,;
400:390:10, v/v) and 110 uL of water, vortex-mixed, and
centrifuged. Then, 150 uL of upper phase was transferred
to a new microtube, to which n-heptane (800 uL) and silica
gel (approximately 6 mg) were added. The sample was
vortex-mixed and centrifuged again and an aliquot (750
unL) of the supernatant was removed into 2.5 mL of the
scintillation solution and counted for radioactivity in a
Packard Tri-carb liquid B-scintillation counter.

Synthesis of 2-[1-**C]LE-PC and 2-[1-'*C]LEN-PC

First, to prepare an acyltransferase enzyme, liver tissue
(4.0 g) was dissected from 4-week-old Wistar rat anesthe-
tized with ethyl ether and homogenized with 40 mL of 0.25
M Suc. The homogenate was centrifuged at 20,000g at 4°C
for 20 min and the resulting supernatant was ultracenti-
fuged at 100,000g at 4°C for 1 h. The resulting pellet was
resuspended in 4 mL of 0.25 M Suc and used as a source of
acyltransferase enzyme. This microsomal fraction con-
tained approximately 1.0 pmol PC 3.6 mg ' protein. Sec-
ond, Lyso PC (1.0 umol) and 2-[1-'*C]LE-PC (approximate-
ly 1.0 pwmol) or 2-[1-"*C]LEN-PC (approximately 1.0 umol)
were incubated at 37°C for 2 h in a reaction system (2.0 mL)
containing 10 mm MgCl,, 10 mm ATP, 300 uM coenzyme A
and rat liver microsomal fractions (1.02 mg of protein and
0.3 pwmol of PC). The amounts of PC in the microsomal
fractions was determined by purifying the PC with a HPLC
column as below and determined from a calibration curve
of standard PC with evaporating light scattering detector.
To extract total lipids, the reaction was stopped by adding
1.0 mL of CHCI;:MeOH:1 n HCI (100:50:3, v/v) and the
lower phase was removed and transferred to a new glass
tube. The extracted lipids were re-extracted by adding
6.7 mL of CHCl;:MeOH (9:1, v/v). Third, to purify 2-
[1-"*C]LE-PC or 2-[1-'*C]JLEN-PC, the extracted lipids were
applied to a normal phase HPLC column (u-porasil, 7.8 X
300 mm, Waters, Milford, MA) pre-equilibrated with an
elution solvent (CH;CN:MeOH:H,O [50:45:6.5, v/v]) and
isocratically eluted by monitoring by measuring UV A, at
a flow rate of 1 mL/min. The [1-'*C]PCs eluted at approx-
imately 22 min after injection were assayed for the PLA,
activity with 11.2 um substrate as described in “Materials
and Methods.” The amounts of the substrates were calcu-
lated based on that the radiolabeled phospholipids include
0.3 pmol PC mg ' protein from the microsomal fraction as
a source of acyltransferase. Each of the purified [1-'*C]PCs
was dried under nitrogen and resuspended in ethanol for
the assay of the PLA, activity as described as above.
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Purification of a Membrane-Associated PLA, from
Leaves of Broad Bean

Broad bean (Vicia faba L. cv Long Pod; W. Atlee Burpee,
Warminster, PA) seeds were planted in vermiculite mixed
with humus soil. The plants were grown in a growth
chamber at 23°C with light/dark cycles of 16 h/8 h. The
light intensity of 180 to 200 umol m ™2 s~ ' was provided.
Leaves (500 g) of broad bean were cut and washed several
times with buffer K (50 mm Tris-HCI, pH 9.0, 3 mMm EDTA,
0.12 M NaCl, and 2 mm DTT). The leaves were homoge-
nized with 1 L of buffer K using a polytron homogenizer
(model Polytron PT 6000, Kinematica AG, Littau, Switzer-
land). The debris and unlysed tissues were removed by
centrifuging the homogenates at 2,000g at 4°C for 20 min.
The supernatants (lysates) were then centrifuged at
100,000g at 4°C for 60 min. The 100,000g pellets were re-
suspended with 500 mL of buffer K containing 2 mm SDC.
After gentle stirring at 4°C for 2 h, the SDC-solubilized
membrane fractions were centrifuged at 100,000¢ at 4°C for
1 h. The resulting 100,000g supernatants were adjusted to
1.5 m (NH,),SO,, stirred at 4°C for 1 h, and centrifuged at
10,000g at 4°C for 40 min. The resulting supernatants were
used as enzyme sources for next purification steps.

