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secretion stimulated by gibberellic acid in barley aleurone
Graciela Racagni®, Ana L. Villasuso?, Susana J. Pasquaré®, Norma M. Giusto® and Estela Machado®*

#Quimica Bioldgica, FCEFQN, Universidad Nacional de Rio Cuarto, X5804BYA Rio Cuarto, Cérdoba, Argentina
PINIBIBB (CONICET), Universidad Nacional del Sur, 8000 Bahia Blanca, Argentina

Correspondence
*Corresponding author,
e-mail: emachado@exa.unrc.edu.ar

ABA plays an important regulatory role in seed germination because it inhibits
the response to GA in aleurone, a secretory tissue surrounding the endosperm.
Phosphatidic acid (PA) is a well-known intermediary in ABA signaling, but the
role of diacylglycerol pyrophosphate (DGPP) in germination processes is not
clearly established. In this study, we show that PA produced by phospholipase D
(E.C. 3.1.4.4) during the antagonist effect of ABA in GA signaling is rapidly
phosphorylated by phosphatidate kinase (PAK) to DGPP. This is a crucial fact for
aleurone function because exogenously added dioleoyl-DGPP inhibits secretion
of a-amylase (E.C. 3.2.1.1). Aleurone treatment with ABA and 1-butanol results
in normal secretory activity, and this effect is reversed by addition of dioleoyl-
DGPP. We also found that ABA decreased the activity of an Mg**-independent,
N-ethylmaleimide-insensitive form of phosphatidate phosphohydrolase (PAP2)
(E.C. 3.1.3.4), leading to reduction of PA dephosphorylation and increased
PAK activity. Sequence analysis using Arabidopsis thaliana lipid phosphate
phosphatase (LPP) sequences as queries identified two putative molecular
homologues, termed HvLPPT and HvLPP2, encoding putative Lpps with the
presence of well-conserved structural Lpp domains. Our results are consistent
with a role of DGPP as a regulator of ABA antagonist effect in GA signaling and
provide evidence about regulation of PA level by a PAP2 during ABA response in
aleurone.
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Introduction Iy . .
inhibits a-amylase secretion remains poorly understood.

The aleurone is a secretory tissue that surrounds the
starchy endosperm of the cereal grain. GA induces
synthesis of hydrolytic enzymes (principally a-amylase)
in aleurone, providing resources for seed germination and
early seedling growth (Lovegrove and Hooley 2000,
Ritchie etal. 2002). ABA inhibits the response of aleurone
to GA, evoking changes in cytoplasm pH (Heimovaara-
Dijkstra et al. 1994a, van der Veen et al. 1992), mem-
brane potential (Heimovaara-Dijkstra et al. 1994b) and
in cytosolic calcium levels (Gilroy 1996, Ritchie and
Gilroy 1998). The phospholipid signaling pathway that

Phospholipids are a major component of all biological
membranes and play a key role in signal transduction
processes (Meijer and Munnik 2003, Testerink and
Munnik 2005). In ABA-regulated processes, phosphatidic
acid (PA) produced by phospholipase D (PLD) is an im-
portant messenger responsible for inhibition of a-amy-
lase production in aleurone (Ritchie and Gilroy 1998).
Enzymes that metabolize PA also play an important role in
switching the PA signal on/off. The two principal routes
leading to PA production are PLD-mediated hydrolysis of
structural phospholipids and the combined action of

Abbreviations — DGK, diacylglycerol kinase; DGPP, diacylglycerol pyrophosphate; DPPC, dipalmitoyl phosphatidylcholine; FFA, free
fatty acid; LPA, lyso-phosphatidic acid; LPP, lipid phosphate phosphatase; NEM, N-ethylmaleimide; PA, phosphatidic acid; PAK,
phosphatidate kinase; PAP, phosphatidate phosphohydrolase; PLC, phospholipase C; PLD, phospholipase D.
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phospholipase C (PLC) and diacylglycerol kinase (DGK)
(Munnik et al. 1998). Removal of PA is caused by several
enzymes (1) phosphatidate kinase (PAK) that phos-
phorylates PA to yield diacylglycerol pyrophosphate
(DGPP) (Carman and Zeimetz 1996, Wissing et al.
1994, Wu et al. 1996); (2) lipid phosphate phosphatases
(Lpps) that dephosphorylate PA to produce diacylglycerol
(DAG) (Pierrugues etal. 2001); and (3) PA-selective A type
phospholipase that deacylates PA to produce lyso-
phosphatidic acid (LPA) and free fatty acids (FFAs).
Besides reducing PA function, these enzymatic activities
can also generate new lipid messengers, such as DGPP,
DAG and FFAs (Wang et al. 2006).

PA and DGPP are accumulated transiently in response
to various abiotic and biotic stresses (den Hartog et al.
2001, de Jong et al. 2004, Meijer and Munnik 2003,
Munnik et al. 2000, Pedranzani et al. 2003, Pical et al.
1999, van der Luit et al. 2000), or after ABA treatment
(Katagiri et al. 2005, Zalejski et al. 2005). It has therefore
been suggested that DGPP may function as a signaling
molecule itself (Balboa et al. 1999, Munnik et al. 1996,
Santander et al. 2002), particularly in response to ABA
(van Schooten et al. 2006, Villasuso et al. 2003). Con-
sistent with this idea, DGPP was shown to trigger ex-
pression of four ABA upregulated genes (Zalejski et al.
2005, 2006).