These enzyme preparations were loaded onto a prepara-
tive Phenyl-5PW hydrophobic column (21.5 mm X 15 cm,
Tosoh, Tokyo) pre-equilibrated with buffer B [50 mm Tris-
HCI, pH 7.5, containing 1 mmM EDTA, and 0.5 m (NH,),SO,]
at a flow rate of 5.0 mL/min with a fraction/minute. After
washing with buffer B, the column-binding proteins were
eluted with a 100-mL linear gradient of 0.5 to 0.0 m
(NH,),SO,. This resulting active pool (10 mL) was loaded
onto a DEAE-5PW column (7.5 mm X 7.5 cm, Tosoh) pre-
equilibrated with buffer A (50 mm Tris-HCI, pH 7.5, and 1
mwm EDTA). The active fractions (4 mL) were obtained with
a 20-mL linear gradient elution of 0.0 to 1.0 M of NaCl at a
flow rate of 1.0 mL/min. The active pool was then directly
injected onto a G3000-PW gel filtration column (21.5 mm X
60 cm, Tosoh) pre-equilibrated with a buffer containing 50
mwMm Tris-HCl, pH 7.5, 0.3 M NaCl, and 1 mm EDTA. The
active fractions were eluted with the same buffer at a flow
rate of 5 mL/min with a fraction/minute. Next, this enzyme
preparation (20 mL) was loaded onto a Mono Q anionic
FPLC column (5.0 mm X 5.0 cm, Pharmacia LKB) pre-
equilibrated with buffer A (50 mm Tris-HCI, pH 7.5, con-
taining 1 mm EDTA) at a flow rate of 1.0 mL/min. The active
fractions (3 mL) were eluted with a 20-mL linear gradient of
0.0 to 1.0 m of NaCl and concentrated into approximately
250 pL using a Centricon 10 (Amicon, Beverly, MA). As a
final step, the concentrate was injected onto a Superose 12
gel filtration FPLC column (10 mm X 30 cm; Pharmacia
LKB) pre-equilibrated with a buffer containing 50 mm Tris-
HCl, pH 7.5, 0.3 m NaCl, and 1 mm EDTA. The column was
eluted with the same buffer at a flow rate of 0.5 mL/min.
Fractions (0.5 mL) were collected.

Protein Assay

To monitor the amount of protein during purifying the
PLA,, the A,5, was measured by a UV detector. Protein
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concentration of each sample was measured with Brad-
ford reagents (Bio-Rad, Hercules, CA) using bovine serum
albumin (BSA) as a standard.

SDS-PAGE

Each aliquot (20 nL) of active fractions from the Super-
ose 12 FPLC columns was mixed with an aliquot of Lae-
mmli’s sample buffer to make 0.125 m Tris-HCI, pH 6.8, 4%
(w/v) SDS, 20% (w/v) glycerol, and 0.002% (w/v) brom-
phenol blue. After boiling for 5 min, the samples were
cooled to room temperature and subjected to 12% (w/v)
PAGE according to Laemmli’s procedure (Laemmli, 1970).
The separated proteins were stained with a PlusOne silver
staining kit (Pharmacia LKB).

Preparation of a Monoclonal Antibody against the
48-kD PLA, Protein

An aliquot (50 ug of protein in 0.5 mL) of active fractions
obtained from the Superose 12 FPLC column was mixed
with the same volume of Freund’s complete adjuvant
(Gibco-BRL/Life Technologies) and injected into a BALB/c
mouse via intraperitoneal route. After boosting three times
at a 3-week interval, the immunized mouse was sacrificed.
The spleen cells were taken and fused with mouse my-
eloma cells V653 by PEG 50 (Sigma), and the produced
hybridomas were screened by ELISA using the active frac-
tions obtained from the Mono-Q FPLC column. In this way,
two hybridoma clones were established. The culture media
were used as a monoclonal antibody for the immunopre-
cipitation study.