Little is known about regulation of the metabolic path-
way that leads to ABA-induced DGPP accumulation.
DGPP is produced rapidly together with PA, but high levels
of DGPP are rapidly eliminated. The plant DGPP phos-
phatase activity described by Riedel et al. (1997), termed
LPP, preferentially not only dephosphorylates DGPP to PA
but also dephosphorylates PA to DAG, allowing sequential
conversion of DGPP to PA to DAG (Pierrugues etal. 2001).
Phosphatidate phosphohydrolases type 2 (PAP2) are Mg®* -
independent and N-ethylmaleimide (NEM)-insensitive
forms (Carman 1997, Waggoner et al. 1999) and were
renamed lipid phosphate phosphohydrolases (LPPs)
(Brindley and Waggoner 1998). LPPs from Saccharomyces
cerevisiae and mammalian cells exhibit activity toward
avariety of substrates such as LPA, STPand C1P, besides PA
(Toke et al. 1998a, 1998b, Waggoner et al. 1999).

In barley aleurone, we showed previously that PA and
DGPP are metabolically related in response to ABA,
suggesting that synthesis and metabolism of both may be
coupled to the activity of PLD/LPP/PAK and proposed
a role for DGPP in a-amylase secretion (Villasuso and
Machado-Domenech 2004, Villasuso et al. 2003). We
now provide evidence supporting the hypothesis that
DGPP is a key element in the antagonist effect of ABA on
GAssignaling. PA produced was rapidly phosphorylated to
DGPP by PAK and inhibited GA-stimulated a-amylase
secretion, mimicking ABA stimulation. ABA decreased the
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activity of PAP2, consistent with increased PAK activity.
Effect of 1-butanol on ABA-stimulated PLD activity was
overcome by addition of dioleoyl-DGPP. These observa-
tions demonstrate a link between PAK and PAP2 activities.
The transient increase of DGPP may activate pathways
leading to regulation of aleurone secretory activity.

Materials and methods

Plant material and x-amylase assay

Barley grains (Hordeum vulgare L, cv. Himalaya) were de-
embryonated, surface sterilized and allowed to imbibe in
sterile water, in the dark, for 4 days at room temperature.
Aleurone layers were isolated by gently scraping away the
starchy endosperm with metal spatulas. Layers (10) were
incubated for 24 h at25°Cinthe dark, with gentle shaking,
in the presence of 20 mM CaCl, with 5 wM ABA, 5 pM
GA or both. a-Amylase activity in the incubation medium
was measured by the starch I/KI method (Jones and Varner
1967). When a-amylase activity was determined in the
presence of dioleoyl-PA, dioleoyl-DGPP or dioctanoyl-
DGPP, these compounds (purchased from Avanti Polar
Lipids, Alabaster, AL) were added from 1000-fold con-
centrated stock solutions in chloroform. Prior to use, they
were dried under N, stream and emulsified by sonication
for 30 s, six times, in 50 mM HEPES.

Preparation of aleurone membrane

Aleurone layers prepared as above were incubated in
a shaking bath for 15 min at 25°C in 20 mM succinate
buffer (pH 6.5) containing 20 mM CaCl,, then stimulated
with ABA (final concentration 5 pM) at the indicated
times, washed three times with cold buffer and suspended
in 10 volumes of 50 mM HEPES (pH 7.4) containing
0.25 M sucrose, 5 mM KCI, T mM EDTA and protease
inhibitors (1 wg ml™" leupeptin, T mM phenyl methane
sulfonil fluoride (PMSF), 1 pg ml ™! aprotinin). This
suspension was frozen in liquid N, and thawed (three
times), homogenized and centrifuged at 1000 g for
15 min to remove unbroken cells and cell debris. The
supernatant was centrifuged at 105 000 g for 60 min to
obtain membrane fraction. The membranes were
washed, resuspended with 50 mM HEPES, pH 7.4, and
used as a source of lipid kinase activities.

Lipid kinase activity determination

The membrane fraction isolated as above (60 g protein)
was added to thermally equilibrated (30°C) 50 mM
HEPES buffer, pH 7.4, 0.1 mM EDTA, 0.5 mM DTE,
10 mM MgCl,, 0.1 mM sodium orthovanadate, 1T mM
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Mg”*-ATP and [y-32PJATP (370 MBq). Lipid kinase
activities were assayed simultaneously using endogenous
lipids as substrates, unless otherwise stated. Lipid phos-
phorylation was allowed to proceed for 2 min at 30°C in
a final volume of 100 pl. The incubation mixture was then
quenched with 1.5 ml chloroform/methanol (1:2, v/v)
(Racagni-Di Palma et al. 2002). Protein content of
membrane samples was determined by the Bradford
(1976) method with bovine albumin as standard. Effects
of DGK inhibitors, R59949 (3-{2-[4-(bis-(4-fluorophenyl)
methylenel-1-piperidinyl)ethyl}-2,3-dihydro-2-thioxo-4(1H)
quinazolinone), R59022 (6-{2-{4-[(4-fluorophenyl)pheny!-
methylene]-1-piperidinyl}ethyl}-7-methyl-5H-thiazolo(3,)
pyrimidine-5-one) and D609, were tested by preincubat-
ing the aleurone layer for 30 min with the inhibitors.