Immnoprecipitation of the Plant 48-kD PLA,

Culture media (1.0 mL) of mouse hybridoma raised
against the purified 48-kD protein were mixed with packed
Protein A-Sepharose CL-4B beads (approximately 50-uL
bed volume) pre-equilibrated with a buffer containing 20
mwM Tris-HCl, pH 7.5, 1 mm EDTA, and 1.0% (w/v) BSA
and incubated for 12 h at 4°C with constant shaking. The
beads were washed six times with 1.0 mL of a buffer
containing 20 mm Tris-HCI, pH 7.5, 1 mm EDTA, and 2.0%
(w/v) BSA. An aliquot (100 pL) of Protein A-Sepharose
CL-4B beads was incubated with a pool (25 ug of protein)
of the active fractions obtained from the DEAE-5PW HPLC
column for the indicated time at 4°C with constant shaking.
The beads were then pelleted by centrifuging at 13,000g at
4°C for 30 s, and each aliquot of the resulting supernatants
was assayed for the PLA, activity. The pellets were washed
six times with 1 mL of a buffer containing 20 mm Tris-HCI,
pH 7.5, 0.5 m NaCl, 1 mm CaCl,, 1 mm MgCl,, and 0.1%
(w/v) Tween 20. The washed beads, designed as immuno-
precipitate, were mixed with Laemmli’s sample buffer,
boiled for 5 min, and centrifuged. The proteins in the
resulting supernatants were separated on a SDS-PAGE gel
and visualized by a silver staining kit.
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Purification of the 48-kD Plant PLA, by Using an
Anti-48-kD PLA, Protein Antibody Affinity Column

First, to prepare anti-48-kD protein antibody, ascitic
fluid was developed by injecting of hybridoma C4 cells
(5 X 10° into a BALB/c mouse via intraperitoneal route.
After 14 d, the monoclonal antibody was purified from the
ascitic fluid using a 1-mL prepacked protein G column
(Gibco-BRL/Life Technologies). In brief, the collected as-
cite was centrifuged at 3,000g at 4°C for 15 min, the super-
natant was diluted 2-fold with a loading buffer (10 mm
sodium phosphate, pH 7.0, and 0.15 M NaCl), and loaded
onto the Protein G column pre-equilibrated with the load-
ing buffer. After washing with approximately 10 mL of the
loading buffer, the antibody was eluted with 100 mm Gly
HCI (pH 2.6). The eluate was immediately neutralized by
adding 100 pL of 2 m Tris-HCI (pH 8.0).

The anti-48-kD protein antibody affinity column was
then prepared using a Hitrap NHS-activated column (1-mL
bed volume, Pharmacia LKB) as described by the manufac-
turer. Briefly, the affinity-purified antibody was dialyzed
against 500 volumes of a coupling buffer (0.2 M NaHCO;
and 0.5 m NaCl, pH 8.3) and adjusted to the concentration
of 1.2 mg protein/mL by concentrating the dialysate with
a Centricon 10 concentrator (Amicon). The antibody sam-
ple was loaded onto the NHS-activated column (1-mL bed
volume) followed by standing at 4°C for 4 h. The coupling
was deactivated by washing three times with 2 mL of
buffer C (0.5 M ethanolamine, pH 8.3, and 0.5 M NaCl) and
three times with 2 mL of buffer D (0.1 m sodium acetate,
pH 4.0, and 0.5 m NaCl) according to the manufacturer’s
instruction. To purify the 48-kD PLA, protein with the
antibody affinity column, the PLA, enzyme preparation
was obtained from the DEAE-5PW HPLC column as
described above. The active pool from the DEAE-5PW
column was loaded onto the anti-48-kD protein antibody
affinity column pre-equilibrated with buffer E (50 mm Tris-
HCI, pH 7.0, 1 mm EDTA, 100 um phenylmehtylsulfonyl
fluoride, 20 uM pepstatin, and 20 um leupeptin) at a flow
rate of 1.0 mL/min. Proteins bound to the columns were
eluted with a 20-mL linear gradient with buffer F (100 mm
Gly-HCl, pH 2.6).

Characterization of the Purified Plant 48-kD PLA,

To characterize the purified plant PLA,, the active frac-
tions from the Superose 12 gel filtration column were
pooled and desalted using a PD-10 desalting column
(Sephadex G-25 M, Pharmacia LKB) pre-equilibrated with a
buffer (10 mm Tris-HCl, pH 7.5). In some experiments, the
enzyme sources and appropriate amounts of inhibitors or
calmodulin (Sigma) were mixed and pre-incubated for 10
min at 37°C, followed by the addition of SDC and radiola-
beled substrate for the PLA, assay.
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