Phospholipid extraction and separation

Lipids were extracted from membranes as described
previously (Racagni-Di Palma et al. 2002), and phospho-
lipids were separated by TLC. Samples were spotted on
silica gel plates coated with potassium oxalate solution
and heated at 110°C for 60 min just before use. Plates
were developed with chloroform/methanol/acetone/
acetic acid/water (40:14:15:12:7, v/v) for the first dimen-
sion, and chloroform/pyridine/formic acid (35:30:7, v/v)
for the second dimension. Positions of radiolabeled lipids
were determined by autoradiography on Kodak film.
Spots were scraped off the plates, and fractions counted in
a liquid scintillation counter.

Determination of PAP activities

PAP activities were differentiated according to NEM
sensitivity (Hooks et al. 1998, Jamal et al. 1991). For de-
termination of NEM-insensitive PAP activity (PAP2), the
assay mixture consisted of 50 mM Tris—-maleate buffer,
pH 6.5, T mM DTT, 1 mM EDTA plus T mM EGTA,
4.2 mM NEM and 100 pg of the membrane protein in
a volume of 0.1 ml. The reaction was started by adding
0.6 mM [2->H]-phosphatidate.

NEM-sensitive PAP activity (PAP1) was determined in
an assay mixture containing 50 mM Tris—-maleate buf-
fer, pH 6.5, T mM DTT, 1 mM EDTA and 1 mM EGTA,
0.2 mM Mg?* and 100 pg of the membrane protein in
a volume of 0.1 ml. The reaction was started by adding
0.6 mM [2-*H]-phosphatidate plus 0.4 mM phosphati-
dylcholine. Parallel incubations were carried out after
preincubating the membrane with 4.2 mM NEM for
10 min. The difference between the two types of activity
was labeled as PAP1. All assays for determination of PAP1
or PAP2 activities were conducted for 30 min at 37°C.
Enzyme assays were stopped by addition of chloroform/
methanol (2:1, v/v). Blanks were prepared identically,
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except that the membrane was boiled for 5 min before
use. PAP activity products 1,2-diacyl[’Hlglycerol was
isolated and measured as described below. PAP activity
was expressed as the sum of nmol of [*H]-DAG and
[*HImonoacylglycerol mg™' protein h™'.

Preparation of radiolabeled 1,2-diacyl-sn-
glycerol-3-phosphate

Radiolabeled PA was obtained from [2->H]-phosphati-
dylcholine, which was synthesized from bovine retinas
incubated with [2->H]glycerol (7.4 GBq mmol™") as
described (Pasquaré de Garcia and Giusto 1986). Lipids
were extracted from tissues as described by Folch et al.
(1957). [2->H]phosphatidylcholine was isolated by one-
dimensional TLC and eluted therefrom (Arvidson 1968).
[2->H]-PC was then hydrolyzed with phospholipase D
(Kates and Sastry 1969) and PA, the hydrolysis product,
was purified by one-dimensional TLC on silica gel H,
developed with chloroform/methanol/acetic acid/ace-
tone/water (9:3:3:12:1.5, v/v). The substrate was eluted
from silica gel with neutral solvents to avoid formation of
LPA and then converted to free acid by washing twice
using an upper phase containing 0.1 M sulfuric acid and
then an upper phase containing water. Radioactivity and
phosphorus content (Rouser et al. 1970) were measured
to determine specific radioactivity. [2-*H]PA had a spe-
cific radioactivity of 4-7 kBq pmol™'. To determine
NEM-sensitive PAP activity, the substrate was prepared
by sonicating 3.33 mM [2-’H]-phosphatidate (4-7 kBq
pwmol ') and 2.22 mM dipalmitoyl phosphatidylcholine
(DPPC) in 5.56 mM EGTA and 5.56 mM EDTA. For de-
termination of NEM-insensitive PAP activity, an emulsion
was prepared as described above except that phospha-
tidylcholine (PC) was omitted (Hooks et al. 1998, Jamal
etal. 1991).

Lipids were extracted with chloroform/methanol (2:1,
v/v) and washed with 0.2 volumes CaCl, (0.05%) (Folch
et al. 1957). Neutral lipids were separated by gradient-
thickness TLC on silica gel G (Giusto and Bazan 1979)
and developed with hexane/diethyl ether/acetic acid
(35:65:1, v/v). When the chromatogram was developed,
[2-*H]-PA and phospholipids were retained at the spotting
site. Lipids were visualized by exposing the chromatogram
to iodine vapor and scraped off for liquid scintillation
counting following addition of 0.4 ml water and 10 ml
5% Omnifluor in toluene/Triton X-100 (4:1, v/v).

Sequence alignment and phylogenetic analysis

Sequence analysis was performed using tools provided
by the National Center for Biotechnology Information
(www.ncbi.nlm.nih.gov/), ExPASy Molecular Biology
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Server (http://us.expasy.org) and Arabidopsis Information
Resource (http://www.arabidopsis.org). Amino acid se-
quences of open reading frames were initially aligned
using CLustalW (Thompson et al. 1994) with BioEbir
Sequence Alignment Editor 4.8.8 (Hall 1999), and the
alignment was then visually refined. Phylogenetic anal-
ysis was performed using the neighbor-joining method
with PAM distances computed on 55 reliably aligned sites
(Saitou and Nei 1997).

Results

DGPP inhibits a-amylase secretion in GA-treated
aleurone layers

In plants, the increase in PA formation in response to
a variety of physiological stresses is often accompanied by
increase of a more polar lipid known as DGPP. The
conversion of PA into DGPP by PAK suggests that DGPP
functions to attenuate the PA signal and that this phos-
pholipid is just an inactivated form of PA. However, in view
of its initial low concentration and its rapid and transient
accumulation in response to stimuli, DGPP should be
considered a signaling molecule (van Schooten et al.
2006). ABA inhibits a-amylase secretion in aleurone,
preventing seed germination. To test the possible role of
DGPP as a signaling molecule in the ABA antagonist effect
on GAssignal, aleurone layers were pretreated with 50 uM
dioleoyl-DGPP, stimulated with 5 pM GA, and a-amylase
secretion was recorded in the incubation medium after
24 h. Addition of 50 pM dioleoyl-DGPP caused approx-
imately 50% inhibition in secreted a-amylase relative to
maximal secretion obtained with GA (GA, 16 = 0.6 U
ml~", n=10; GA + dioleoyl-DGPP, 7.4 + 1 U ml™',
n =5, P < 0.05, ttest) (Fig. 1). The response in presence
of ABA and GA was similar to the response in the presence
of ABA alone (GA + ABA, 5 £ 0.8 U ml™"; ABA, 4 +
0.8 U ml™!, n=6, P> 0.05, ttest). Moreover, the inhi-
bition of amylase activity was dose-dependent with dio-
leoyl-DGPP from 10 pM1t0 200 wM. Other phospholipids
were also tested to determine the specificity of the DGPP
effect on a-amylase secretion. When layers were pre-
treated with 50 pM dioleoyl-PA, a-amylase activity was
reduced approximately 50% (8.2 4+ 1Uml™"; n =5,
P < 0.05, t-test), similar to DGPP effect. PA breakdown
products such as DAG or LPA and phosphatidylinositol
phosphate (PIP) were also tested but had no detectable
effect on a-amylase secretion (Fig. S1). We also analyzed
the fatty acid composition of the PA and DGPP formed in
ABA-treated cells to determine the molecular species.
Analysis of fatty acid composition by gas chromatogra-
phy showed that there was an increase in the content of
the main unsaturated fatty acids, 18:1 and 18:2 in
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Fig. 1. Effect of dioleoyl-PA and dioleoyl-DGPP on a-amylase secretion.
Aleurone layers were pretreated with 20 mM CaCl, and 50 pM dioleoyl-
PA or dioleoyl-DGPP for 3 h, then incubated 24 hwith 5 puM GA or 5 pM
ABA and assayed for a-amylase activity. Values shown are mean =+ sem,
n > 5, *P < 0.05, t-test.

aleurone treated with ABA during 30 and 60 min with
respect to control (Villasuso AL, Racagni G, Aveldafio M,
Machado E, UNRC, unpublished results). We therefore
decided to test a physiological form, dioleoyl-PA, as an
alternative to the non-physiological chain-type arachido-
noyl/stearoyl-PA previously assayed (Ritchie and Gilroy
1998). Forms of PA and DGPP with shorter acyl chains, e.g.
dioctanoyl-PA and dioctanoyl-DGPP, showed no effect on
a-amylase secretion (Fig. S1). Dioleoyl-DGPP was used in
subsequent experiments.

ABA induces an increase in PAK activity that is
dependent on PA level

The above results suggested a role of DGPP in ABA
antagonist response of aleurone layers. We therefore exa-
mined possible changes in endogenous levels of DGPP in
response to ABA. Phosphorylation assay of endogenous
PA was carried out with the 105 000 g membranes
fraction in the presence of radiolabeled ATP. The pattern
of radiolabeled phospholipid extracted from barley
aleurone membrane and separated by two-dimensional
TLCis shown in Fig. 2A, B. The concentration of DGPP in
resting cells is less than 20% that of other phospholipids in
barley aleurone. DGPP concentration increases when
signaling is triggered by ABA (Fig. 2B). The phosphory-
lation of endogenous PA under standard conditions was
linear for 5 min with 60 wg protein, 13 pmol min~"
mg~ ' protein. DGPP formation was dependent on pH
and protein concentration. PAK showed an optimal pH
between 7 and 7.5, with a rapid decrease in activity
below 6.6. When the DGPP/LPA fraction was separated
by a two-dimensional solvent system, DGPP and LPA
were found to comprise 90 and 10% of the fraction,
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Fig. 2. PAK and DGK activities. Stimulated aleurone membranes were phosphorylated with [y->2PJATP for 2 min at 30°C after ABA treatment. Lipids
were extracted and separated by one-dimensional TLC with chloroform/methanol/acetone/acetic acid/water (40:14:15:12:7, v/v) and by two-
dimensional TLC with chloroform/pyridine/formic acid (35:30:7, v/v) for the second dimension. (A and B) Autoradiography of two-dimensional TLC
showing separation of LPA and DGPP extracted from control cells and ABA-treated (30 min) cells. (C) Dose-dependent ABA effect. (D) Autoradiography of
one-dimensional TLC showing the time-course of ABA effect. (E) Time-course of ABA effect on DGK and PAK activities. Results are expressed as percent of

non-stimulated control (defined as 100%) +sem, n = 6, *P < 0.05, t-test.

respectively (Fig. 2A, B). Treatment of aleurone layers
with a range of ABA concentrations (1-100 wM) for
30 min showed that DGPP accumulation was dose-
dependent, reaching a maximum at 5 wM ABA (Fig. 2C).
Formation of PA remain increased at ABA concentra-
tions >10 pM, while DGPP formation did not increase
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at the higher end of this range, suggesting that DGPP
synthesis may have been limited by PA accumulation.
Results of a time-course experiment using 5 WM ABA is
shown in Fig. 2D, E. PA and DGPP formation occurred
within T min, but DGPPaccumulation was observed only
after 5 min, reaching maximal values at 10 and 30 min:
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182 £ 30% and 157 £ 9% (relative to control, defined
as 100%), respectively. PAK activity increased 80% after
10 min ABA treatment and remained high for at least
20 min. Complete time-course analyses of ABA stimula-
tion effect on DGK and PAK showed similar kinetics
(Fig. 2E; P > 0.05, t-test). The response to ABA was also
observed as a PLD rapid and transient activation pro-
ducing PA time-dependent accumulation. This accumu-
lation was maximal, approximately 1.5-fold with respect
to the control value, within the 20 min after stimulation
(data not shown). Therefore, this PLD activity determined
in the membrane fraction used for kinases determination
coincided with the timing of PLD activation in response to
ABA previously reported by Ritchie and Gilroy (1998).

Therefore, the formation of DGPP during ABA treat-
ment could be a consequence of PA produced by PLD
action, or of PA produced from DAG by DGK. Using
DGK inhibitors type | (R59022) and type Il (R59949), an
inhibitory effect on DGK activity was recorded (Fig. 3).
The observed increase in DGPP by ABA was abolished.
Because PC-PLC could also have increased DAG levels,
we tested the effect of PC-PLC inhibitor D609 (Fig. 3) and
found that it reduced DGK and PAK activities. The
possibility that DGK inhibition may block the inhibitory
effect of ABA on a-amylase secretion was tested by
pretreating aleurone layers with the above compounds
and assessing a-amylase activity at 24 h. These treat-
ments had no significant effect on ABA inhibitory activity
(GA + ABA, 5+ 0.8 U ml™"; GA + ABA + DGK in-
hibitors type |, type llor D609, 4.7 = 0.5 U ml™', n = 3,
P > 0.05, t-test).

We were also able to increase DGPP level by modifying
PAK activity through exogenous addition of the substrate,

I ABA

1 ABA + DGKI type |

1 ABA + DGKI type Il
I ABA + PC-PLCI (D609)

Lipid kinase activities
(% of control)

DGK PAK

Fig. 3. Effect of DGK inhibitors (R59022 and R59949) and PC-PLC
inhibitor (D609) on DGK and PAK. Aleurone layers were preincubated
with 100 wM R59022, 150 wM R59949 and 150 wM PC-PLC D609 for
20 min, then stimulated with 5 WM ABA for 30 min and homogenized.
Phosphorylation assay was performed as described in Materials and
methods. Results are expressed as percent of non-stimulated control
(defined as 100%) £sem, n = 3, *P < 0.05, t-test.
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dioleoyl-PA, to the enzymatic assay. Addition of 50 pM
dioleoyl-PA to membranes obtained from layers treated
with ABA increased DGPP formation approximately 40%
(white bar) relative to the control value without dioleoyl-
PA addition (light grey bar) (Fig. 4). The amount of DGPP
formed appeared to be related to the amount of PA formed
during ABA stimulation. This PAK activity increase fol-
lowing exogenous addition of dioleoyl-PA suggested that
DGPP was a metabolic product of PA. In contrast,
exogenous addition of 50 pM dioleoyl-DGPP had an
inhibitory effect on PAK and DGK activities. This indicates
end-product inhibition of PAK activity and possibly a low
DGPP phosphatase activity. No change in DGK or PAK
activities was observed in control membranes in the
presence of exogenous substrate (black and dark grey
bars). The inhibition of a-amylase secretion by dioleoyl-PA
may occur through its phosphorylation, yielding DGPP,
rather than by a dephosphorylation reaction (shown in
Fig. 1).

DGPP overcomes PLD inhibition by 1-butanol

Primary alcohols such as 1-butanol inhibit PA production
because PLD can catalyze the transfer of a phosphatidyl
group onto an alcohol molecule, producing a phosphati-
dylalcohol instead of PA. This transphosphatidylation
reaction is unique to PLD and competitively inhibits PA
production. In view of the above results, we performed
experiments to determine whether DGPP is able to
reverse the 1-butanol effect in aleurone layers treated
with GA plus ABA. Application of dioleoyl-DGPP plus
1-butanol at0 min after ABA addition reduced a-amylase
activity, suggesting that DGPP blocked the 1-butanol

Il Dioleoyl-PA 1 ABA + dioleoyl-PA

250 I @ Dioleoyl-DGPP ABA + dioleoyl-DGPP
I ABA :

1

Lipid kinase activities
(% of control)

DGK PAK

Fig. 4. Effect of dioleoyl-PA and dioleoyl-DGPP on DGK and PAK
activities. Membrane fractions obtained from aleurone controls, or from
aleurone treated with ABA for 30 min, were incubated with 50 pM
dioleoyl-PA or dioleoyl-DGPP for 20 min at room temperature. Enzymatic
activities were measured as described in the Fig. 2. Results are expressed
as percentage of control value (without hormone). Values shown are
mean =+ sem, n = 6, *P < 0.05, t-test.
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effect (Fig. 5, GA + ABA + 1-butanol, 8 + 0.4 U ml™";
GA + ABA + 1-butanol + dioleoyl-DGPP, 4 + 0.7 U
ml™", n =3, P < 0.05, ttest). The competitive inhibi-
tion of PLD activity by 1-butanol was overcome by
exogenous application of DGPP, similar to PA (GA +
ABA + 1-butanol + dioleoyl-PA, 3.5+ 0.5 U ml™',
n= 3, P < 0.05, t-test). This finding suggested again that
PA produced by PLD in vivo is phosphorylated by PAK.
However, the effect of exogenous DGPP could have been
attenuated by phosphatase activity, yielding PA and
DAG. To test this possibility, PAP activity was measured
in the 105 000 g membrane fraction obtained from
ABA-treated aleurone.

ABA inhibits PAP activity

DGPP degradation occurs by a two-step dephosphoryla-
tion reaction catalyzed by DGPP phosphohydrolases. The
enzyme removes the B-phosphate to form PA, then
removes the phosphate from PA to form DAG. The
reactions catalyzed by DGPP phosphohydrolase are
Mg”*-independent and NEM-insensitive (Carman
1997). We differentiated PAP activities on the basis of
NEM sensitivity; this thiol-reactive compound inhibits
PAP1 activity but does not affect PAP2 activity. PAP1 was
assayed using [’HIPA plus DPPC. PAP2 activity is
coupled mainly to PLD activity because the main product
of hydrolytic PLD activity, PA, is the substrate for PAP2 to
yield DAG. PAP2 was determined in the presence of NEM
using [’HIPA as substrate.

In aleurone, PAP1 activity was modified when assayed
under hormone action because neither activity was

12

1
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i T

Amylase activity (U mi™)
(o]

GA - + + + + + + +
ABA - - + + - - - + +
1-butanol - - - + - - + + + 4
PA - - - - + - # - + -
DGPP = = = P £ = & = #

Fig. 5. Effect of 1-butanol on a-amylase activity. Aleurone layers were
treated with 5 wM GA or ABA, 0.1% 1-butanol and 50 wM dioleoyl-PA or
dioleoyl-DGPP. Amylase activity was assayed after 24-h treatment. Values
shown are mean =+ sem, n = 3, *P < 0.05, **P > 0.05, t-test.
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detected in the 105 000 g membrane fraction stimulated
with ABA (30 min) or GA (5 min). Fig. 6 also shows that
ABA treatment decreased PAP2 activity (24%) (light grey
bar). In contrast, GA signal modified PAP2 activity to a
lesser extent (13%) than ABA, indicating the presence of a
different mechanism for metabolizing PA. These data sug-
gest that PAP2 plays a role in regulation of PA and DGPP
levels, in the ABA antagonist effect.

Identification of barley LPP genes

To better understand barley LPPs, we identified the
predicted LPP genes in the barley database. The Institute
for Genomic Research website (http://www.tigr.org) was
searched for homologues of LPP genes. This search
identified two predicted genes, which were noted at TIGR
as TC134328 and TC148186 and assigned as phospha-
tidate phosphatase. BLasT searches showed that the
sequences of barley have high similarity or identity to
those of Arabidopsis LPPs (Table 1). They were therefore
called HvLPP1 and HvLPP2 (H. vulgare lipid phosphate
phosphatase), and their products called HvLpp1p and
HvLpp2p.

There was 73% or more amino acid sequence similarity
(55% identity) between Arabidopsis and barley LPPs. The
sizes of HVLPP1 and HvLPP2 are 1165 and 1626 bp, and
they code for putative proteins of 319 and 312 amino
acids, respectively. Alignment analysis between HvLpp1p
and HvLpp2p showed that both sequences share a high
amino acid identity (70%); however, HvLpp2p possess
residues in the N-and C-terminal (60 and 296 amino acids
in length, respectively) that do not align with HvLpp1p

350 - [ control
_ I [ ABA )
>|‘_TC 300 " 777 GA
s £ 250
o 3 L
S & 200 f
E‘"—m 150 |
RE |
o g 100
E |
0_
PAP1 PAP2

Fig. 6. PAP activity. PAP1 and PAP2 activities were determined using [PHI-
PA (0.6 mM) plus DPPC (0.4 mM) or [2H]-PA (0.6 mM) as substrate for
PAP1 or PAP2, respectively. Other assay conditions are described in
Materials and methods. PAP activities are expressed as nmol [*H]-DAG
plus [PH]-MAG mg~" protein h™". Values shown aremean = sem, n = 3.
MAG, monoacylglycerol.

387



Table 1. Amino acid similarity and identity of barley and Arabidopsis. For each pairwise comparison, similarity values are followed by identity values in

parentheses.

HvLpp1p (TC134328) HvLpp2p (TC148186)

I/P Expect values I/P Expect values
AtLpp1p (Q9ZU49) 55 (73) 2 x 1078 55 (73) 1x107%
AtLpp2p (Q9XI60) 70 (80) 5x 10776 69 (81) 2 x 10712
AtLpp3p (AAF32467) 67 (85) 5x 1077° 63 (80) 1 x107%°

sequence. The open reading frame of 1165 nucleotides
on the cDNA codes for a putative 35.7-kDa integral
membrane protein, containing six highly hydrophobic
regions of sufficient length to be membrane-spanning,
designated as TM1-6 (Fig. 7). The putative protein con-
tains a three-domain phosphatase sequence motif that is
conserved in several LPPs in S. cerevisiae, A. thaliana,
and in mammalian cells (Stukey and Carman 1997). The
protein also showed the presence of conserved amino
acid residues that are important for phosphate phospha-
tase activity (Toke et al. 1999, Zhang et al. 2000). Similar
results were obtained in analysis of HvLpp2, which codes
for a 34.8-kDa putative protein. A phylogenetic tree was
constructed for members of the LPP protein family,
including HvLpp1p and HvLpp2p. The H. vulgare pro-
teins were grouped with those of S. cerevisiae and
A. thaliana (Fig. 8). The predicted amino acid sequences
of these HvLpps candidates showed that any of them had
putative transit peptides, which allow them target to
chloroplasts.

Discussion

In this study, regulation of DGPP level is shown to be
an important mechanism involved in the antagonistic
effect of ABA on GA-stimulated a-amylase secretion in
aleurone. We demonstrated previously that ABA in-
creases PA level approximately 1.5-fold within a few
minutes after stimulation and suggested that synthesis
and metabolism of both PA and DGPP are coupled to
PLD/LPP activity (Villasuso et al. 2003).

In barley aleurone, the principal route leading to PA
production is PLD activity, which is sensitive to ABA
(Ritchie and Gilroy 1998). In the present study, increase of
PAK activity in membrane fraction from ABA-stimulated
aleurone was transient, similar to stimulation of PLD ac-
tivity by ABA. Our results suggest that the ABA receptor,
other related components, and PAK activity are all closely
associated within the plasma membrane, consistent with
the current model of ABA effect (Gilroy and Jones 1994,
Razem et al. 2006, Ritchie and Gilroy 1998).

The transient increase in PA observed following appli-
cation of ABA suggests that PA is metabolized immediately
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after being formed. Simultaneous changes in PA and PA
breakdown products have been reported previously in
various physiological processes. However, LPA level in
our experiments remained unchanged, indicating that
phospholipase A, (PLA;) activity was not stimulated in
ABA-treated barley aleurone. Treatment of aleurone with
LPA did not inhibit a-amylase secretion (Fig. S1).

PA can also be dephosphorylated by PAP in DAG
(Waggoner et al. 1999), and our experiments showed that
this effect is inhibited by ABA (Fig. 6, light grey bar). It is
unlikely that this DAG behaves as a second messenger in
ABA signaling because we observed that ABA increased
DGK activity, whereas treatment of aleurone with DAG
had no effect on a-amylase secretion (Fig. S1). These
differential biological activities can be attributed to
different shapes and biophysical properties of DAG and
PA. Rate of DAG uptake, and its stability, may also
modulate its effect. We found that addition of DGPP to
the kinase assay blocked the increase of DGK activity by
ABA, suggesting an inhibitory effect on DGK. Neverthe-
less, the role of DGK in barley germination remains
largely unknown.

In membrane lipid metabolism, PA is synthesized by
two sequential acylation steps in the ‘Kennedy pathway’
(Kennedy 1957), which is common to three different
classes of glycerolipids: phospholipids (phosphatidylcho-
line and phosphatidylethanolamine), galactolipids and
triacylglycerol. As the last step of the Kennedy pathway is
catalyzed by PAP, this enzyme may be involved in lipid
metabolism of both plastids and ER. We found that barley
has two homologues of PAP, which do not contain pre-
dictable transit peptides. Therefore, they are unlikely to
be candidates for plastids (Nakamura et al. 2007).

PA can also be metabolized to DGPP (Wissing et al.
1994). Following ABA application, we measured an
increased level of DGPP (Fig. 2), which is consistent with
results in Arabidopsis. Zalejski et al. (2005) reported that
ABA application produced a transient 1.7-fold increase
in PA within 5 min, followed by a seven-fold increase
in DGPP at 20 min. These findings suggest that DGPP
formation in aleurone is a consequence of increased
PAK activity and inhibition of PAP activity, as reported by
Wu et al. (1996).

Physiol. Plant. 134, 2008



10 20 30

wemes |lavs vl sem almems] oo sllis son les ve
————— MTIGSFFS—-----SLLFWRNSQDQEAQRGREO

AtLpplp
AtLpp3p
AtLppZp
HvLppZp
HvLpplp

AQPSPAARSTVFSPASSRAERWRSDSARLLLASDI

110 ™M2 120

|z

AtLpplp
AtLpp3p
AtLpp2p
HvLpp2p
HvLpplp

AtLpplp
AtLpp3p
AtLpp2p
HvLpp2p
HvLpplp

250 260

280 290 300 310 320

AtLpplp
AtLpp3p
AtLppZp
HvLpp2p
HvLpplp

QGARNGAVQQPPPOVNN

DS NDVQDS———-—=—==--=
EARNSGIANSFSVRPPTETEE
I H LHN LN PETENQVITDTHQSGLPHDL

B e
AtLpplp ALR—— MDETS!EN T -
AtLpp3p EEDGGFUGHHLVDNPTMRRBEDVETGR-313

AtLpp2p
HvLpp2p
HvLpplp

———————— AGMNHLE\!RQTE |

BEcoG--cIABRDTEP

SMVEYVPSEEMRTNGRAMDN A

Fig. 7. Amino acid sequence comparison between the deduced HvLpp1p and HvLpp2p, and Arabidopsis thaliana lipid phosphate phosphatases (Lpp). In
the aligned amino acid sequences, invariant amino acids are boxed in black and conserved amino acids are boxed in grey. Transmembrane regions are
indicated as open boxes. Black bars indicate three domains of the phosphatase sequence motif. Asterisks indicate conserved amino acid residues of all Lpp

proteins.

We also observed that exogenously added DGPP
inhibits GA response and that exogenous addition of
dioleoyl-PA increases DGPP accumulation. These find-
ings suggest that DGPP is a metabolic product of PA, that
dioleoyl-DGPP (in addition to dioleoyl-PA) is able to in-
hibit a-amylase secretion and that DGPP acts as a second
messenger in the antagonistic effect of ABA signaling.
This idea is consistent with the observed accumulation
of RAB18 messenger following application of dioleoyl-
DGPP (Zalejski et al. 2005). The ability of dioleoyl-DGPP
to inhibit a-amylase secretion in aleurone suggests that
long fatty acid chains are essential for the biological
activity of DGPP. Dioctanoyl-DGPP, which has short fatty

Physiol. Plant. 134, 2008

acid chains, did not inhibit the secretion. Similar results
were obtained by Zalejski et al. (2005). Dioctanoyl-
DGPP, but not dioleoyl-DGPP, was shown to be an
antagonist for a LPA receptor (LPA3) (Fischer et al. 2001).
The long fatty acid chains of DGPP may allow trans-
location of proteins to the membrane through hydro-
phobic interactions (Munnik et al. 1998, van Leeuwen
et al. 2004). Zhang et al. (2004) showed that dioleoyl-PA
binds to ABI, a protein phosphatase 2C, more efficiently
than other PA species. The pyrophosphate group may also
be important for biological activity of DGPP, particu-
larly in electrostatic interaction with protein targets. A
combination of electrostatic forces and hydrogen bond
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Fig. 8. Phylogenetic analysis of the lipid phosphate phosphatase protein (Lpp) family. The Hordeum vulgare HvLpp1p, HvLpp2p proteins, the Arabidopsis
AtLpp1p, AtLpp2p, AtLpp3p proteins, and the Saccharomyces cerevisiae Dpp1p, Lpp1p proteins were analyzed. All available mammalian Lpp proteins,
the Drosophila Wunen protein, as well as the uncharacterized putative Lpp-like proteins identified in the Oriza sativa, Arabidopsis thaliana,
Drosophila melanogaster, Caenorhabditis elegans and Schizosaccaromyces pombe genomes were used for comparison. The tree was built applying the
neighbor-joining method to PAM distances computed on 55 reliably aligned sites. SwissProT accession numbers (in brackets) designate all protein
sequences. The length of horizontal branches is such that the evolutionary distance between two proteins is proportional to the total length of the
horizontal branches that connect them. Bootstrap values are shown at the nodes.

interactions with basic amino acids, similar to that seen in
PA binding to proteins, may occur between DGPPand its
target proteins (Kooijman et al. 2007).

The fact that DGPP and PA formation was rapid, and
that levels of the two phospholipids remained high and
similar to each other upto 30 min, suggest the presence of
enzyme activities that utilize DGPP and PA as substrates
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and attenuate the signal. This finding is consistent with
the coupling of PLD and LPP activities (Villasuso et al.
2003). To confirm the association, we determined the
activities of two PAP isoforms, PAP1 and PAP2, which are
sensitive to ABA. We demonstrate here the presence
of both PAP isoforms, PAP1 and PAP2, based on their
enzymatic properties with respect to Mg®* and NEM
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sensitivity. The two PAP isoforms displayed different
behaviors in response to ABA, indicating distinct func-
tions. The inhibitory effect of ABA suggests that the
activities of these enzymes control cellular aleurone
levels of messengers such as DGPP, PA, and DAG. To de-
termine whether Lpp genes are present in the H. vulgare
genome, we searched public databases for putative Lpp-
coding sequences. Bioinformatic search of the H. vulgare
database revealed the presence of sequences highly
homologous to Arabidopsis proteins, with structural simi-
larities to PAPs of yeast and mammalian cells, including
the presence of a three-domain phosphatase sequence
motif. Phylogenetic analysis groups the candidate protein
into the main branch with Arabidopsis protein. Our
findings support a role of DGPP in ABA transduction
pathways upstream of the a-amylase secretion, involving
PAP, in the antagonistic effect of ABA in aleurone.

In summary, results presented in this study help
elucidate the mechanism of phosphorylation/dephos-
phorylation involved in PA and DGPP synthesis in barley
aleurone. Ongoing studies by our group focus on DGPP
targets involved in secretory aleurone function to further
clarify the role of DGPP in GA signaling.
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